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Preface

The most promising visions of the future are those in which young people are trusted and experts

pass on their knowledge to them. However, respect is essential. We hope for a society built on peace,

and a more humane and fraternal Europe with a pragmatic approach to sustainability is our future

horizon.
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“Sustainable by passion and deliberate choice, not mere interest” This is the first
message that young people should read, as should more mature adults. Sustainability had
its beginnings in environmental protection, which was being defaced with the idea that
resilience would always lead nature to regenerate. However, humankind has opted for the
overuse of resources, and while scepticism about climate change still exists, it is clear that
urgent action is needed. However, it is incumbent to be realistic and implement actions
that protect the environment and not seek momentary consensus by making promises
that cannot be kept. Nature must be protected, but so must the needs of humankind, and
therefore, social welfare must also be preserved and economic opportunities generated.
Hence, the 1987 Brundtland Report calls for respect for future generations by allocating
at least the same resources to them as we currently have. In this context, the concept
of sustainability shifts from an environmental view to a more comprehensive one that
includes economic and social spheres. Is it then simple to find this balanced point? The
answer is that with a purely ideological approach, disconnected from reality, we are far
from improving our existing situation. Therefore, the need to find a pragmatic approach
emerges. As such, what is derived from thought is subjected to the scrutiny of experience
and an attempt is made to find an optimal point not only in an abstract model but also in a
concrete one. Theories or words are not enough; instead, real actions and deeds are needed.

Pragmatic sustainability is a model of sustainability that contemplates the three di-
mensions of environmental, economic, and social factors and does not stop at enunciating
a concept but ensures it is implemented in practice and is made concrete after providing
analyses that support it. Clearly, an optimal point does not always derive from the point of
maximum utility for each of the three dimensions but from a proper balance in which one
or more of the three dimensions could be more highly valued. But who does this depend
on? Stakeholders. As a function of what? The balance of ecosystems. So, the balance
between humans and nature drives decision-making and a humane and fraternal approach
to life needs to be put back at the centre of the agenda. A pragmatic view, therefore, values
the great challenge of sustainability: overcoming personal selfishness to protect ecosystems
and achieve the triple aim of economic performance, environmental protection, and social
progress [1].

Pragmatic sustainability is based on the concept of altruism, just as the morning
sentinels baptised by St. John Paul II defended “life at every moment of its earthly devel-
opment” to make it “ever more habitable for all”. In the 2003 post-synodal exhortation

Sustainability 2024, 16, 6161. https://doi.org/10.3390/su16146161 https://www.mdpi.com/journal/sustainability1
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“Ecclesia in Europa”, Europe is seen not in opposition or competition with the world com-
munity but in harmony with it. It is pointed out how the increasing openness of peoples to
one another and the reconciliation between those who had long been enemies allowed for
recognition, collaboration and exchanges of every order. In this way, “a culture, indeed a
European consciousness, is created, which should especially among young people, grow
the feeling of fraternity and the will to share”.

The European Coal and Steel Community came into effect in 1952, bringing together
Germany, France, Italy, the Netherlands, Belgium and Luxembourg. The goal was to pre-
vent any country alone from making weapons of war for use against others. Unfortunately,
even today, there are armed conflicts that take the lives of innocent people and children. The
European Union is seeing its borders expand but also shrink due to the United Kingdom
voting to leave. Europe aims to be peaceful, united and prosperous; it should also promote
the entry of new countries. The goal is to be able to compete with two global giants, such
as the U.S. and China.

The European Green Deal has the potential to generate a competitive advantage,
saving our planet but also creating new jobs. It is a set of policy initiatives involving states,
civil society, and private actors in the fight against climate change [2]. In this innovative
framework, digital technologies can enable the achievement of these policies, but they are
also characterised by barriers [3]. However, it is crucial to combine sustainability with the
needs of households, businesses and citizens without generating new dependencies or
destroying entire production chains.

Forward-looking choices toward the future include ex-ante spatial impact assessments
and sustainability analyses that demonstrate the relevant environmental, economic and
social benefits. These are adequately outlined in the opinion “A Just Transition for All EU
Regions” by Abruzzo Region President Marco Marsilio (rapporteur) and Stefano Cianciotta
(expert). This opinion, which was voted on in July 2024 by the Coter Commission of the
European Committee of the Regions, emphasises the relevance of technology neutrality,
the role of storage, and the security of energy networks. This pragmatic approach to
sustainable energy is a topic proposed in the literature [4], where it is emphasised that this
approach is at the core of engineering activities that focus on technical needs to achieve
energy sustainability and less on the role of economics, politics and other non-technical
factors. Similarly, interdisciplinary collaboration, pragmatism, reliance on youth, and
altruism are believed to be the resources that can support the realisation of a sustainable
community within a university setting, where the phenomena of sustainable washing
should be avoided [5]. This is a change resulting from the Sustainable Development Goals
(SDGs), which concern all universities at the European level [6].

The topic of sustainability requires further analysis, as some aspects of this concept are
not yet well understood [7,8]. Similarly, other analyses show a concentration of research
and development on the SDGs in developed countries rather than in developing and
underdeveloped countries [9]. The measurement of the SDGs plays a key role, and some
analyses propose assessing their status [10], while others focus on comparing certain
countries [11] and finally, approaches are also proposed at the level of each individual
nation [1].

This Special Issue, titled “Sustainable Development Goals: A Pragmatic Approach”,
aims to counter non-doing, i.e., day-to-day approaches that deny climate change or ide-
ological approaches that do not allow for community-useful projects and infrastructure.
Stakeholder engagement toward sustainable development is as basic as the balance between
ecosystems.

The current context sees the Suez Canal as the needle in the reconciliation of new
international balances, and a necessary ecological and digital transition cannot materialise
by creating dependencies on raw materials from Asian territories. In this context, territorial
specificities must be strengthened, poles of excellence must be generated, programs for
the exchange of resources and skills must be fostered, and support must be given to the
industrial system to modernise and be competitive. In this framework, public administra-
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tion is called upon to equip itself with new professionalism, to reduce unproductive delays
related to the Not In My Term Of Office (NIMTO) phenomenon, and include citizens in
decision-making processes to reduce the Not In My Back Yard (NIMBY) phenomenon. The
goal of European funding programs is to foster a just transition by focusing on circular, dig-
ital and green investments with continuous monitoring of the proper use of public money.
Europe must offer its countries and citizens a model of development that is sustainable
but also inclusive and resilient. It is crucial for an area to avoid a diaspora of talent and
graduates and to be attractive to acquire new knowledge.

Europe must be ambitious and be a spokesperson for a change in geopolitical balances.
Pope Francis speaks of an “open sore in our humanity” that has seen the deaths of men,
women and children in the Mediterranean Sea trying to reach Europe. The Mattei Plan
has become part of the G7 agenda and envisions a cooperative approach between Europe
and Africa. This Plan concerns not only cultural cooperation but also the implementation
of investments in energy and infrastructure. Figure 1 shows that the same picture can be
painted in different colours. The most promising future visions are those in which the
respect of young people is given for more experienced profiles, and there is trust that more
mature people for the new generation will come from a variety of different backgrounds.
A more humane and fraternal Europe with a pragmatic approach to sustainability is our
future horizon.

  

Figure 1. Vasto (CH). City located in the Adriatic Sea in the Abruzzo Region, known as the green
region of Europe.
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Abstract: Sustainable development monitoring reveals the extent to which local and national territo-
ries are progressing towards sustainability goals. This study considered 105 indicators associated
with the Equitable and Sustainable Wellbeing (BES) framework and 139 indicators associated with
the Sustainable Development Goals (SDGs), using multicriteria decision analysis (MCDA) and cluster
analysis to compare regional performance across the Italian territory in 2022. At the SDG level,
Lombardia exhibited the highest performance, while the provinces of Trento and Bolzano led at
the BES level. The results were further analyzed with respect to geographic macro-areas and the
three dimensions of sustainability, via separate cluster analyses comparing the BES and SDG results.
Northeast regions emerged as the top performers, and comparable performance was shown by
regions in the center and northwest. The development of a sustainable innovation model, along-
side territorial cooperation and synergy between regional specificities, may generate competitive
advantages, especially when combined with resources and skills with an international profile.

Keywords: cluster analysis; equitable and sustainable wellbeing; indicators; Italy; multicriteria
decision analysis; sustainable development goals

1. Introduction

1.1. The Concept of Sustainability

The topic of sustainability requires in-depth exploration, as some aspects of the concept
are not yet well understood [1,2]. The definition offered by the Brundtland Report in 1987
stressed the need to consider future generations, moving beyond a concept of sustainability
anchored in a purely environmental perspective [3]. Thus, sustainability may be considered
to encompass not only environmental protection but also the balancing of social welfare
and economic opportunities. In this vein, Saint John Paul II, on World Youth Day 2000
in Rome, urged young people to be “sentinels of the morning”. Importantly, the concept
of pragmatic sustainability may be contrasted with that of ideological sustainability, as
Europe’s goal of climate neutrality by 2050 requires solutions that meet the needs of various
stakeholders while also involving young people and fostering a sense of brotherhood
among peoples [4].

Sustainability 2024, 16, 5049. https://doi.org/10.3390/su16125049 https://www.mdpi.com/journal/sustainability5
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1.2. Development Goals towards Sustainability

Compared to the last publication of the development goals towards sustainability
(accessed on 19 April 2023), the number of published papers on the topic has increased to
31,757 (as of 15 April 2024). A keyword search was run on the Web of Science (WoS) using
the search terms “SDGs” and/or “Sustainable Development Goals”. The data covered the
past 4.5 years (2020–2024), and a 14% growth in the number of publications over this period
was evident. Notably, 62.2% of the papers were published with open access, representing
an increase of 60% with respect to the previous set.

• Table A1 lists the top 10 WoS categories, with “environmental sciences” leading,
followed by “green sustainable science technology”.

• Table A2 indicates that approximately 83% of the work originated in the top
10 countries, with China contributing approximately 18%, followed by the USA (12.9%)
and the UK (10.3%). South American countries were absent from the ranking, while
India, Spain, Australia, Italy, Germany, South Africa and Canada were included.

• Table A3 presents the analysis by WoS index, showing the Science Citation Index
Expanded (57.4%) as the most significant, followed by the Social Sciences Citation
Index (39.4%).

• Table A4 describes the distribution of papers across the individual SDGs. The results
indicated a shift from the previous ranking, where SDG 3 prevailed, followed by
SDG 2 and SDG 1. In the new ranking, SDG 13 led, followed by SDG 3 and SDG 11;
SDGs 14, 15 and 16 received the least attention.

1.3. The Role of SDG and BES Indicators

In 2015, all United Nations Member States adopted the 2030 Agenda for Sustainable
Development. The reviewed literature analyzed the SDGs with respect to different goals,
including food consumption [5], medical waste management [6], education institutions [7],
tourism [8], digitalization [9], the circular economy [10], smart cities [11], fashion [12] and
space [13]. Core research topics included the SDGs, Agenda 2030, climate change and
sustainability indicators [14]. Since the launch of the SDGs, some environmental and social
goals have shown significant improvement [15]. In this regard, the use of indicators to
measure performance at the territorial level is crucial [16–18]. Globally defined targets are
not easily transmitted to the national level [19], and the maintenance of ecosystem services
and promotion of well-being in low-income countries must be made a priority [20].

SDG calculations benefit businesses by encouraging managers to adopt green solu-
tions [21]. Additionally, they allow politicians and the public to measure performance
at the territorial level [22]. Consequently, techniques for measuring and evaluating the
SDGs are crucial for various categories of stakeholders [23]. Importantly, social welfare
must be measured alongside SDG indicators [24], and several European countries have
proposed specific tools for this purpose [25]. Italy, for instance, considers Equitable and
Sustainable Wellbeing (BES) indicators across 12 dimensions [26]. It is considered a virtuous
example [27], as it was the first OECD country to introduce supplementary measures to
GDP at the economic planning stage [28].

Scholars have suggested regional evaluations incorporating both BES and SDG met-
rics [29] while stressing the importance of preserving the uniqueness of these indices [30].
The pursuit of equitable, sustainable development and a high standard of living requires
the identification of SDG and BES overlap [31]. However, the aggregation of information
(which may or may not be related) is a complex challenge [32], and composite indicators
may be needed for this purpose [33]. The effectiveness of composite indicators relies on
the weighting system used, which can be implicit (i.e., equally weighted) or explicit (i.e.,
based on expert judgment) [34]. Equal weighting methods are often preferred due to their
simplicity and immediacy [35].

In the literature, the Italian territory has been analyzed with respect to the SDGs [22,31,36].
As both the SDGs [4] and the BES [37] have been classified for the Italian territory, this
paper aims to address a gap in the literature by providing aggregate analyses of BES
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and SDG indicators (using MCDA and cluster analysis) to compare the territorial perfor-
mance of Italian regions in 2022. The work not only provides a global comparison of the
two sets of indicators but also develops the analysis at the macro-geographical level and
for the three dimensions of sustainability (i.e., economic, environmental, social), generating
a ranking for the different Italian regions.

This paper is structured as follows: Section 2 provides a review of the literature;
Section 3 defines the methods used; Section 4 presents the results; Section 5 discusses the
implications of the analyses; and Section 6 offers a brief conclusion.

2. Literature Analysis

The present literature analysis aimed at identifying the main topics and trends of
authors and countries relative to the SDGs. Given the vast amount of literature on the
SDGs, spanning both STEM (i.e., science, technology, engineering, mathematics) and non-
STEM disciplines, the review adopted a high-level approach. As indicated in Section 1.2,
WoS yielded a total of 31,757 papers, which was too extensive for this work and for anal-
ysis using bibliometric methods. Therefore, we employed a novel approach, conducting
three separate searches on Scopus (accessed on 25 April 2024): one for publications related
to economic sustainability from 2020–2024 (Section 2.1), one for publications related to
social sustainability from 2020–2024 (Section 2.2) and one for publications related to en-
vironmental sustainability from 2020–2024 (Section 2.3). Finally, Section 2.4 proposes the
results of a general search of papers related to the entire field of sustainability.

2.1. Economic Sustainability

We commenced with a search on Scopus for publications on economic sustainability.
The search was conducted using keywords such as “SDGs”, “Sustainable Development
Goals”, and “economic sustainability”, focused on the economic pillar of sustainability.
The search was limited to articles written in the English language. Details of the advanced
search are provided in Appendix A (Table A5). The search yielded 3940 documents. As
depicted in Figure A1, there was a steady increase in scientific production from 2020 to 2023,
with a decrease in 2024 due to the availability of only partial results. In terms of the most
relevant sources (Table 1), Sustainability had the highest number of publications, followed
by the Journal of Cleaner Production and Environmental Science and Pollution Research.
Figure A2 shows the most relevant countries in terms of production, with the top five as
follows: China (656), Italy (219), India (201), Spain (187) and the USA (164).

Table 1. Three top journals: economic sustainability.

Journal Number of Published Articles

Sustainability 539
Journal of Cleaner Production 225

Environmental Science and Pollution Research 119

2.2. Environmental Sustainability

For the advanced Scopus search of environmental sustainability publications, details
can again be found in Appendix A (Table A5). The 5162 retrieved papers focused on the
environmental pillar of sustainability and were limited to articles written in English. As
shown in Figure A3, there was a positive trend from 2020 to 2023, similar to the economic
case. Table 2 shows that the most relevant sources were Sustainability, the Journal of
Cleaner Production and Environmental Science and Pollution Research. The most relevant
countries in terms of production (Figure A4) were again China (799), Italy (312), India (299),
the USA (273) and Spain (238).
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Table 2. Three top journals: environmental sustainability.

Journal Number of Published Articles

Sustainability 597
Journal of Cleaner Production 303

Environmental Science and Pollution Research 130

2.3. Social Sustainability

In total, 3601 publications were related to social sustainability. Again, the search was
limited to articles written in English and details of the advanced Scopus search can be
found in Appendix A (Table A5). As in the previous cases, annual scientific production
registered a positive trend, as seen in Figure A5. This time, the most relevant sources
were Sustainability and the Journal of Cleaner Production, with Sustainable Development
occupying the third position (Table 3). Figure A6 shows the most relevant countries in
terms of production: China (404), Spain (238), Italy (233), the USA (211) and the UK (167).

Table 3. Three top journals: social sustainability.

Journal Number of Published Articles

Sustainability 544
Journal of Cleaner Production 175

Sustainable Development 58

2.4. Global SDG Literature Analysis

Analyzing the current literature regarding the three pillars of sustainability, we found
positive trends in academic research across these dimensions. At this point, we found it
natural to conduct only a global assessment. Specifically, we conducted an advanced search
on Scopus (Table A5) for articles related to the “SDGs” and “Sustainable Development
Goals” from 2023 to 2024, which retrieved 12,080 articles in the English language. The most
relevant sources were Sustainability, the Journal of Cleaner Production and Environmental
Science and Pollution Research (Table 4).

Table 4. Three top journals: environmental sustainability.

Journal Number of Published Articles

Sustainability 787
Journal of Cleaner Production 311

Environmental Science and Pollution Research 260

Figure 1 highlights the authors of the corresponding articles, with SCP and MCP
representing intra-country and inter-country collaboration, respectively. China accounted
for 2418 articles, India for 887, the USA for 562, the UK for 455 and Italy for 436.

Figure 2 presents the co-occurrence network of our search results. A co-occurrence
network is a graphical representation of relationships between entities based on their
co-occurrence in a set of documents. In the context of a literature review, this involves iden-
tifying and analyzing the frequency with which terms (e.g., keywords, concepts, authors)
appear together in documents [38]. In our network, some important links were notable,
including a strong connection between “sustainable development” and “Sustainable De-
velopment Goals”. Indeed, in the modern academic landscape of sustainability, the SDGs
are fundamental goals for future progress. Additionally, the network displayed a triangle
formed by the SDGs, sustainable development and the word “human”. In this regard,
we must in fact affirm that humans are the centerpiece of sustainable development. The
continuous search for sustainable solutions makes us not only actors but also observers of
the changes we seek. Finally, as seen throughout this literature review, China has positioned
itself at the forefront of sustainable research and development.
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Figure 1. Top countries: literature analysis.

Figure 2. Co-occurrence network.

In light of these topics, we conducted an analysis to determine the top five authors
(Table 5) and top five affiliations (Table 6) based on document counts in Scopus from
2023 to 2024, using an advanced search: “sustainable AND development OR sustainable
AND development AND goal” (accessed on 21 May 2024). To align with the scope of the
present research, we restricted the analysis to the Italian territory. The results showed
that, globally, Adetunji Charles O. from Edo University Iyamho authored 69 papers over
the period, followed by two authors from the University of Sharjah: Olabi Abdul Ghani
and Abdelkareem Mohammad Ali. At the Italian level, the most productive authors were
D’Adamo Idiano from Sapienza University of Rome, followed by Gastaldi Massimo from
University of L’Aquila and Appolloni Andrea from Tor Vergata University of Rome.
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Table 5. Top five authors.

International Italy

Author Number of Published Articles Author Number of Published Articles

Adetunji, C.O. 69 D’Adamo I. 33
Olabi, A.G. 66 Gastaldi M. 18

Abdelkareem, M.A. 64 Appolloni A. 17
Adebayo, T.S. 58 Kraus, S. 16

Leal Filho, W. and Guo H. 54 Valeri, M. 15

Table 6. Top five affiliations.

International Italy

Affiliation
Number of

Published Articles
Affiliation

Number of
Published Articles

Chinese Academy of Sciences 1981 Sapienza Università di Roma 334
Ministry of Education of the
People’s Republic of China 1352 Politecnico di Milano 305

University of Chinese
Academy of Sciences 1002 Consiglio Nazionale

delle Ricerche 304

Tsinghua University 717 Alma Mater Studorium
Università di Bologna 269

University of Johannesburg 681 Università degli Studi di
Napoli Federico II 256

3. Materials and Methods

The present study compared Italian regional performance with respect to BES and SDG
indicators using MCDA. This methodology, which is well known in the literature [39–41],
is able to synthesize a large multiplicity of data, even considering data of different types
and belonging to different scenarios characterized by contrasting objectives. The strength of
the technique lies in its ability to create a composite indicator to rank different alternatives,
thereby providing support for policymakers. In more detail, the method represents a
mathematical combination of a set of elementary indicators representing the different
components of a multidimensional concept to be measured. The matrix X =

{
xij
}

of
the original data is formed by n rows (regions) and m columns (indicators). Of note,
the present analysis considered 21 regions, since Trentino Alto Adige is divided into
two macro-areas, the provinces of Trento and Bolzano, and m columns, relating to either
the j indicators of the BES (with j = 1, . . . , m = 105) or the SDG indicators (with j = 1, . . . ,
m = 139). Once the data matrix was constructed, it could be normalized by obtaining
the matrix Y =

{
yijt

}
cont = 2022. For region I, the composite indicator was determined

according to the following formula:

ICit = f
(
yi1t, yi2t, yi3t, . . . , yimt; w1, w2, w3, . . . , wm

)
with f representing a linear or non-linear aggregation function and e wj (j = 1, . . . m = 105
for BES; or j = 1, . . . m = 139 for SDG) representing the weight of the single indicator j.
The construction of the composite indicator was ensured through a dynamic process. First,
elementary BES and SDG indicators were selected; then, these indicators were normalized
and finally aggregated, determining the sustainable performance of each region. The
min–max normalization method was used to create the composite indicator by determining
values between 0 (worst performance) and 1 (best performance) and aggregating the results
using the arithmetic mean (of note, all indicators had the same weight) [4,37]. In this way,
two composite indicators were constructed: the first related to BES indicators and the
second related to SDG indicators for the 21 regions in the year 2022. These indicators,
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having a common dimensionless range of variation (0–1), were thus fully comparable. Data
for the analysis were taken from ISTAT’s official website and related to all indicators for
which there were available data at the regional level during the study period [42].

4. Results

The results of this paper refer to the calculation of regional performance against the
SDGs (considering 139 indicators), compared to the BES (considering 105 indicators), for
the year 2022. Section 4.1 reports the results of the baseline scenario and then breaks them
down into functions of the three dimensions of sustainability (Section 4.2). Finally, a cluster
analysis is proposed (Section 4.3).

4.1. The SDG–BES Comparison for Italian Regions

Within the 0–1 value normalization approach, a score of 1 is indicative of excellent
performance. In the present analysis, no region produced a 1. Thus, the SDG and BES
rankings showed different leading regions (Table 7). For the colored maps, the average
value for Trentino Alto Adige was considered (0.587 for SDG and 0.732 for BES), considering
the two provinces of Trento and Bolzano (Figure 3).

Table 7. SDG–BES comparison across Italian regions.

Sustainable Development Goal Equitable and Sustainable Well-Being

1 Lombardia 0.626 1 Provincia Autonoma di Trento 0.740
2 Provincia Autonoma di Trento 0.612 2 Provincia Autonoma di Bolzano 0.724
3 Emilia-Romagna 0.607 3 Friuli-Venezia Giulia 0.609
4 Toscana 0.580 4 Valle d’Aosta 0.593
5 Friuli-Venezia Giulia 0.580 5 Emilia-Romagna 0.580
6 Veneto 0.569 6 Veneto 0.570
7 Provincia Autonoma di Bolzano 0.561 7 Lombardia 0.565
8 Valle d’Aosta 0.556 8 Umbria 0.565
9 Umbria 0.555 9 Toscana 0.564

10 Piemonte 0.538 10 Lazio 0.552
11 Lazio 0.538 11 Marche 0.541
12 Marche 0.527 12 Piemonte 0.535
13 Liguria 0.521 Italy 0.518

Italy 0.503 13 Liguria 0.515
14 Abruzzo 0.487 14 Abruzzo 0.484
15 Molise 0.446 15 Sardegna 0.477
16 Sardegna 0.439 16 Molise 0.453
17 Basilicata 0.402 17 Basilicata 0.419
18 Puglia 0.389 18 Puglia 0.371
19 Campania 0.354 19 Calabria 0.358
20 Sicilia 0.341 20 Campania 0.335
21 Calabria 0.328 21 Sicilia 0.332

According to the SDG, Lombardia excelled with a score of 0.626 (far from the theoretical
maximum of 1), followed by the province of Trento with 0.612 and Emilia-Romagna with
0.607. Thirteen regions were above the national average (0.503), with the first position being
0.123 away from the benchmark. The remaining eight were below the national average,
with the lowest ranked, Calabria, only 0.175 away.

All eight regions below the national average were located in the south, led by Abruzzo
with a score of 0.487. In contrast, regions in the north and center were above the benchmark.
Among those in the center, Tuscany scored highest (0.580) while Marche scored lowest
(0.527). This result was nonetheless better than that of the lowest-performing northern
region, Liguria (0.521). Table A6 shows the percentage change in each region’s score
compared to each other region. The maximum variation was 91%, between the first
(Lombardia) and last ranked (Calabria).
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Figure 3. Map of Italy in 2022.

This difference between the first and last positions was 0.298, which was less marked
than that of the BES (0.408). In alignment with previous research [37], the province of Trento
(0.740) emerged in the top position, followed closely by the province of Bolzano (0.724).
Much more significant was the distance with Friuli-Venezia Giulia (0.609). The following
differences were also evident:

• The national average was 0.518 for the BES, slightly higher than the 0.503 for the
SDGs; also for the BES, Liguria, in addition to the southern regions, fell below
the national average.

• The negative changes from the BES ranking mainly concerned Lombardia and Toscana,
which lost six and five positions, respectively.

• Positive changes from the BES ranking mainly concerned the provinces of Bolzano
and Valle d’Aosta, which gained five and four positions, respectively.

• There was a change of two positions shown by four regions (Emilia-Romagna, Friuli-
Venezia Giulia, Piemonte and Calabria), while five regions had the same position in
the two rankings (Veneto, Liguria, Abruzzo, Basilicata and Puglia).

The numerical variation between the SDGs and the BES (Figure A7) showed that for
nine regions there was a higher value, with Lombardy showing a positive delta of 0.061.
However, while the difference for Sardegna (−0.038) was small, it was much more marked
for the provinces of Trento (−0.128) and Bolzano (−0.163). This figure may be explained by
the very significant BES performance of these regions, which was not, however, negative.
In fact, the province of Trento ranked second in the SDG ranking.

4.2. Sustainability in Its Three Dimensions (i.e., Economic, Environmental, Social)

A useful analysis involved aggregating and disaggregating the results. The aggre-
gation step considered the three Italian macro-areas (north, center and south) (Figure 4).
In this analysis, no significant differences emerged between the two sets of indicators,
although the delta between the north and center reduced when considering the SDGs due
to the reduction in overall value. For instance, while Lombardia and Emilia-Romagna
registered the most significant growth, the provinces of Trento and Bolzano followed the
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opposite direction. Thus, in the SDG ranking, the north (0.575) prevailed over the center
(0.550). The difference with the south was much more pronounced, with the south record-
ing the lowest-performing value (0.398), similar to that of the BES and on par with the
central regions.

Figure 4. SDG and BES comparison at the macro-geographical level.

In the disaggregation step, the results were broken down according to the
three dimensions of sustainability (Table 8). In accordance with the literature, the fol-
lowing classification was used [43,44]:

• Economic dimension: SDGs 7, 8, 9, 11 and 12.
• Social dimension: SDGs 1, 2, 3, 4, 5, 10, 16 and 17.
• Environmental dimension: SDGs 6, 13, 14 and 15 (SDG 14 was not included due to

data unavailability).

Table 8. The three dimensions of sustainability: SDG side.

Social Dimension Environmental Dimension Economic Dimension

1 Emilia-Romagna 0.641 1 Provincia Autonoma di Trento 0.704 1 Lombardia 0.649
2 Lombardia 0.635 2 Provincia Aut onoma di Bolzano 0.653 2 Provincia Autonomadi Bolzano 0.618
3 Provincia Autonoma di Trento 0.622 3 Valle d’Aosta 0.645 3 Provincia Autonoma di Trento 0.574
4 Toscana 0.611 4 Toscana 0.637 4 Veneto 0.544
5 Umbria 0.609 5 Sardegna 0.627 5 Emilia-Romagna 0.539
6 Friuli-Venezia Giulia 0.606 6 Liguria 0.605 6 Friuli-Venezia Giulia 0.525
7 Valle d’Aosta 0.587 7 Basilicata 0.598 7 Lazio 0.523
8 Veneto 0.585 8 Lazio 0.584 8 Toscana 0.502
9 Marche 0.569 9 Abruzzo 0.581 9 Piemonte 0.490
10 Piemonte 0.563 10 Friuli-Venezia Giulia 0.570 10 Valle d’Aosta 0.472
11 Lazio 0.540 11 Emilia-Romagna 0.570 11 Liguria 0.463
12 Liguria 0.540 12 Molise 0.549 Italy 0.454
13 Provincia Autonoma di Bolzano 0.527 Italy 0.548 12 Marche 0.441
14 Abruzzo 0.523 13 Umbria 0.535 13 Umbria 0.440

Italy 0.521 14 Veneto 0.519 14 Basilicata 0.395
15 Molise 0.478 15 Piemonte 0.499 15 Abruzzo 0.392
16 Sardegna 0.449 16 Marche 0.499 16 Sardegna 0.380
17 Puglia 0.412 17 Puglia 0.475 17 Molise 0.355
18 Basilicata 0.387 18 Campania 0.470 18 Campania 0.351
19 Sicilia 0.363 19 Sicilia 0.412 19 Puglia 0.322
20 Calabria 0.350 20 Lombardia 0.408 20 Sicilia 0.280
21 Campania 0.345 21 Calabria 0.364 21 Calabria 0.275
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Lombardia confirmed its leadership in the economic dimension (0.649), took
second place in the social dimension (0.635, only 0.006 lower than its first position) and
performed poorly in the environmental dimension (0.408), ranking only 20th, below the
national average. Emilia-Romagna led in the social dimension, while the province of Trento
led in the environmental dimension. Regions in the north were above the national average
in the economic and social dimensions. However, in the environmental dimension, Lom-
bardia, Piemonte and Veneto ranked below the national average. Central regions ranked
above the national average only in the social dimension, and Marche and Umbria ranked
below average in both the environmental and economic dimensions. Southern regions
showed slightly different results: all were below the national average in the economic
dimension, while, in the social dimension, Abruzzo was just above, with a score of 0.523
(compared to the benchmark of 0.521). In the environmental dimension, Molise held a
higher position with 0.549 (compared to the benchmark of 0.548), and Abruzzo rose to
ninth place, exceeding the national average by 0.033.

To compare the three dimensions of sustainability related to the SDGs, we integrated
BES indicators into the same dimensions (Table 9) as follows:

• Economic dimension: (i) economic well-being and (ii) innovation, research and creativity.
• Social dimension: (i) health, (ii) education and training, (iii) work and life time balance,

(iv) social relationships, (v) policy and institutions, (vi) safety, (vii) subjective well-
being, and (viii) quality of services.

• Environmental dimension: (i) landscape and cultural heritage and (ii) environment.

Table 9. The three dimensions of sustainability: BES side.

Social Dimension Environmental Dimension Economic Dimension

1 Provincia Autonoma di Trento 0.776 1 Provincia Autonoma di Bolzano 0.674 1 Provincia Autonoma di Trento 0.720
2 Provincia Autonoma di Bolzano 0.742 2 Provincia Autonoma di Trento 0.592 2 Provincia Autonoma di Bolzano 0.715
3 Friuli-Venezia Giulia 0.620 3 Friuli-Venezia Giulia 0.581 3 Lazio 0.676
4 Valle d’Aosta 0.604 4 Umbria 0.563 4 Lombardia 0.668
5 Emilia-Romagna 0.596 5 Toscana 0.557 5 Friuli-Venezia Giulia 0.654
6 Lombardia 0.576 6 Valle d’Aosta 0.530 6 Emilia-Romagna 0.651
7 Veneto 0.573 7 Piemonte 0.527 7 Umbria 0.639
8 Toscana 0.567 8 Marche 0.524 8 Veneto 0.639
9 Lazio 0.559 9 Molise 0.510 9 Marche 0.605
10 Umbria 0.557 Italy 0.495 10 Toscana 0.603
11 Marche 0.545 10 Abruzzo 0.490 11 Valle d’Aosta 0.583
12 Liguria 0.545 11 Veneto 0.487 Italy 0.550
13 Piemonte 0.543 12 Lombardia 0.484 12 Liguria 0.517

Italy 0.523 13 Basilicata 0.480 13 Piemonte 0.514
14 Abruzzo 0.503 14 Sardegna 0.477 14 Basilicata 0.512
15 Sardegna 0.479 15 Emilia-Romagna 0.466 15 Sardegna 0.467
16 Molise 0.453 16 Liguria 0.451 16 Puglia 0.423
17 Basilicata 0.387 17 Lazio 0.448 17 Molise 0.421
18 Puglia 0.363 18 Puglia 0.406 18 Calabria 0.419
19 Calabria 0.353 19 Calabria 0.397 19 Abruzzo 0.419
20 Campania 0.332 20 Sicilia 0.378 20 Sicilia 0.365
21 Sicilia 0.322 21 Campania 0.368 21 Campania 0.333

The province of Trento confirmed its leadership in the economic and social dimensions,
with scores of 0.720 and 0.776, respectively. It was followed in both cases by the province
of Bolzano, with close scores of 0.715 and 0.742, respectively. For the environmental
dimension, first place was obtained by the province of Bolzano (0.674), followed by the
province of Trento, whose score was only 0.082 lower. Of note, in the social dimension,
northern regions consistently scored above the national average. However, this was not
the case in the other two dimensions. In the environmental dimension, Veneto, Lombardia,
Emilia-Romagna and Liguria fell below the national average, as did Liguria and Piemonte
in the economic dimension. Among the central regions, all were above the national average
in the social and economic dimensions. Particularly in the economic dimension, Lazio took
third place with a score of 0.676. However, in the environmental dimension, it was the
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only region below the national average, holding the 17th position with a score of 0.448
(0.047 away from the benchmark). Southern regions occupied the final positions in the
ranking across all dimensions. In the social dimension, they were below the national
average, led by Abruzzo, which ranked just below the average with a score of 0.503 (0.020
from the benchmark). In the economic dimension, Basilicata scored highest among these
regions with a score of 0.512, which was still below the national average by 0.038. In the
environmental dimension, Molise ranked just above the national average with a score
of 0.510, exceeding the benchmark by 0.015. Abruzzo, similar to its performance in the
social dimension, ranked just below the national average with a score of 0.490 (0.005 below
the benchmark). Finally, in both types of indicators, the social dimension had the fewest
regions below the national average. Conversely, the environmental dimension for the
BES and the economic dimension for the SDGs had the least number of regions above
the national average.

4.3. Clustering Sustainability Pillars

In this subsection, we present our comparative analysis of the SDG and BES indices,
focusing on the social, environmental and economic dimensions. Our aim was to examine
the relationship between these indices using scatterplots and Spearman correlations to
gain insight into their interplay across Italian regions and their differences in capturing
the multifaceted aspects of sustainability and well-being (Figure A8). In general, the
Spearman correlation coefficient of 0.92 indicated a significant correlation between the
two classifications.

4.3.1. Social Assessment

Figure 5 assesses the social aspect of sustainable development in the form of a scatter-
plot, with the SDG index on the x-axis and the BES index on the y-axis. Red lines indicate
the respective medians of 0.540 for the SDG and 0.545 for the BES. The Spearman correlation
coefficient of 0.84 indicated a strong linear correlation between the two indices. Here, we
refer to the upper right quadrant, defined by high scores on both the SDG and the BES
indices, as the UP quadrant. Notably, eight Italian territories fell into this quadrant: the
province of Trento, Friuli-Venezia Giulia, Valle d’Aosta, Emilia-Romagna, Veneto, Toscana,
Lombardia and Umbria. Marche did not belong in this quadrant as its score (0.545) fell
exactly on the BES median, similar to Lazio and Liguria, with scores of 0.540.

Figure 5. SDG and BES: social dimension.
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4.3.2. Environmental Assessment

Figure 6 examines the environmental aspect of sustainable development in the form
of a scatterplot. The median for the SDG index was 0.559, while that of the BES index was
0.488. The Spearman correlation coefficient of 0.56 was moderate, suggesting that the
two indices weighed environmental aspects differently. In particular, the regions of
Sardegna, Liguria, Basilicata, Lazio and Emilia-Romagna (which, despite appearing to be
on the median, actually scored 0.570) scored highly on the SDG index for their environmen-
tal performance. However, they fell below the median for the BES index. This discrepancy
suggests that, while these regions may excel in certain environmental indicators highlighted
by the SDG framework, they may not perform as well when considering the broader range
of environmental factors included in the BES index. Conversely, the four regions of Umbria,
Piemonte, Marche and Molise (but not Veneto, which scored 0.48) scored highly on the
BES index but fell below the SDG median. Six regions in the UP quadrant registered high
environmental scores on both indices: the province of Bolzano, the province of Trento,
Toscana, Valle d’Aosta, Abruzzo and Friuli-Venezia Giulia. This highlights the remarkable
environmental performance of these regions, according to both indices.

Figure 6. SDG and BES: environmental dimension.

4.3.3. Economic Assessment

Figure 7 presents a comparative analysis of the economic aspect of the SDG and
BES indices. The median for the SDG economic index was 0.458, while that for the BES
index was 0.566. The Spearman correlation coefficient of 0.9 indicated a strong positive
correlation between the two indices, representing the highest among the three dimen-
sions. This suggested significant convergence in the assessment of economic aspects, with
both indices broadly agreeing on the economic performance of the respective regions.
Nine regions fell in the UP quadrant, demonstrating high economic scores on both indices:
the province of Trento, the province of Bolzano, Lombardia, Lazio, Friuli-Venezia Giulia,
Emilia-Romagna, Veneto, Toscana and Valle d’Aosta. Notably, Valle d’Aosta, while aligned
with the BES median, actually exceeded the median score with a value of 0.583. This
convergence highlights the consistency in the assessment of economic performance across
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regions, providing valuable insight into areas of economic strength and potential strategies
for enhancing economic sustainability.

Figure 7. SDG and BES: economic dimension.

4.3.4. Mapping Italian Regional Performance

Finally, we summarized the results of our previous analysis by mapping Italian regions
according to their relative scores in the scatterplots. In more detail, we assigned a score
to each region based on its presence in the UP quadrant: 1 if present once, 2 if present
twice and 3 if present three times. Notably, the provinces of Bolzano and Trento were
treated as a single entity, Trentino-Alto Adige.

Figure 8 shows the results of this clustering analysis:

• Four regions scored 3: Trentino-Alto Adige, Toscana, Friuli-Venezia Giulia and
Valle d’Aosta.

• Three regions scored 2: Emilia-Romagna, Lombardia and Veneto.
• Three regions scored 1: Umbria, Lazio and Abruzzo.

The analysis also revealed that three regions narrowly missed being ranked with a
score of 1: Marche, Liguria and Piemonte, due to their slightly below-average scores in the
social dimension. The findings also revealed interesting patterns in regional sustainability
performance across Italy. In particular, three of the four regions scoring 3 were located in
the north, with Trentino-Alto Adige and Friuli-Venezia Giulia all falling in the northeast.
All regions scoring 2 were also in northern Italy. In central Italy, only Toscana scored 3 and
two regions scored 2. Conversely, in southern Italy, only Abruzzo scored 1, while all other
southern regions scored 0. Overall, northeastern regions emerged as the top performers,
with all scoring 3 or 2. Southern Italy, however, showed lower performance across the
board. These observations underline regional disparities in sustainability performance,
highlighting potential areas for targeted interventions and policy initiatives to promote
more equitable and balanced development across Italy.
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Figure 8. Clustering sustainability pillars in Italian regions.

5. Discussion

While the topic of sustainability has gained significant traction in recent years, some
stakeholders remain focused solely on their own benefits. Consequently, phenomena
such as green economy rebound, circular economy rebound and greenwashing have
emerged [45–48], necessitating appropriate management to prevent a loss of public con-
fidence. Public involvement is crucial for sustainability efforts, as highlighted by the
prominence of the word “human” in the co-occurrence network (Figure 2). Some au-
thors have called for new regulatory approaches and business models, emphasizing that
“progress is too slow” and societal value creation remains underutilized [49].

The SDGs have gained fundamental relevance within the scientific community and
civil society. Previously considered niche, the urgent need to address climate change has
elevated these goals to a central focus. In particular, this urgency has underscored the need
to develop innovative ideas and concepts to support SDG achievement, prompting the
development of a new section within sustainability [50]. Thus, a vision of a sustainable
community requires interdisciplinary contributions from various perspectives [51–53].

Local and global analyses often have different scopes of analysis, stakeholder cate-
gories may have different interests, and indicators sometimes provide competing informa-
tion. This paper built on a review of the literature [29–31], showing that the BES and SDG
indices are complementary while providing distinct insights. The results obtained from the
analysis must now be integrated with the existing literature [37].

The first methodological contribution of this research was the creation of scatterplots
ranking alternatives based on the two sets of indicators across the three dimensions of
sustainability. The interplay between economic well-being and the SDGs is not only an
Italian priority but also a European one [54].

From this analysis, a second consideration emerged, this time of a managerial nature.
The cluster analysis made it possible to redefine the geographical structure of Italy, showing
that it cannot be divided into north, center and south according to SDG and BES indicators.
In fact, the data revealed that the northeast significantly outperformed the northwest
(0.586 vs. 0.560 at the SDG level and 0.645 vs. 0.552 at the BES level). Additionally, values
in the center were close to those registered in the northwest. Interestingly, among the
southern regions, Abruzzo performed similarly to the central regions, reducing the overall
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value by only 0.012 in terms of the SDGs and 0.015 with respect to the BES. This suggests
that central regions have great potential, demonstrated by Abruzzo’s strong performance
in the environmental dimension, Lazio’s in the economic dimension and Umbria’s in the
social dimension, combined with Toscana’s strong performance across all three dimensions.
Although Marche narrowly missed the mark in the social dimension, it could still make
a fundamental contribution. This shows that the realization of a sustainable community
in these regions, facilitated by the exchange of services and products, may generate a
competitive macro-area. This requires further data monitoring, which is already showing
growth in these regions and the northeast’s superior performance [4].

The “Made in Italy” brand aims to integrate regional disparities, rather than high-
light them, to produce unique brands that are globally competitive [37]. However, this
integration cannot overlook existing disparities, particularly in southern Italy. The south’s
potential, while significant, has yet to be fully and efficiently harnessed. Promoting the
south will be essential for achieving balanced regional development in Italy and upholding
the Italian pillars of sustainability. In addition, promoting technological innovation in
the south may contribute to what many consider the fourth pillar of sustainability. By
leveraging each region’s unique strengths and fostering nationwide collaboration, Italy
may advance towards holistic sustainability and enhance its global competitiveness under
the “Made in Italy” banner. The involvement of new generations, alongside the experience
of older generations, will be crucial for building sustainable community models based on
skills and resources [47].

Finally, we must highlight a third implication, which is political. The use of European
funds should not focus solely on individual territories but incorporate a future vision
incorporating points of interconnection and uniting the Adriatic with the Tyrrhenian to
achieve significant logistical advantages. In central Italy, cohesion between national and
local governments may provide political stability and a comprehensive perspective, thereby
supporting the interception of European funds and promoting green, circular and digital
projects. Important initiatives include those of Abruzzo, Marche and Umbria, along with
their respective “confindustries” universities and industrial development companies. These
entities have collaborated in the Hamu (Hub Abruzzo Marche Umbria) project, experiment-
ing with ecosystem building and value generation in central Italy. These territories should
foster the degree of attractiveness to their own talents and those from other countries. A
further collaborative effort involves the financial institutions of Lazio, Abruzzo, Marche
and Umbria, which have signed a partnership agreement on European Funds in Rome.

Central Italy currently represents a model of sustainable innovation that should aspire
to emulate the performance of northeastern regions. A divided and fragmented Italy
hindered by ideological visions has no future. We must therefore pursue a pragmatic vision
that recognizes the great challenge of sustainability: overcoming personal selfishness to
protect ecosystems and achieve the triple goal of economic performance, environmental
protection and social progress. Indicators allow decision-makers and the public to monitor
the performance of individual territories towards this goal. While the SDG and BES
indicators share some criteria, their rankings reveal critical differences, indicating that
their outputs are complementary, rather than redundant. This highlights the importance of
developing new tools to integrate these rankings.

Limitations of the present work include the time period of reference, which could
be extended in future research. In this regard, close monitoring of the relevant data will
be necessary to assess regional performance in light of interregional policies. In addition,
it may be useful to study the relationships between these data and those related to the
implementation of sustainability goals by universities in their respective territories. Such
research may also open up a social perspective, exploring how these indicators might
influence young people’s choice of university and base for skills training. Further analysis
could evaluate the present results concerning culture and income readiness, providing
assessments at the macro-geographical level.
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The SDG–BES pairing promotes ethical sustainability, engaging individuals’ religious
and philosophical beliefs to facilitate an ecological consciousness that may restore the
human–nature relationship.

6. Conclusions

The great challenge of sustainability is to overcome personal selfishness, as this is
crucial for protecting ecosystems and achieving the threefold goal of economic performance,
environmental protection and social progress. Indicators allow decision-makers and the
public to monitor the performance of individual territories towards this goal. Although the
SDG and BES indicators share some criteria, their rankings also highlight some differences.
Consequently, their outputs are complementary, rather than redundant, emphasizing the
need for tools capable of integrating the different rankings.

In the present study, a cluster analysis was conducted to differentiate the various
territorial realities. The regions of Trentino-Alto Adige, Toscana, Friuli-Venezia Giulia and
Valle d’Aosta scored highly across all three dimensions of sustainability. Emilia-Romagna,
Lombardia and Veneto performed positively in two of the three dimensions and Umbria,
Lazio and Abruzzo achieved similar results in one dimension. Regions outside these
clusters have gaps that require strengthening. However, the present work did not aim to
highlight territorial differences but attempted to suggest actions to enhance sustainability
contributions from all regions.

In this direction, reintroducing the “Made in Italy” concept may foster the development
of an innovative, sustainable model based on territorial cooperation and related synergies,
thereby maximizing the use of resources and skills to enhance global competition.

The present findings showed strong performances by regions in the northeast and
center of Italy. To overcome the north–south divide, some southern regions must improve
their performance, and the present analysis indicated that this is starting to happen. There
are many challenges ahead, but with a stable political climate and proactive decision-
making, the dream of a more sustainable country may become a reality. Present issues
must be addressed with foresight to ensure that benefits are generated for a wide range of
stakeholder categories.
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Appendix A

Table A1. Trend of published articles per Web of Science categories (top 10 categories).

Category Number of Published Articles

Environmental sciences 9554
Green sustainable science technology 7153
Environmental studies 6023
Energy fuels 1892
Public environmental occupational health 1684
Economics 1519
Engineering environmental 1483
Management 1305
Business 1290
Education educational research 1180

Table A2. Trend of published papers per country (top 10 countries).

Country Number of Published Articles

China 5706
USA 4085
UK 3256
India 2737
Spain 2248
Australia 2081
Italy 1823
Germany 1703
South Africa 1350
Canada 1332

Table A3. Trend of published papers per Web of Science index.

WoS Index
Number of

Published Articles

Science Citation Index Expanded (SCI-EXPANDED) 18,246
Social Sciences Citation Index (SSCI) 12,516
Emerging Sources Citation Index (ESCI) 6877
Conference Proceedings Citation Index-Science (CPCI-S) 1033
Book Citation Index—Social Sciences & Humanities (BKCI-SSH) 465

Table A4. Trend of published papers per SDG.

SDG Description Number of Published Articles

13 Climate action 5927
3 Good health and well-being 4495
11 Sustainable cities and communities 3632
15 Life on land 2685
12 Responsible consumption and production 2295
1 No poverty 2125
6 Clean water and sanitation 1799
2 Zero hunger 1789
9 Industry, innovation and infrastructure 1671
7 Affordable and clean energy 1591
4 Quality education 1278
10 Reduced inequality 723
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Table A4. Cont.

SDG Description Number of Published Articles

8 Decent work and economic growth 709
14 Life below water 690
5 Gender equality 519
16 Peace and justice strong institutions 216

Table A5. Advanced search.

Section Query String

2.1 (Economic)
TITLE-ABS-KEY ( ( sustainable AND development AND goals OR sdgs ) AND economic AND
sustainability ) AND PUBYEAR > 2019 AND PUBYEAR < 2025 AND ( LIMIT-TO ( DOCTYPE , “ar” ) )
AND ( LIMIT-TO ( LANGUAGE , “English” )

2.2 (Environmental)
TITLE-ABS-KEY ( ( sustainable AND development AND goals OR sdgs ) AND environmental AND
sustainability ) AND PUBYEAR > 2019 AND PUBYEAR < 2025 AND ( LIMIT-TO ( DOCTYPE , “ar” ) )
AND ( LIMIT-TO ( LANGUAGE , “English” ) )

2.3 (Social)
TITLE-ABS-KEY ( ( sustainable AND development AND goals OR sdgs ) AND social AND sustainability
) AND PUBYEAR > 2019 AND PUBYEAR < 2025 AND ( LIMIT-TO ( DOCTYPE , “ar” ) ) AND
( LIMIT-TO ( LANGUAGE , “English” ) )

2.4 (Global) TITLE-ABS-KEY ( sdgs OR sustainable AND development AND goals ) AND PUBYEAR > 2022 AND
PUBYEAR < 2025 AND ( LIMIT-TO ( LANGUAGE , “English” ) ) AND ( LIMIT-TO ( DOCTYPE , “ar” ) )

Table A6. Percentage variation between each region’s SDG score compared with every other
region. The following acronyms are used: R1: Lombardia; R2: Provincia Autonoma di Trento;
R3: Emilia-Romagna; R4: Toscana; R5: Friuli-Venezia Giulia; R6: Veneto; R7: Provincia Autonoma
di Bolzano; R8: Valle d’Aosta; R9: Umbria; R10: Piemonte; R11: Lazio; R12: Marche; R13: Liguria;
R14: Abruzzo; R15: Molise; R16: Sardegna; R17: Basilicata; R18: Puglia; R19: Campania; R20: Sicilia;
R21: Calabria.

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 R21

R1

R2 2%

R3 3% 1%

R4 8% 5% 5%

R5 8% 6% 5% 0%

R6 10% 8% 7% 2% 2%

R7 12% 9% 8% 3% 3% 1%

R8 13% 10% 9% 4% 4% 2% 1%

R9 13% 10% 9% 5% 5% 3% 1% 0%

R10 16% 14% 13% 8% 8% 6% 4% 3% 3%

R11 16% 14% 13% 8% 8% 6% 4% 3% 3% 0%

R12 19% 16% 15% 10% 10% 8% 6% 5% 5% 2% 2%

R13 25% 22% 21% 15% 15% 13% 12% 11% 10% 7% 7% 5%

R14 29% 26% 25% 19% 19% 17% 15% 14% 14% 10% 10% 8% 3%

R15 41% 37% 36% 30% 30% 28% 26% 25% 24% 21% 21% 18% 13% 9%

R16 43% 39% 38% 32% 32% 30% 28% 27% 26% 23% 23% 20% 15% 11% 2%

R17 56% 52% 51% 45% 44% 42% 406 39% 38% 34% 34% 31% 25% 21% 11% 9%

R18 61% 58% 56% 49% 49% 46% 44% 43% 43% 38% 38% 36% 29% 25% 15% 13% 3%
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Table A6. Cont.

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 R21

R19 77% 73% 72% 64% 64% 61% 59% 57% 57% 52% 52% 49% 42% 38% 26% 24% 14% 10%

R20 84% 80% 78% 70% 70% 67% 65% 63% 63% 58% 58% 55% 47% 43% 31% 29% 18% 14% 4%

R21 91% 86% 85% 77% 77% 73% 71% 69% 69% 64% 64% 61% 53% 48% 36% 34% 22% 18% 8% 4%

 

Figure A1. Annual scientific production: economic sustainability.

Figure A2. Corresponding authors’ countries: economic sustainability.
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Figure A3. Annual scientific production: environmental sustainability.

Figure A4. Corresponding authors’ countries: environmental sustainability.
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Figure A5. Annual scientific production: social sustainability.

Figure A6. Corresponding authors’ countries: social sustainability.
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Figure A8. SDG and BES: overall dimension.
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Abstract: The Sustainable Development Goals (SDGs) are a shared agenda among countries but also a
rallying point for forward-looking policy dialogue. Analysis and monitoring of the SDGs are decisive
steps in evaluating possible corrective actions. This paper aims to reach two research objectives:
(i) providing methodological insights for the application of multicriteria decision analysis (MCDA) in
the evaluation of the SDGs and (ii) emphasizing the relevance of monitoring the outcomes of the SDGs
by evaluating the Italian regions. For the first objective, an online survey among twenty academics
is used, while for the second, an MCDA is proposed that compares the temporal performance of
a sustainability score for each Italian region. The results, based on 27 targets, show that in 2021
the northern regions showed better performance, with the province of Trento topping the list. This
is followed by Valle d’Aosta and the province of Bolzano, confirming the trio that emerged in the
previous year. A very interesting fact is the growth of the central regions, which overall tend to reach
a value close to that of the northern regions. In particular, Toscana, Marche and Lazio stand out
for a good performance. It is also confirmed that the southern regions occupy the last places in the
ranking with the only exception of Abruzzo. The implications of this paper suggest collaboration
between different regions in order to achieve a social community in which resources and skills
can be enhanced.

Keywords: Italy; monitoring; multicriteria decision analysis; performance indicators; sustainable
development goals; sustainability

1. Introduction

The topic of Sustainable Development Goals (SDGs) shows a very growing trend in
the literature. A major problem in assessing the SDGs is the multiplicity of aspects to be
considered and the different scales [1], but also the relationships among the indicators [2].
While, in fact, SDG 5 (Gender Equality) has the most relationships, unlike SDG 7 (Affordable
and Clean Energy) [3], the literature has placed more emphasis on SDG 3 (Good Health
and Well-Being) followed by SDG 2 (Zero Hunger) and SDG 1 (No Poverty), and less on
SDG 14 (Life Below Water) and SDG 16 (Peace and Justice Strong Institutions) [4]. Thus,
to achieve the 2030 Agenda, synergies among the goals must be exploited and suitable
trade-offs should be identified [5].

Climate change, health and global governance puts the SDGs at the center of re-
search [6], but nevertheless, care must be taken to avoid sustainable washing phenomena
by favoring a pragmatic approach [4]. Markets are characterized by new economic mod-
els, as it has been shown that gross domestic product does not capture the full economic
dimension of sustainability, and an overcoming of the selfish view that may characterize
some stakeholders emerges in importance [7]. Another key aspect is cooperation to support
economic exchanges, foster technological innovation and develop a global culture of sus-
tainable development [8]. One issue to be resolved is the structural distances between actors
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and the consequences of their acts, and policy has the task of reducing and eliminating
them [9]. Thus, it is necessary to think of the SDGs as a shared agenda among different
countries, but they are also a proposed meeting point for forward-looking policy and
programmatic dialogue. Indeed, there is a problem of fragmentation in global sustainability
governance [10]. Therefore, improvements in green technological innovation can be identi-
fied [11], but a balance between the digital economy and industrial eco-efficiency needs
to be identified [12]. Similarly, there is also a need for policies to encourage sustainable
monetary supply [13] through public–private partnership [14].

In addition, analyses on the SDGs require appropriate policies because otherwise their
achievement is at risk [15] and it is necessary to assess which policies are most appropri-
ate [16] by fostering a global partnership between developed and developing countries [17].
Some authors emphasize how achieving the SDGs requires each city government to demon-
strate its support toward these goals and congruity with global sustainability [18]. Along
this direction, cities’ progress toward SDGs can be proposed according to seven directions
(economy, environment, human, operations, organization, society and staff). In particular,
the criteria considered most relevant are sustainable policy and green public investments,
and rationing public spending and political stability also show important relevance [19]. In
addition, public administrators can put data-driven policy targets into their government
programs [20].

The relationship between indicators on the SDGs and policy implications is an
essential aspect of their achievement [21], and the literature highlights the key role of
indicators in monitoring progress. Therefore, it is necessary to measure and monitor
progress toward the SDGs [22,23]. It is useful to create a sustainable development index
and dashboard to track countries’ development in relation to the SDGs [24]. Analyses
can be conducted at various levels, concerning a single country [25], as a comparison of
several countries [23] or arriving at a global view [26]. Thus, the use of statistical methods
supports assessments of sustainability goals [27,28], and the analyses need to integrate
different information [29,30]. According to the literature, ranking various options is
likely to raise awareness and accountability for achieving the SDGs [31,32]. The use of
multicriteria decision analysis (MCDA) can aggregate different data to compare several
territories [33]. The MCDA is used to measure the performance of Italian regions, and
monitoring their performance is crucial to the achievement of the SDGs [24]. This paper
covers two research objectives (ROs):

RO1—The first is to provide methodological insights for the application of MCDA in
the evaluation of the SDGs.

RO2—The second is to emphasize the relevance of monitoring the outcomes of the
SDGs by evaluating the Italian regions.

The methodological implications of RO1 can be used in other MCDAs to be imple-
mented in different geographical contexts. RO2 can provide policy-makers with informa-
tion regarding the roles and degrees of satisfaction of the different SDGs. This will help
indicate where to focus future investments so as to foster sustainable development in differ-
ent regions. This approach needs to be applied from both local and national perspectives,
fostering interregional collaborations for sustainability.

The paper is organized as follows: after this introduction, the methodology and dataset
used are presented in Section 2, where the online survey among academics and the MCDA
are proposed. The results for the two ROs are proposed in Section 3, and discussion are
presented in Section 4. Section 5 shows the conclusions.

2. Materials and Methods

This section consists of an analysis of an online survey among academics to assess
insights on MCDA versus the SDGs (Section 2.1—RO1) and a description of MCDA and
related data used in this paper (Section 2.2—RO2).
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2.1. Survey with Academic Experts

Expert surveys are a method used in studies described in the literature to enhance
their backgrounds in order to provide useful implications for the development of the topic
examined [25,26]. In this paper, we want to consider what approaches may be most useful
for conducting MCDA. Responses can be scored from 0% to 100%. The content of the email
sent to experts described the purpose of the paper, the time to complete the questionnaire
(maximum 5 min), the methodology used, and that only the first 20 responses would
be included. In addition, it was specified that anonymity would be guaranteed. Other
works in the literature use samples with the same number of observations [19,27]. The list
of profiles to contact was chosen by looking at the Scopus database [28] and identifying
academics with at least ten years of experience and expertise on SDG issues [19].

These authors were identified from those who published several papers with the
word SDG in the title, abstract or keywords. Approximately one hundred emails were
forwarded, and among the twenty responses obtained (Table 1), five of them were received
from women (25%). In addition, eleven of these twenty experts work in Europe. The survey
was conducted in August 2023.

Table 1. List of academic experts.

Number Role Country Years of Experience

E1 Professor France 16

E2 Professor Spain 11

E3 Professor India 14

E4 Professor Sweden 13

E5 Professor Italy 11

E6 Professor Spain 12

E7 Professor Italy 13

E8 Professor Germany 15

E9 Professor Italy 18

E10 Professor India 20

E11 Professor China 18

E12 Professor Canada 12

E13 Professor Australia 14

E14 Professor Bangladesh 11

E15 Professor Cyprus 19

E16 Professor Greece 14

E17 Professor China 16

E18 Professor USA 18

E19 Professor Poland 11

E20 Professor Brazil 12

Before being sent, the questions were submitted to the attention of two colleagues
who have opened discussions on the special issues on SDG themes and have more than
ten years of experience each. Some suggestions were implemented. This initial survey was
done through a video call lasting about half an hour. Table 2 presents the nine questions
submitted to the twenty academics who participated in the online survey. Experts could
provide comments.
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Table 2. List of questions.

Number Question

Q1 How useful do you think MCDA is as a method for assessing the SDGs?

Q2 How congruous do you think the number of public indicators on the SDGs is?

Q3 How robust do you think an indicator composed of 27 targets is for assessing individual local realities?

We proceed below to evaluate the approach related to values and weights, where it is specified that answers should be provided for
a small sample of targets (about 30).

Q4 How valid do you think the 0–1 range approach is (0 = weak performance; 1 = strong performance)?

Q5 How valid do you think the maximum value approach is as a benchmark (1 = strong performance)?

Q6 How valid do you think equal weight among SDGs (EWG) scenario is?

Q7 How valid do you think equal weight among indicators (EWI) scenario is?

Finally, two final questions are provided on the possible decomposition of the results obtained.

Q8 How useful do you think it is to break down the final data according to the three dimensions of sustainability?

Q9 How useful do you think it is to break down the final figure according to geographic macro-areas?

2.2. Multicriteria Decision Analysis

MCDA synthesizes a large multiplicity of data, also considering their different nature
and belonging to different concepts. The method is widely used in the literature to make
comparisons between different geographical realities, and the initial objective is to arrive
at a ranking among different alternatives in order to provide insights for the decision-
maker [29]. Thus, we can identify three precise stages:

• The first step is to assign suitable criteria to achieve this goal;
• The second step is to assign weights and values to these criteria;
• The third step is to aggregate the different information obtained, calculating the

sustainability score of each alternative.

One of the major limitations is the lack of dynamicity, such that evaluation of the
interactions between the different variables does not occur.

MCDA falls under the field of operations research, and the final results can be decom-
posed to understand which criteria affect the others the most. In addition, strengths and
weaknesses can be ranked for each alternative, and how the trend varies over the years can
be measured. The alternatives are represented by the geographic realities, which in this
paper are the twenty regions of Italy (considering, for the Trentino Alto Adige region, the
decomposition into the two provinces of Bolzano and Trento)—Figure 1.

The accuracy of these analyses depends on their data reliability, and for this reason,
the data released by ASviS (Italian Alliance for Sustainable Development) are used, an
approach already used in the literature [30,31], given the active role that ASviS plays in
providing recent and reliable data.

This paper aims to monitor the data comparing the 2021 and 2022 ASviS re-
ports [31,32], where 26 targets were confirmed, while two targets were not re-proposed:
(i) target 4.1 (a)—By 2030, reduce the number of students who do not reach the suf-
ficient level of numerical proficiency (18–19 years old) below the 15% quota and
(ii) target 4.1 (b)—By 2030, reduce the number of students who do not reach the suf-
ficient level of literacy proficiency (18–19 years old) below the 15% quota. Instead,
this paper, in accordance with the new report released by ASviS for 2022, considers a
new target [33]: by 2027 to reach at least 33% of placement in early childhood educa-
tion services (3–36 months). Specifically, the latest report shows values for 27 targets
attributable to 16 of the 17 SDGs (SDG 17 is absent)—Table 3.
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Figure 1. The map of Italy.

Table 3. List of criteria.

SDG Target Unit

SDG 1 Target 1.2—By 2030 reduce the number of people at risk of poverty or social exclusion by 16%
compared to 2020 %

SDG 2 Target 2.4 (a)—By 2030 reduce the use of fertilizer distributed in non-organic agriculture by 20%
compared to 2020 quintals per ha

SDG 2 Target 2.4 (b)—By 2030 achieve the 25% share of UAA invested by organic crops %

SDG 3 Target 3.4—By 2025 reduce the probability of dying from no communicable diseases by 25%
compared to 2013 %

SDG 3 Target 3.6—By 2030 reduce road traffic injuries by half compared to 2019 per 10,000 population

SDG 4 Target 4.1—By 2030 reduce early exit from education and training (18–24 years old) below the 9% rate %

SDG 4 Target 4.2—By 2027 achieve at least 33% of places in early childhood education
services (3–36 months) %

SDG 4 Target 4.3—By 2030 to reach the 50% share of college graduates (30–34 years old) %

SDG 5 Target 5.5—By 2030 to halve the gender employment gap compared to 2020 females/males * 100

SDG 6 Target 6.3—By 2027 ensure high or good ecological quality status for all surface water bodies %

SDG 6 Target 6.4—By 2030 achieve 90% efficiency share of drinking water distribution networks %

SDG 7 Target 7.2—By 2030 achieve at least 45% share of energy from renewable sources %

SDG 7 Target 7.3—By 2030 to reduce final energy consumption by at least 20% compared to 2020 ktoe per 10,000 population

SDG 8 Target 8.5—By 2030 achieve 78% share of the employment rate (20–64 years old) %

SDG 8 Target 8.6—By 2030 reduce the share of NEETs to below 9% (15–29 years old) %

SDG 9 Target 9.5—By 2030 achieve the share of 3% of GDP devoted to research and development %

SDG 9 Target 9.c—By 2026 ensure that all households have coverage to the Gigabit network %

SDG 10 Target 10.4—By 2030 reduce net income inequality (S80/S20) to levels observed in the best of
European countries s80/s20

SDG 11 Target 11.2—By 2030 increase public transport seat-km per inhabitant offered by 26% compared
to 2004 places-Km per inhabitant

SDG 11 Target 11.6—By 2030 reduce PM10 exceedances to below 3 days per year days
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Table 3. Cont.

SDG Target Unit

SDG 12 Target 12.4—By 2030 reduce the share of municipal waste generated per capita by 26% compared
to 2004 kg/inhab.* year

SDG 13 Target 13.2—By 2030 reduce emissions of CO2 and other climate-altering gases by 55% from
1990 levels ton CO2 equivalent per capita

SDG 14 Target 14.5—By 2030 achieve 30% share of marine protected areas %

SDG 15 Target 15.3—By 2050 achieve zero increase in annual land consumption ha per 100,000 population

SDG 15 Target 15.5—By 2030 achieve 30% share of terrestrial protected areas %

SDG 16 Target 16.3—By 2030 achieve zero overcrowding in penal institutions %

SDG 16 Target 16.7—By 2026 reduce the average duration of civil proceedings by 40 percent compared to 2019 days

In particular, it emerges that SDG 4 is the one most represented, with 3 targets, while
there are 2 targets for the following SDGS: 2, 3, 6, 7, 8, 9, 11, 15 and 16. The remaining
6 targets refer to SDGs 1, 5, 10, 12, 13 and 14, while SDG 17 is absent.

Another observation concerns the reference year related to the target data. In fact,
for 12 targets, it is 2021 (targets 1.2, 2.4 (a), 2.4 (b), 3.6, 4.1, 4.3, 5.5, 8.5, 8.6, 15.3, 16.3 and
16.7), while for 10 other targets, it is earlier than 2021 (targets 3.4, 4.2, 6.3, 6.4, 9.5, 11.2, 11.6,
12.4, 14.5 and 15.3). Finally, for 5 targets, the Italian figure is 2021, while that of individual
regions is before 2021 (targets 7.2, 7.3, 9.c, 10.4, 13.2). It should also be pointed out that the
latest available data are used.

The product between a value and the weights associated with the various criteria was
the basis for the overall sustainability indicator, which was calculated for all alternatives.
Having completed the first stage of the multicriteria analysis, we proceeded to examine
whether the data are homogeneous with each other or not, and it emerged that they are all
comparable. Thus, the more populous regions have data that can be compared with the
less populous ones. Particular mention should be made of target 14.5, whose value is not
proposed for six regions (Piemonte, Valle d’Aosta, Lombardia, the province of Bolzano, the
province of Trento and Umbria). A number of 26 targets is therefore considered for these
six regions. Instead, when the value 0 is proposed, it is considered as input data.

The second step was to assign weights and values to the criteria for the different
alternatives. A value of 1 was assigned to the most relevant performance and 0 to the
least relevant performance. In addition, an intermediate value was assigned to the other
alternatives using the interpolation method. The choice of the normalized method is the
one that emerges most from the indications from the literature [7]. In addition, this choice
was verified before presenting RO2 results by examining what emerged from RO1.

Table 4 proposes all the values assigned to the 21 alternatives. Two assumptions are
considered: (i) Italy’s data for target 11.6 is estimated as a function of population and
(ii) the maximum value for target 7.2 is considered to be 100%.

Table 4. List of values. IT = Italy; A1 = Piemonte; A2 = Valle d’Aosta; A3 = Liguria; A4 = Lombardia;
A5 = Province Bolzano; A6 = Province Trento; A7 = Veneto; A8 = Friuli Venezia Giulia; A9 = Emilia
Romagna; A10 = Toscana; A11 = Umbria; A12 = Marche; A13 = Lazio; A14 = Abruzzo; A15 = Molise;
A16 = Campania; A17 = Puglia; A18 = Basilicata; A19 = Calabria; A20 = Sicilia; A21 = Sardegna.

Target IT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

1.2 0.617 0.794 0.938 0.706 0.851 1.000 0.886 0.828 0.848 0.970 0.821
2.4 (a) 0.634 0.521 1.000 0.676 0.000 0.972 0.958 0.028 0.479 0.183 0.831
2.4 (b) 0.449 0.102 0.000 0.335 0.087 0.122 0.198 0.111 0.219 0.455 0.968
3.4 0.583 0.528 0.833 0.583 0.722 0.917 1.000 0.889 0.667 0.833 0.667
3.6 0.636 0.717 0.854 0.000 0.655 0.574 0.809 0.650 0.730 0.377 0.280
4.1 0.625 0.721 0.522 0.610 0.728 0.610 0.912 0.875 0.926 0.831 0.743
4.2 0.491 0.600 0.897 0.627 0.591 0.370 0.815 0.609 0.721 0.900 0.806
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Table 4. Cont.

Target IT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

4.3 0.559 0.596 0.615 0.522 0.839 0.429 0.988 0.807 0.509 0.981 0.696
5.5 0.546 0.747 1.000 0.694 0.755 0.794 0.850 0.677 0.744 0.772 0.766
6.3 0.384 0.503 0.874 0.707 0.260 0.933 0.826 0.340 0.388 0.248 0.298
6.4 0.406 0.585 1.000 0.448 0.770 0.857 0.648 0.439 0.296 0.728 0.382
7.2 0.107 0.137 1.000 0.000 0.076 0.660 0.432 0.116 0.146 0.044 0.114
7.3 0.388 0.313 0.013 0.650 0.313 0.181 0.163 0.231 0.031 0.000 0.456
8.5 0.581 0.808 0.866 0.751 0.866 1.000 0.895 0.840 0.888 0.927 0.831
8.6 0.574 0.743 0.796 0.726 0.778 1.000 0.813 0.974 0.874 0.922 0.800
9.5 0.529 1.000 0.000 0.529 0.471 0.176 0.588 0.471 0.647 0.882 0.588
9.c 0.920 0.697 0.127 0.984 0.636 0.000 0.352 0.376 0.434 0.592 0.516
10.4 0.368 0.737 0.921 0.447 0.632 0.921 0.816 0.789 0.868 0.816 0.737
11.2 0.371 0.373 0.018 0.328 1.000 0.309 0.354 0.457 0.330 0.217 0.206
11.6 0.367 0.022 0.944 0.944 0.000 0.967 0.900 0.022 0.578 0.167 0.622
12.4 0.512 0.515 0.095 0.393 0.576 0.597 0.522 0.549 0.478 0.000 0.180
13.2 0.519 0.432 0.247 0.494 0.531 0.457 0.469 0.259 0.667 0.284 0.617
14.5 0.370 0.130 0.000 0.109 0.000 1.000
15.3 0.730 0.597 0.803 1.000 0.790 0.777 0.853 0.617 0.813 0.590 0.820
15.5 0.331 0.203 0.436 0.124 0.150 0.556 0.853 0.128 0.192 0.094 0.165
16.3 0.442 0.518 0.917 0.252 0.085 0.000 1.000 0.222 0.128 0.403 0.598
16.7 0.609 0.919 1.000 0.853 0.834 0.953 0.946 0.797 0.951 0.842 0.733

Target A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 A21

1.2 0.851 0.908 0.600 0.425 0.428 0.000 0.438 0.440 0.226 0.167 0.408
2.4 (a) 0.775 0.746 0.732 0.789 0.944 0.704 0.775 0.915 0.845 0.887 0.944
2.4 (b) 0.446 0.685 0.653 0.347 0.143 0.510 0.592 0.714 1.000 0.630 0.297
3.4 0.833 0.972 0.444 0.639 0.472 0.000 0.611 0.556 0.417 0.306 0.444
3.6 0.730 0.439 0.480 0.765 1.000 0.957 0.604 0.911 0.987 0.760 0.809
4.1 0.676 0.978 0.882 0.971 1.000 0.353 0.265 0.919 0.529 0.000 0.588
4.2 1.000 0.606 0.736 0.436 0.324 0.000 0.261 0.318 0.027 0.045 0.597
4.3 1.000 0.689 0.776 0.578 0.950 0.211 0.081 0.429 0.236 0.000 0.248
5.5 0.738 0.652 0.621 0.379 0.203 0.000 0.067 0.223 0.070 0.022 0.632
6.3 0.000 0.344 0.342 0.346 0.010 0.301 0.011 0.025 1.000 0.571 0.507
6.4 0.030 0.648 0.075 0.000 0.299 0.301 0.313 0.313 0.319 0.152 0.131
7.2 0.175 0.125 0.036 0.218 0.348 0.136 0.123 0.485 0.391 0.068 0.217
7.3 0.188 0.694 0.794 0.538 0.613 1.000 0.625 0.619 0.913 0.950 0.725
8.5 0.792 0.780 0.636 0.562 0.364 0.016 0.192 0.390 0.032 0.000 0.399
8.6 0.743 0.883 0.639 0.661 0.374 0.096 0.248 0.483 0.122 0.000 0.552
9.5 0.235 0.235 0.824 0.235 0.294 0.412 0.176 0.059 0.000 0.176 0.176
9.c 0.392 0.115 1.000 0.268 0.033 0.840 0.455 0.178 0.150 0.577 0.225
10.4 0.842 1.000 0.395 0.789 0.789 0.000 0.395 0.842 0.289 0.079 0.368
11.2 0.114 0.147 0.508 0.158 0.000 0.120 0.130 0.048 0.099 0.106 0.234
11.6 0.422 0.678 0.144 0.811 1.000 0.133 0.889 0.900 0.911 0.844 0.578
12.4 0.451 0.468 0.502 0.627 0.922 0.641 0.573 1.000 0.878 0.661 0.661
13.2 0.432 0.728 0.778 0.704 0.111 1.000 0.296 0.185 0.654 0.617 0.000
14.5 0.000 0.109 0.261 0.000 0.435 0.217 0.000 0.196 0.478 0.413
15.3 0.657 0.780 0.850 0.000 0.480 0.800 0.663 0.617 0.937 0.750 0.710
15.5 0.218 0.297 0.410 1.000 0.000 0.906 0.455 0.665 0.571 0.342 0.083
16.3 0.472 0.550 0.448 0.470 0.298 0.397 0.062 0.647 0.565 0.677 0.943
16.7 0.558 0.735 0.612 0.719 0.500 0.371 0.362 0.000 0.161 0.340 0.458

Once the values were obtained, we proceeded to consider the weights to be assigned
to the criteria. Two approaches (EWG, Equal Weights Goals, and EWI, Equal Weights
Indicators) are proposed in the literature [24], and this choice emerged from the result
related to the question proposed in RO1. Thus, also for this methodological stage, the
choices that would be implemented in RO2 would depend on what emerged in RO1.
However, it is also useful to show what the literature proposes on the topic. The choice of
not giving more emphasis to some goals and indicators is proposed in several works [34,35].
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This practice appears to be widespread because it is based on the logic of assigning the
same impact to the individual indicators analyzed [36,37]. However, approaches with
different weights can also be used [38].

Finally, during the third step, all data were aggregated and a sustainability score for
each alternative was obtained by the product between a row vector (referred to as the
values of the criteria) and a column vector (referred to as the weights of the criteria). The
results were also broken down according to the three main geographic macro-areas of Italy:

• North—Valle d’Aosta, Piemonte, Lombardia, Liguria, Trentino Alto Adige, Veneto,
Friuli Venezia Giulia and Emilia Romagna.

• Center—Toscana, Umbria, Marche and Lazio.
• South—Abruzzo, Molise, Campania, Puglia, Basilicata, Calabria, Sardegna and Sicilia.

3. Results

This section is divided as follows: results related to RO1 are proposed in Section 3.1
and those related to RO2 are examined in the following subsections. In fact, first, the
sustainability score in the base scenario is proposed (Section 3.2), then its value is monitored
over time (Section 3.3), and finally, an alternative scenario is considered (Section 3.4).

3.1. Methodological Insights for the Application of MCDA in the Evaluation of the SDGs

The responses from the different experts are collected and proposed in Table 5. It
should be pointed out that in order to ensure anonymity, there is no correspondence
between the numbers of the experts in Tables 1 and 5. In order to give statistical significance
to the results obtained, a Kruskal–Wallis test was conducted. The comparison of the
questions determines that the hypothesis H0 was rejected (χ2 = 146.68, p < 0.001). This
suggested that certain groups’ average ranks were indeed not equal. The post hoc Dunn’s
test using a Bonferroni corrected alpha of 0.0014 indicated that the mean ranks of the
following pairs are significantly different: Q1–Q2, Q1–Q3, Q1–Q5, Q1–Q6, Q1–Q8, Q2–Q5,
Q2–Q6, Q3–Q4, Q3–Q7, Q4–Q5, Q4–Q6, Q4–Q8, Q5–Q7, Q5–Q9, Q6–Q7, Q6–Q9, Q7–Q8
and Q8–Q9.

Table 5. Survey online according to 20 academic experts—all data are in percentages.

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 E16 E17 E18 E19 E20

Q1 95 100 100 95 100 100 95 100 100 95 100 95 100 95 100 100 100 100 90 90

Q2 90 90 90 85 90 95 90 90 85 85 85 85 90 90 85 85 90 90 80 80

Q3 70 80 85 75 85 85 75 90 80 70 70 65 85 75 75 70 85 85 65 70

Q4 95 100 95 100 95 95 90 95 100 90 95 95 95 90 95 95 95 100 90 90

Q5 70 80 70 75 65 70 65 70 70 65 70 65 65 60 65 65 70 70 65 65

Q6 75 70 70 65 65 60 60 65 60 65 70 70 65 60 60 60 65 70 70 70

Q7 90 95 95 90 90 90 85 90 90 85 90 90 90 85 90 95 95 95 85 80

Q8 75 65 65 70 75 65 75 75 90 75 80 60 75 65 85 80 85 90 65 75

Q9 95 90 90 90 85 85 90 85 90 90 95 90 95 85 90 90 85 90 85 90

The next step was to aggregate all responses, giving the experts equal weighting. It
is worth mentioning that the experts could assign a percentage value between 0% and
100%—Table 6.
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Table 6. Average values of questions.

Number Question Percentage Average

Q1 How useful do you think MCDA is as a method for assessing the SDGs? 97.50

Q2 How congruous do you think the number of public indicators on the SDGs is? 87.50

Q3 How robust do you think an indicator composed of 27 targets is for assessing individual local realities? 77.00

Q4 How valid do you think the 0–1 range approach is (0 = weak performance; 1 = strong performance)? 94.75

Q5 How valid do you think the maximum value approach is as a benchmark (1 = strong performance)? 68.00

Q6 How valid do you think equal weight among SDGs (EWG) scenario is? 65.75

Q7 How valid do you think equal weight among indicators (EWI) scenario is? 89.75

Q8 How useful do you think it is to break down the final data according to the three dimensions of
sustainability? 74.50

Q9 How useful do you think it is to break down the final figure according to geographic macro-areas? 89.25

The responses to question Q1 show a percentage of 97.5%, with more than half of the
experts assigning the maximum value. The result is not surprising given the wide use of
MCDA. A limitation of the paper also emerges from this question, as some experts pointed
out that such an approach is not the only useful way to compare different methodologies
in order to monitor and analyze SDG values.

However, one of the problems encountered when using these methodologies is the
availability of data, and the Q2 figure should be interpreted in this direction. A relevant
value emerges, of 87.5%; however, a comment that has come from several experts should
be highlighted. For example, Eurostat is a useful tool that compares different countries;
however, then, the national figure cannot always be broken down to a more detailed local
level.

In this direction, we then investigated whether an indicator consisting of 27 targets
(Table 3) would be suitable for evaluating a local reality. The Q3 value is 77%. It is useful to
underline that having specified individual local realities led to providing a higher value to
this question.

The analyses of questions Q4 and Q5 aimed to evaluate the method to be assigned
to the criteria values. Absolute values should tend to be normalized in order to be made
homogeneous. In these questions, a choice toward the 0–1 approach emerges (94.75% vs.
68%) because it is believed that, just as the emphasis is placed on the best performance,
likewise the weakest performance should be penalized. Clearly, the 0–1 approach tends to
accentuate differences in terms of normalized values.

Instead, questions Q6 and Q7 evaluate the method related to the assignment of weights.
In these questions, too, a clear choice toward the EWI scenario emerges (89.75% vs. 65.75%)
because with a small number of criteria, individual SDGs might themselves be underrepre-
sented. Thus, both methods are considered suitable with a larger sample of criteria, since
being alternatives may or may not confirm the results obtained.

Finally, the last two questions, Q8 and Q9, aim to provide insights into the breakdown
of sustainability scores at the size and geographic area level. The subdivision by economic,
environmental and social dimensions is considered very useful; however, like the previous
observation, it is noted that its significance loses significance (74.5%) when the sample
number is small. In contrast, geographic data are crucial (89.25%) when conducting analyses
at the level of individual territorial realities.

Consequently, it follows from this analysis that the MCDA of this paper will use the
following assumptions:

• Value will be assigned through the 0–1 approach.
• Weight will be assigned through the EWI approach.
• Results will be decomposed only at the geographical area level.
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3.2. Sustainability Score for Italian Regions—Baseline Scenario

The main result of a quantitative analysis is to provide numbers, and in the case of
this paper, the sustainable performance of the Italian regions is indicated. Another key
step is to be able to compare these results with those of the previous year. This approach
allows the performance of alternatives to be monitored and improvements or worsening
to be evaluated.

The number of criteria examined is small compared to other studies [39], but nev-
ertheless, it still plays its role of providing new information to stakeholders. Pragmatic
sustainability calls for evaluating the performance of alternatives based on real data, which
could be affected by virtuous policies. Within the EWI scenario, the different values were
normalized, which made it possible to homogenize criteria characterized by different units
of measurement (Table 3).

This subsection shows the sustainability score in the EWI scenario, in which a value
trending toward 1 indicates excellent sustainability performance. All alternatives were
compared with each other, but also, with respect to the Italian average, it was considered in
addition to the 21 alternatives. It is worth noting that Figure 2 proposes the average value
for the Trentino Alto Adige region (that is composed of the two provinces of Bolzano and
Trento, and the same will also be repeated in the monitoring phase).

Figure 2. Sustainability score in EWI scenario.

The results see the province of Trento excel, with a score of 0.725, which is a high
performance and shows a significant difference from that of Valle d’Aosta, which follows
with 0.643, and the province of Bolzano, with 0.620. The difference is thus 0.082 with
the second, and it increases to 0.220 compared to the national benchmark. There are
13 alternatives placed above the national average (0.505), with Abruzzo placed at 0.507,
while the last position, occupied by Puglia, is 0.139 away from the national benchmark.
These results show how northern regions occupy the top positions, while southern regions
are placed at the bottom of the ranking. It is interesting to note the performance of the
three central regions (Toscana, Marche and Lazio), which are behind the first three northern
regions mentioned above.

In order to understand the results obtained, we identify which alternatives perform
better or worse in the individual targets, and the corresponding concentration indicator
(Table 7 and Figure 3).
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Table 7. The best and worst alternative for each target audience and the value of indicator concentra-
tion for each target.

Target Max Min Indicator Concentration

1.2 Province of Bolzano Campania 0.644

2.4 (a) Valle d’Aosta Lombardia 0.700

2.4 (b) Calabria Valle d’Aosta 0.410

3.4 Province of Trento Campania 0.635

3.6 Molise Liguria 0.671

4.1 Molise Sicilia 0.697

4.2 Umbria Campania 0.538

4.3 Umbria Sicilia 0.580

5.5 Valle d’Aosta Campania 0.543

6.3 Calabria Umbria 0.421

6.4 Valle d’Aosta Abruzzo 0.416

7.2 Valle d’Aosta Liguria 0.240

7.3 Campania Emilia Romagna 0.476

8.5 Province of Bolzano Sicilia 0.611

8.6 Province of Bolzano Sicilia 0.630

9.5 Piemonte Valle d’Aosta, Calabria 0.389

9.c Lazio Province of Bolzano 0.426

10.4 Marche Campania 0.642

11.2 Lombardia Molise 0.250

11.6 Molise Lombardia 0.594

12.4 Basilicata Emilia Romagna 0.538

13.2 Campania Sardegna 0.474

14.5 Toscana Veneto, Emilia Romagna,
Marche, Molise, Basilicata 0.223

15.3 Liguria Abruzzo 0.710

15.5 Abruzzo Molise 0.374

16.3 Province of Trento Province of Bolzano 0.460

16.7 Valle d’Aosta Basilicata 0.650

1.2
2.4 (a)2.4 (b)

3.4
3.6
4.1

4.2

4.3

5.5

6.3
6.4

7.2
7.38.58.69.5

9.c
10.4

11.2

11.6

12.4

13.2

14.5
15.3
15.5

16.316.7

Figure 3. Indicator concentration.

The province of Trento confirms its leadership in targets 3.4 and 16.3, and while it loses
the first position in target 4.1, it still maintains a high value, whereas its reduction is much
more significant in target 9.5. The province of Bolzano retains leadership in targets 8.5 and
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8.6, and gains it in target 1.2, replacing Valle d’Aosta, which nevertheless confirms it in
targets 2.4 (b), 5.5, 6.4, 7.2 and 16.7. Most of the different alternatives present a highest value
in the different targets; the only ones never to reach this target are Veneto, Friuli Venezia
Giulia, Emilia Romagna, Puglia, Sicilia and Sardegna. However, the data in Table 7 show
how for some targets of the same SDG, the alternatives are able to achieve diametrically
opposite results. This is the case for Valle d’Aosta for target 2.4 (a) and 2.4 (b), Lombardia
and Molise for targets 11.2 and 11.6, and Abruzzo for targets 15.3 and 15.5.

Focusing on the alternatives occupying the first three positions, however, it should be
pointed out that they too show weak performance in the following cases: the province of
Trento presents a value below 0.2 only in targets 2.4 (b) and 7.3; the province of Bolzano, in
addition to the two mentioned above, is also weak in target 9.5, but especially occupies the
last position in targets 9.c and 16.3 and finally Valle d’Aosta is last in targets 2.4 (b) and
9.5 and below 0.2 in targets 7.3, 11.2 and 12.4. Thus, it emerges that the province of Trento
prevails over Valle d’Aosta despite having fewer first positions in the targets, as it has a
higher value in the other criteria.

Among the northern regions, Veneto is the only one that is below the national average,
presenting a performance below 0.2 in targets 2.4 (a), 2.4 (b), 7.2, 11.6, 14.5 and 15.5, and,
as highlighted above, does not excel in any target. As noted earlier, the central regions
show very interesting performances. Primacy is verified in target 14.5 (Toscana), targets
4.2 and 4.3 (Umbria), target 10.4 (Marche) and target 9.c (Lazio). In contrast, the situation
tends to change considerably when analyzing the southern ones, where only Abruzzo is
above the national average. Abruzzo is first in target 15.5 and it has very high performance
in target 4.1 and high performance in target 11.6. On the other hand, it is last in targets
6.4 and 15.3 and is also weak in target 11.2. The other seven regions occupy the last
positions in the ranking. This aspect clearly denotes a strong criticality, which, however,
is also proclaimed at the European level, where targeted funding programs are allocated
precisely for southern Italy.

The indicator concentration shows that where this value is high, many alternatives
have significant performances, and this reduces the advantages of those occupying the
top positions over the other alternatives. Similarly, when the value of the concentration
index is low, the alternatives occupying the top positions will have much more significant
numerical values than the alternatives that have values close to the concentration index.
High values occur for targets 15.3 and 2.4 (a), while low values occur for targets 14.5,
7.2 and 11.2.

3.3. Sustainability Score Monitoring for Italian Regions

An additional element of the analysis was to compare the sustainability score in the
EWI scenario for the two reference years (Figure 4 and Table 8). Results from the 2022
ASviS report were obtained for this paper and can be compared with what is reported in
the literature regarding the 2021 ASviS report [24].

The two maps show no significant color differences, while the analysis of the val-
ues shows that numerical changes have occurred. As noted earlier, the very low target
concentration index, 9.5, in the previous year led the province of Trento to have a very
high value. This explains the 0.060 reduction. The other alternative that marks a reduc-
tion is Veneto. As for increases, there are very important changes for the central regions
Lazio (0.058) and Toscana (0.053). At the ranking level, the most significant change is in
Lazio, which climbs seven positions, while Lombardia and Liguria lose three positions.
These variations also determine that the performance of the three macro-areas tends to
increase when comparing years (Figure 5). While the increase in the northern regions is
minimal (+0.004), the increase in the southern regions is appreciable (+0.022), wherein
a very important role is played by Sardegna and Puglia. However, it is the central re-
gions, as shown above, that mark the most significant increases, with +0.041. However,
these data confirm the existence of gaps between regions with different performances.
It is worth noting that the new figure for the central regions (0.569) is close to that of
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the northern regions (0.574). These values are significantly different from that of the
southern regions (0.436).

Figure 4. Monitoring of SDGs in Italian regions in the period 2021–2022.

Table 8. Delta sustainability score in the period 2021–2022.

ASviS 2021 Delta ASviS 2022–ASviS 2021 Delta Ranking (2022 vs. 2021)

Province of Trento 0.785 −0.060 0

Valle d’Aosta 0.628 0.015 0

Province of Bolzano 0.612 0.009 0

Toscana 0.548 0.053 +1

Marche 0.556 0.032 −1

Lazio 0.498 0.058 +7

Piemonte 0.528 0.027 +1

Friuli Venezia Giulia 0.514 0.029 +1

Lombardia 0.536 0.002 −3

Liguria 0.529 0.009 −3

Umbria 0.508 0.021 −1

Emilia Romagna 0.502 0.019 0

Abruzzo 0.504 0.003 −2

Italia 0.494 0.011

Veneto 0.495 −0.010 0

Basilicata 0.460 0.017 0

Calabria 0.446 0.018 0

Sardegna 0.418 0.040 0

Molise 0.411 0.030 0

Campania 0.380 0.014 0

Sicilia 0.358 0.020 0

Puglia 0.333 0.033 0
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Figure 5. Sustainability score in EWI scenario—a comparison among macro-areas.

3.4. Sustainability Score for Italian Regions—Alternative Scenario

Finally, in order to give robustness to the results obtained, we proceeded to consider
an alternative scenario. Specifically, the EWG scenario was chosen, in which the same
criteria values were considered, but we evaluated the aggregation of targets within the
SDGs. This inevitably tended to mediate the effects for targets that were a larger sample
within the SDGs (Table 9 and Figure 6). For the six regions that do not consider target 14.5,
the contribution from 15 SDGs is assessed.

Table 9. Delta sustainability score in EWG scenario in 2022.

EWG Scenario Delta EWG-EWI Delta Ranking EWG-EWI

Province of Trento 0.784 0.059 0

Province of Bolzano 0.712 0.091 +1

Valle d’Aosta 0.704 0.062 −1

Toscana 0.661 0.060 0

Marche 0.642 0.053 0

Piemonte 0.607 0.052 +1

Lombardia 0.602 0.064 +2

Friuli Venezia Giulia 0.593 0.050 0

Lazio 0.590 0.033 −3

Liguria 0.581 0.043 0

Umbria 0.580 0.050 0

Abruzzo 0.557 0.050 +1

Italia 0.545 0.040

Emilia Romagna 0.530 0.010 −1

Basilicata 0.526 0.049 +1

Calabria 0.518 0.054 +1

Veneto 0.516 0.031 −2

Sardegna 0.497 0.040 0

Molise 0.476 0.035 0

Campania 0.437 0.043 0

Sicilia 0.434 0.056 0

Puglia 0.413 0.047 0
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Figure 6. A comparison of the sustainability score between EWI and EWG scenarios.

It can be seen that EWG values are higher than EWI values due to the different
normalization approaches to criteria. This alternative scenario demonstrates how much
a chosen method influences the results obtained in this paper. The EWG scenario, which
tends to be more synthetic than EWI, leads to different measurements. The results of this
EWG scenario sees several ranking positions change, and 11 alternatives keep the same
position. In the top part of the ranking, the province of Bolzano overtakes Valle d’Aosta,
and Lombardia gains two positions, while Lazio loses three. As for the final part of the
ranking, no changes are noted. Further relevant data include that twelve of the thirteen
alternatives maintain a value above the national average; Emilia Romagna is the exception.

Furthermore, we proceed to aggregate the data at the macro-area level (Figure 7), and
since the value of the national average in the EWG scenario is greater than that in the EWI
scenario (0.545 vs. 0.505), the three individual values turn out to be greater. The difference
between the areas does not tend to change significantly, as the values vary in the range of
0.047–0.053. The northern regions are slightly ahead of the central regions (0.627 vs. 0.618),
while the difference is much more pronounced than in the southern regions (0.482).
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Figure 7. Sustainability score in both EWI and EWG scenarios—a comparison among macro-areas.
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4. Discussion

The issue of sustainability has entered the agenda of many governments [28], and
many citizens are involved and interested in applying a social welfare model. The challenge
is complex and takes time to meet. This does not imply that there is no urgency, but a
goal must be set. Some authors have pointed out that any paper that talks about the SDGs
must specify what goal it aims to achieve [4]. Academic works must be projected to real
problems in order to support policy-makers. This paper aims to focus its attention on the
strategic role of monitoring the SDGs. A key step is to highlight critical issues that emerge
over time in order to implement possible corrective measures.

This paper has limitations related to the number of criteria that are available, but
first and foremost we need to be grateful to those who make it possible to have this data
available. In this context, ASviS supports the monitoring of SDGs [30,31]. This research
proposes not only to compare individual alternatives with the national benchmark but also
to make comparisons, since the normalized 0–1 method determines that the value achieved
does not depend only on one’s own performance. However, it is desirable to invest in
obtaining more available data and that these data are updated. In fact, the other limitation
of the research is that not all data are available for 2021. In addition, the same literature
proposes several approaches to managing data related to the SDGs [39,40].

This paper confirms the north–south divide in Italy already proposed in the litera-
ture [24], and its comparison with the existing literature makes it possible to highlight the
decisive role of monitoring. Where the number of targets is greater, more information can
be extrapolated [19]. Nonetheless, this paper provides managerial and policy implications.
It shows how sustainability can succeed where different strategic choices and funding
policies have failed to close the gap between different areas of Italy. The Next Genera-
tion EU (NGEU) in Italy was changed because some projects would not be completed on
time. Sustainability suggests not using approaches in which investments are concentrated
in a limited period, but are spread out over time and allow for the diffusion of skills
and resources [41].

This paper considers 16 of the 17 SDGs (SDG 17 (Partnerships to achieve the SDG)
is not considered), and so the approaches used obviously change according to specific
contexts. The basic idea would be to invest in the sectors that will drive the economy of
the future, where there will be demand, in order to have adequate supply. Likewise, this
supply must have a strong national character in order not to be subjected to geopolitical
risks and foreign dependence. In this direction, the new name of the Ministry of Enterprises
and Made in Italy clearly indicates this direction. Thus, the choices of the future are based
on a policy direction in which there is a tendency to produce within one’s own country, in
which research and innovation occur, in which health skills are valued, and in which social
approaches that counter forms of selfishness are developed.

Stakeholder engagement is therefore essential, with input also required from all
citizens, and in particular there is a need to invest in the youngest of them, the target
audience of the NGEU [29]. Businesses are called upon to revise their strategies and public
administrations to change to be able to capture the dynamic aspects coming from the
external context [4].

The basic question is as follows. Economic theories have taught us that a euro today is
worth more than a euro tomorrow, but how do we quantify this tomorrow; how much is
the opportunity cost of capital for projects that are different from each other and affect not
only the Italian context but have a global vocation? The challenge, therefore, calls not only
for germinating national resources but also for building bridges of freedom and democracy
with other countries to move toward a common goal. Is this the hope with which Europe
was born? Sustainability is, thus, not only the 2050 goal for climate neutrality but requires
a pragmatic approach in which solutions are explored that give opportunities to future
generations and create a brotherhood among peoples [29].

Green and circular resources call for thinking with a perspective that is not only
focused on the short term but looks to the future, in which citizens will be involved to make
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them feel part of the change. Likewise, there is a need to overcome parochialism in order
to bring out collaborations between territorial realities, since in the struggle between the
small ones, in the end, those who emerge and win are not them, but they instead come out
even weaker. Finally, where young people are trained in the different trades, it is necessary
to retain these backgrounds. However, their demands are modified, as the abandonment
of stress, the idea of being part of a group, and the possibility of having recognition for
achievements determine insights that all public and private actors should reflect on.

Achieving the SDGs is done by giving confidence to young people, creating partner-
ships with more experienced profiles, fostering an opening of the university world to the
real world, and allowing younger people to be directed to the profiles required by the
market. However, it is also crucial to create and foster the concept of a community that does
not only look at its own backyard but shares it with its neighbors in order to be globally
competitive and attractive.

5. Conclusions

This paper makes a contribution to the pragmatic view of sustainability since, starting
from an objective dataset, it tries to aggregate the data to provide different information
to stakeholders. This research aims at the achievement of the different proposed targets
and, thus, overall, pays attention to all SDGs, with the exception of SDG 17, which was not
included in the source database.

The methodological contribution of this paper is about a very established methodology
such as MCDA, in which insights are provided to be applied to the attribution of values and
weights. It emerges that the range 0–1 is considered correct in order to bias the strongest
and weakest performances of the examined alternatives. Moreover, in a context where
the number of criteria is small, the EWI method appears to be more appropriate than the
EWG method. The motivation is mathematical since where there is already a contained
data availability, the additional aggregation step risks losing some of the information that
emerges from the individual criteria.

The pragmatic contribution of this paper confirms the north–south divide in Italy, in
which northern regions excel in the sustainability indicator, while seven of the southern
ones close the ranking list. In this direction, the result of Abruzzo is very important,
which aspires to have a performance equal to that of the central regions. It is precisely
these regions, and in particular, Toscana, Lazio and Marche, that are on the edge of the
podium occupied by three alternatives belonging to northern Italy. The province of Trento,
confirming its leadership, is followed by Valle d’Aosta and the province of Bolzano. On the
other hand, if these regions travel with a green card toward sustainability goals, Campania,
Sicilia and Puglia take a red card.

This paper has two limitations, namely the number of criteria examined and the time
period covered, which highlight how useful it is for public decision-makers to invest in this
aspect. In addition, it would also be useful to analyze the impact that could be exerted by
stakeholder engagement from the perspective of territorial collaboration between different
regions. However, in order to make the right choices, it is necessary to have data and to
assess their trends over time through appropriate monitoring of the SDGs.

It is the time for action, for proposing ideas and solutions, and not the time to stop
at sterile no’s and maintain one’s own interests, in order to build the Europe of the future
with a key role played by the realities of the Mediterranean, which will play a key role in a
global economy oriented toward sustainability.
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Abstract: The argument made in this study is that sustainability is a system of beliefs that extends
beyond policy and the classroom to transform actions and societies into pro-sustainable behaviours.
Therefore, it is crucial to equip trainee teachers to embrace their role as catalysts for change in
driving Sustainable development goals, sustainable thinking, systems thinking, wise consumption,
sustainable competencies, and sustainable action in their daily lives. The lack of practice-led research
on incorporating Education for Sustainable Development (ESD) into trainee teachers’ training pro-
grammes is noted in the literature. This qualitative practice-led research explored trainee mathematics
and technology teachers’ (TMTTs) experiences learning about sustainability. Kolb’s experiential the-
ory framed this study theoretically. The data were collated from twenty purposively selected TMTTs
via semi-structured interviews and reflective diaries. All ethical protocols were observed. The
analysis highlighted the core experiences TMTTs gained in learning about sustainability, transfor-
mative learning, design thinking, wise consumption, agency, and sustainable teaching strategies.
Theoretically, the findings emphasise the importance of using an ESD perspective and experiential
learning methods to integrate sustainability education into mathematics and technology teaching.
The results suggest that when TMTTs are encouraged to actively engage with sustainability issues in
their communities, informed decisions are made about their future roles as teachers, the teaching
strategies they intend to use, and the type of learning they aim to foster in their learners.

Keywords: education for sustainable development; sustainable development goals; trainee teachers;
system thinking; wise use

1. Introduction

Sustainable development is a buzzword that has gained significance. It involves the
responsible utilization of natural resources to meet current needs while safeguarding the
ability of future generations to meet their own needs. Countries globally are trying to
advance the 17 Sustainable development goals in their social, economic, and educational
terrains. Globally, documents such as the Decade of Education for Sustainable Develop-
ment, which was extended from 2004 to 2014 [1], UNESCO’s Global Action Programme:
Sustainability began with teachers [2], and Agenda 2030 emphasise the need to incor-
porate education on sustainable development into the curriculum for teacher training
programmes [3]. Education for sustainable development (ESD) refers to education systems
that privilege sustainable development across disciplines and education mandates [4]. The
17 SDGs foreground inclusive, peaceful societies that collaborate to fight inequalities and
encourage economic growth while caring for the planet [5]. South Africa’s educational
policies, including the White Paper on Education and Training [6], the National Curriculum
Statement [7], and the National Development Plan [8], are all geared towards achieving the
Sustainable Development Goals (SDGs) outlined in Agenda 2030. Furthermore, there is a
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growing consensus that universities in South Africa must take a leading role in addressing
the SDGs through various initiatives and projects, and that incorporating Education for
Sustainable Development (ESD) into their curricula is crucial in tackling the escalating
sustainability challenges.

These calls have impacted the traditional role of HEIs as knowledge producers [9].
Consequently, HEIs are expected to provide leadership and sustainable, innovative solu-
tions via their research [10] to bring about social transformation [11]. HEIs are construed as
catalytic tools for achieving the 17 SDGs via research, curriculum development, learning
outcomes, student engagement, faculty development, and community engagement. All
17 SGDs intrinsically connect to education [12]. For example, when people have access to
quality teaching and learning (SDG4), they are better educated and have access to jobs,
which invariably reduces unemployment, poverty (SDG1), hunger (SDG2), and inequal-
ities (SDG5), contributing to economic growth (SDG8) and stimulating good health and
well-being (SGD 3); people live in peace (SDG16); people afford clean water and sanitation
(SDG6) and energy (SDG7), leading to sustainable cities and communities (SDG9).

Moreover, these calls for integrating ESD into the curriculum have catapulted teachers
and teacher educators to the centre stage as brokers of ESD curriculum transformation,
propagators of systems thinking, sustainable thinking, an ethic of care towards sustainabil-
ity issues, sustainable actions, student agencies and developers of sustainable competencies,
collaborations and partnerships. The calls for integrating ESD into the curriculum also have
implications for student engagement in terms of empowerment to be champions of ESD in
their teaching and to take up their role as critical citizens at a community level [13]. Sinakou
et al. [14] argued that trainee teachers should be provided with an opportunity to expe-
rience learning and practice sustainable thinking and behaviour, not via exposure to the
things taught in teaching but through participating in the learning itself. Thus, Refs. [15,16]
emphasise that academics have a crucial responsibility to make intentional decisions in
their curriculum design and teaching practices to promote and instil sustainable thinking
and values in their students.

This paper asserts that teachers and teacher educators must assume a pivotal role
in promoting ESD and the SDGs, thereby cultivating a mindset of sustainability among
their students. This means they must be reflexive practitioners who disrupt, rethink,
and re-envision the curriculum and espouse pedagogies that support the integration of
ESD, activating student engagement and collaboration to promote sustainable thinking
and actions in students without being prescriptive. By transforming the curriculum and
pedagogy, TMTTs can develop a profound understanding of sustainability, foster a deep
sense of environmental stewardship, and acquire the skills to tackle complex sustainability
challenges in their local communities. This empowering experience enables them to
integrate ESD into their teaching practices, thereby catalysing a ripple effect that inspires
schools and communities to adopt sustainable practices and demand systemic change.

We are teacher educators at a teacher training university in South Africa, the locale of
this research. We lecture to the same cohort of students training to be specialist Technology
and Mathematics teachers. The majority of the participant were from previously disadvan-
taged communities and received funding for their studies. They were between the ages of
19 and 23. In their technology lectures on the processing of polymers (which deals with the
chemistry of processing polymers (Crude oil is a monomer/building block of polymers)),
students drew from mathematics to perform calculations, audits, and visual representa-
tions. The approved module content and assessment design for the polymers module were
theoretical and lecture-based. They did not allow TMTTs to reflect on sustainability issues
and link theory to contextual problems (2.4 million tons of plastic waste is disposed of
recklessly in South Africa) in order to engage TMTTs in experiential learning, and initiate
their citizenship and environment stewardship. The module content and assessments were
realigned to the global and national call to integrate ESD/SDGs into the curriculum and to
contextualise the activities and tasks. Contextualised learning is an innovative approach
that bridges the gap between academic learning and real-life experiences, allowing stu-
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dents to apply their knowledge to tackle authentic sustainability challenges in their local
community. By doing so, it fosters a deeper understanding of complex issues, encour-
ages creative problem-solving, and helps students develop a richer appreciation for their
daily lives and the world around them. The polymers module was used to pilot a project.
Assessment activities were reconstructed in the module to connect to the community so
that learners could learn from actual sustainability issues. The literature is replete with
studies on climate change [17], as well as the pivotal role that rural universities can play in
spearheading sustainable development initiatives [18]. Furthermore, a plethora of research
has delved into the multifaceted challenges that higher education leaders confront in their
quest to drive sustainable development and create a more resilient future, including the
goal of quality education in South Africa [19], perspectives of academic staff on embracing
SGDs [20], challenges of involving students in SDG-related practices [21], and challenges
in meeting SDGs in Southern Africa [22]. Few studies emphasise ESD integration across
curriculum and pedagogy [23]. Moreover, there is a scarcity of empirical studies on the
practicalities of integrating ESD into the higher education curriculum and examining stu-
dents’ firsthand experiences of learning about ESD. This paper reports on a study that
explored trainee mathematics and technology teachers’ (TMTTs) experiences in learning
about sustainability and addresses the gaps identified in the literature.

While existing research, such as [24], focuses on quantitative monitoring of sustainable
development progress using established indicators, there remains a critical gap in under-
standing the qualitative experiences of implementing sustainability education in teacher
education programmes, particularly in developing contexts and specific subject areas.

This study addresses multiple gaps in the current literature. First, while many studies
emphasise macro-level sustainability indicators and outcomes, our research uniquely ex-
plores the practical challenges and opportunities of integrating ESD into specific subject
areas—mathematics and technology teacher training. Second, in contrast to research con-
ducted in developed nations using top-down monitoring approaches, this study provides
valuable insights from the South African context, specifically examining the experiences of
students from previously disadvantaged communities. Third, unlike existing studies that
focus on policy analysis or theoretical frameworks, our research employs a practice-led
approach to understand how trainee teachers engage with and conceptualise sustainability
in their learning journey.

The findings of this study are significant as they not only illuminate the crucial
role of universities in advancing SDGs through teaching and learning but also provide
empirical evidence of the practicalities, challenges, and opportunities of integrating ESD
into the higher education curriculum. By focusing on the intersection of subject-specific
pedagogy (mathematics and technology) with sustainability education, this research offers
unique insights into how disciplinary knowledge can be leveraged to develop sustainability
competencies. Furthermore, by examining the experiences of trainee teachers who will be
future drivers of the SDGs, this study contributes to our understanding of how to effectively
prepare educators to champion sustainability in diverse educational contexts.

2. Literature Review

This literature review focuses on the role of universities and teachers in promoting
Education for Sustainable Development (ESD) and implementing Sustainable Development
Goals (SDGs). The review is structured to address three key areas that are crucial to
understanding the context and importance of our study:

Universities and SDGs: this section explores how higher education institutions are
uniquely positioned to drive sustainability initiatives through research, education, and
community engagement.

Teachers’ views and attitudes towards ESD: here, we examine existing research on
how teachers view and approach ESD, highlighting the importance of positive attitudes
and proper training in effectively implementing sustainability education.
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Relevant pedagogical approaches for ESD integration: the final section reviews current
pedagogical strategies that are considered most effective for teaching ESD principles.

By examining these areas, we seek to establish the theoretical foundation for our study
on pre-service teachers’ experiences in learning about sustainability. This review will help
contextualise our research questions and highlight the gaps in current knowledge that our
study aims to address.

2.1. Universities and SDGs

Universities’ pivotal role in fostering sustainability extends beyond traditional research
and education to encompass cultural transformation and community building [25]. While
the existing literature emphasises universities’ capacity to leverage diverse faculties and
forge strategic collaborations [25,26], emerging perspectives suggest a more student-centred
and community-oriented approach. This evolving paradigm advocates for institutions to
amplify student voices and cultivate a heightened sense of collective responsibility. By
reorienting academic assignments and research initiatives to prioritise widespread societal
impact over individual achievement, universities can nurture a culture that transcends
personal interests in favour of communal benefit [26]. This approach aligns with and
enhances the existing framework of universities as catalysts for sustainable development,
where the focus extends beyond environmental stewardship to encompass social cohesion
and stress reduction within academic communities. Moreover, this perspective comple-
ments the current emphasis on developing transformative leaders [27] by suggesting that
true transformation begins with fostering a culture of empathy, mutual responsibility, and
community-minded thinking. This cultural shift could significantly enhance universities’
effectiveness in implementing SDGs and ESD principles, as it addresses not just the aca-
demic and research aspects but also the fundamental social and psychological barriers to
sustainability. The integration of such community-building approaches with existing peda-
gogical strategies could create a more holistic and impactful framework for sustainability
education in higher institutions [28,29].

2.2. Teachers’ Views and Attitudes towards ESD

Corney and Reid [30] argue that the effectiveness of teachers in incorporating sustain-
ability into their teaching hinges on their expertise and perspectives on subject matter and
teaching methods. They propose that fostering a positive attitude towards sustainability
among teachers could lead to greater engagement with Education for Sustainable Devel-
opment (ESD). Tomas et al. [31] suggest that teachers with favourable attitudes towards
the environment demonstrate a strong self-efficacy in promoting ESD. Similarly, ref. [32]
discovered that effectively teaching ESD concepts hinges on educators possessing a genuine
enthusiasm for and commitment to the underlying principles of ESD. Howlet et al. [33]
(2016) believe that teachers’ understanding and awareness of ESD are shaped by their
attitudes to ESD. Gan and Gal [34] note that teachers need proper training to infuse ESD
into their lessons. Therefore, there is a consensus that ESD should be integrated into initial
teacher training programs.

Research by [35] indicates that teachers believe integrating ESD into the curriculum
would enhance their ability to teach about sustainable development (SD), particularly
emphasising its importance in early childhood education. However, ref. [36] found that
teachers acknowledge the need for further education on environmental issues. Burgener
and Barth [37] assert that teachers’ views of ESD impact their teaching. Additionally,
ref. [35] reveals that teachers feel ESD knowledge, skills, and attitudes are not adequately
addressed in science education. Redman et al. [36] also identify a gap between ESD
learning outcomes and what is being taught, suggesting that integrating ESD would
improve the relevance of science education. This highlights the need for scientific educators
to understand ESD more deeply.

Burgener and Barth [37] noted that many teachers lack the specialised knowledge,
skills, and pedagogical expertise required to effectively incorporate ESD into their teaching,
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thereby hindering the adoption of transformative and impactful learning approaches. They
propose transformative learning, utilising real-life challenges and examples. Pedagogical
Content Knowledge (PCK) should encompass subject content, teaching methods, ESD
knowledge, and competencies [37]. Maidau et al. [38] emphasise the need for ESD-specific
Pedagogical Content Knowledge (ESD PCK), which includes knowing the content and
appropriate understanding of sustainable development issues and pedagogical techniques
for integrating ESD into teaching. They advocate for science, technology and mathematics
teachers to connect content to societal challenges associated with ESD, thus aligning with
ESD PCK. Furthermore, they stress the importance of guiding science, technology and
mathematics teachers in integrating ESD and change-oriented teaching experiences into
scientific instruction, addressing real-life and community concerns.

2.3. Relevant Pedagogical Approaches for ESD Integration

According to [39], teachers must embody both subject-matter knowledge and pedagog-
ical sophistication to teach the principles of ESD and cultivate a profound appreciation of
sustainable development concepts among their students. The prevailing consensus among
scholars highlights learner-centred approaches, experiential and participatory methods [40],
praxis-oriented and place-based instruction, and interdisciplinary and inquiry-based tech-
niques [41]. These teaching methodologies encourage behavioural shifts and alter individ-
uals’ perspectives and responses towards processes and knowledge. Biasutti [42] asserts
that these approaches are preferred because they foster critical thinking skills among learn-
ers and are learner-centred [43]. ESD emphasises cultivating cooperative skills, such as
decision-making, critical thinking, and envisioning future scenarios, necessitating a re-
evaluation of current educational delivery methods [44]. It is imperative to reshape teacher
training towards sustainability and embrace more systemic learning and instructional
models [45], departing from conventional teaching paradigms [31]. Teachers recognise
that teaching ESD principles requires specific learner-centred, action-oriented pedago-
gies [46]. Such pedagogical strategies motivate learners to engage in actions promoting
sustainable development.

2.4. Kolb’s Experiential Learning Theory

This research was framed by Kolb’s Experiential Learning Theory (ELT) [47]. It centred
on the experiences of TMTTs as they learned about sustainability within the polymers
module. ELT was deemed suitable for several reasons: Firstly, it outlines how shifts in
experiences lead to learning, particularly emphasising the journey towards sustainability.
Secondly, it acknowledges that TMTTs engage in a holistic learning process. Thirdly, it
facilitates transformative learning experiences, crucial for sustainability education, when
all four stages of ELT are experienced. Lastly, ELT has been proven effective in teaching
sustainability in consumption.

ELT is a cyclic process with concrete experience (CE) and abstract conceptualisation
(AC) for understanding experience and reflective observation (RO) and active experimen-
tation (AE) for transforming experiences. When TMTTs undertook their task in their
community, they traversed all the stages of ELT: (1) encountering a concrete experience,
(2) reflecting on and observing that experience, (3) integrating reflections to conceptualise
interventions, and (4) applying new ideas through active experimentation.

3. Materials and Methods

3.1. General Background

The interpretive paradigm steered this study. A vital feature of the interpretative
paradigm is that it aims to describe and make sense of the phenomenon explored from the
participants’ experiences, opinions and perspectives [48]. Aligned with the interpretive
paradigm, a qualitative research approach was used as it captures participants’ lived
experiences from their perspectives [49].
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The study was conducted at a teacher training institution in Kwa Zulu Natal in
South Africa. The data were collected from 20 TMTTs who specialised in technology and
mathematics and were registered in 2018 for the polymers module. All ethical protocols
concerning informed consent and voluntary participation were adhered to. A purposive
sampling technique was used. The identifying criteria for selection were that participants
had to specialise in technology and mathematics and had to be registered for the processing
of the polymer module. All 20 TMTTs (10 males and 10 females) teachers lived in university
residences around the campus. Participants self-selected four groups to work in for the
task-based activity. Each group had 10 participants, and they were assigned pseudonyms
A and B, respectively. All participants were workshopped on participatory action research
(PAR) as it was used to generate data for their tasks. The workshop focused on teaching
the participants about the core principles and key features and stages of Participatory
Action Research so that they could apply this methodology to collect data for their own
research tasks or projects. Interactive methods, such as small group discussions and
hands-on exercises, were used to engage the participants, provide practical experience with
PAR techniques, and equip participants with the skills and knowledge to conduct PAR in
their own communities or organisations, fostering a more democratic and action-oriented
approach to research and problem-solving.

The participants had to perform the following audit tasks at their residences and on
campus by inspecting garbage contents. Students were provided with disposable gloves
and masks. A waste audit is an exciting opportunity to investigate the types and quantities
of materials thrown away on campus daily. The task was designed due to South Africa’s
massive problem with plastic consumption and disposal [13] and it allowed for reflection
and critique of consumption habits, hopefully resulting in a change of behaviour. This
task was linked to the polymers module as participants engaged with content on the
classification, chemical properties, structure, and recycling of plastics. The participants had
to share their findings with the residence students they worked with and develop a joint
solution to address consumption patterns.

3.2. Instruments

The data were collected via individual interviews and reflective journals. The semi-
structured interviews were audio recorded and were of thirty-minute duration. The inter-
view questions focused on consumption patterns, disposal, recycling, ESD, ESD behaviour,
changing how coffee and takeout are served, environmental degradation, citizenship re-
sponsibility, and agency. TMTTs recorded their experiences engaging in project-based
learning and ESD in the reflective journals. The protocol of the reflective journal was for
the participants to record their experiences as listed above.

3.3. Data Analysis

The interview transcripts and reflective journals were labelled from 1 to 20 for analysis
before data analysis could commence. The transcripts of the interviews were sent to
TMTTs for member checking to establish that their responses were captured accurately [49].
Member checking enhances the trustworthiness and validity of the data, ensuring that the
findings accurately reflect the experiences and perspectives of the participants. Both data
sets were analysed thematically.

Multiple readings of the transcripts were completed to identify similarities and di-
vergences before coding could begin. This was completed individually by each author
and compared thereafter. Codes were positioned alongside each other before they could
be regrouped into themes. Table 1 reflects the themes and codes. The themes were also
subjected to member checking.
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Table 1. Categories and codes for interview questions.

Interview Question Themes Codes

What is your Experience in
Learning about sustainability
using PAR in communities?

Habits shape behaviour
Application of theory to solve contextual issues, fossil fuels,
human activities, poor habits, repeated habits, progression

of bad habits, emissions and global warming

Default daily practices
Awareness of using natural resources, wise consumption,
minimalist lifestyle, changing daily habits, one step at a

time, ESD a way of life from early years

Pedagogies for ESD Consciousness, critical reflection, sustainable actions,
learning for sustainability

4. Findings and Discussion

The audit findings are presented first, followed by the three experiences TMTTs
encountered in learning about sustainability.

4.1. Audit of Residence Garbage

As mentioned earlier, TMTTs had to audit the garbage at their residences for over
one week (five days). Table 2 highlights the items disposed of by students residing at the
campus residences into garbage packets. The figures displayed in Table 2 are an average
over five days.

Table 2. Audit results.

ITEM Group A Group B Category of Plastic Recycling Status

Coffee cups 1500 1200 Thin plastic lining 4

Polystyrene take-out
containers

1000 950 Polystyrene 5

Plastic cutlery 2500 1600 Bisphenol 7

Shopping bags 300 200 Low-density polyethene 4

Used/soiled serviettes 600 700 Biodegradable Can be composted

Disposal razor 80 60 High-density polyethylene handle 2

Water bottles 500 400 High-density polyethylene 2

Uneaten food yes yes Organic Can be composted

Cider/beer bottles 700 890 Glass Can be recycled

The items listed in Table 2 indicate trainee teachers’ (TTs) waste separation behaviour.
TTs did not separate/segregate their litter or consider whether it could be recycled or
composted. They also did not consider their consumption habits or focus on reducing the
waste they produce. Bins are provided around the residences for different categories of
waste, such as paper, glass, plastics, and composting. Coffee cups, polystyrene take-out
containers, plastic cutlery, disposable shavers, water bottles and shopping bags are all
non-biodegradable. TTs seem oblivious that they cannot decompose. These items are
difficult to recycle and most likely end up in the landfill close to campus. The failure to
separate/segregate the litter produced means it will end up in the landfill in the same
mixed assortment. Moreover, the mixing of waste complicates the handling and separation
of recyclables. As well as the reduction of waste volume. Uneaten food, soiled serviettes
and liquid from coffee cups and water bottles can mix and decompose, releasing harmful
gases/emissions into the atmosphere and runoffs into the soil. TTs seem oblivious to the
impact of their waste separation behaviour (or lack thereof) on the environment and natural
resources. The audits indicate that TTs need to be empowered to become more sustainable,
conscious of their consumption behaviour, and aware of the natural resources used to
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produce these waste items. The TMTTs have been driving the change campaign on campus
to reduce the use of plastics and drive pro-sustainable behaviour among students.

The audits conducted by TMTTs underpin their experiences in learning about sustain-
ability. These experiences are discussed next.

4.2. Habits Shape Behaviour

During the audit activity, TMTTs connected the theory from the polymer modules
with the activity of sorting/setting garbage, as is visible in the excerpts below.

Engaging in the audit was eye and mind-opening for me . . .I could apply the content
from polymers to understand more about our garbage and its impact on us and the world.
We need to inculcate the behaviour of sorting waste as early as possible—from toddlers..
it starts at home. It must be reinforced at nursery school, primary school, and high school
. . . we have to see the bigger picture when applying theory to solve a contextual problem
about consumption, waste produced, natural resources, fossil fuels, used and its impact
on the environment. (P7 interview)

These tasks that we have been doing as part of the module have extended our application
of learning, and these kinds of activities and tasks are invaluable in learning about
sustainability. Doing this garbage sorting task has made me realise that all of us are
equally responsible for our actions and its impact on the environment and resources. (P12,
Interview)

The waste or garbage we produce is a human activity that we can control; our actions
of using products made from non-renewable resources impact the availability of non-
renewable resources and contribute to global warming and the greenhouse effect, I am
applying what was discussed in our lectures to understand the contents of the garbage
bags. I look back at students’ poor garbage disposal habits and look forward to how I can
change PSTs behaviour. These are educated citizens, yet their behaviour and habits on
plastic use and disposal are shocking. (P19 reflective diary)

Participants applied the content from the polymer modules to complete the audit. In
the process, they see teaching as a contextualised activity to solve local problems, such
as the reckless disposal of plastic and an opportunity to engage in critical thinking and
reflection. They linked pre-service teachers’ indiscriminate waste disposal behaviours to
old, well-established, hard-to-beak habits that are so well ingrained and entrenched that
they persist despite all the sustainability awareness campaigns to reduce consumption and
environmental impact. This finding resonates with that of [50], which asserts that habits
are the basis for daily actions and become barriers to change. What comes to the fore is that
students’ waste disposal behaviour is linked to habits that subvert knowledge of sustain-
ability awareness campaigns or learning about pro-sustainable actions. Verplanken [51]
noted that habits cue our actions and responses and supersede our intentions and learnings.
Similarly, ref. [52] indicated that sustainable actions can only occur if habits change.

TMTTs also linked the students’ poor waste management and excessive use and
disposal of plastic to the earth’s non-renewable resources. TMTTs could see the bigger
picture and discern the link between human activity, consumption actions, non-renewable
resources, and their environmental impact. The audit conscientised TMTTs. It was an
eye-opener to them about their role in resolving environmental issues and promoting
sustainable behaviour, actions, and sustainable competencies as early as possible in children.
This finding confirms that a challenge in TT curricula is helping students unlearn habits
and transform their actions. Furthermore, despite the many active learning approaches
included in pre-service teacher education curricula, competencies for ESD still need to be
developed. It also made them realise that all pre-service teachers should be responsible for
sustainability issues, behaviours, and actions and have sustainability competencies. This
means that sustainability should not be the responsibility relegated to some pre-service
teachers only. The findings of this study align with existing research [53], reaffirming the
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critical role of ESD in fostering a sustainable mindset in trainee teachers, enabling them to
promote environmental care and sustainable behaviours in communities.

4.3. Default Daily Practices

TMTTs reflect deeply on what they can do to bring about a change in students’ habits,
behaviour and actions concerning waste disposal, as can be gathered from the excerpts below:

How do we get students to change their ill-formed habits? It is not just what we learn
in classes; we have a bigger responsibility. We are all training to be teachers. We have
to drive sustainable actions and develop sustainable competencies amongst the student
cohort on campus. We have to care about the world we live in and how our actions impact
the ecosystems and natural resources. (P1 interview)

It is our responsibility to drive change amongst our fellow pre-service teachers. We have
in-depth knowledge of plastics and should share it so these students can also change
their habits of sorting their waste and consuming plastic products and think about the
depletion of natural resources. (P15, reflective diary)

We are always learning and encouraged to be change agents. We are enlightened with
polymer content knowledge, skills, and sustainability competencies. We must empower
students to adopt sustainable lifestyles, making conscious choices about consumption and
renewable and non-renewable resources and its environmental impact—in short, they
need to be introduced to systems thinking. (P2, reflective diary)

From the above testimonies, it is evident that TMTTs have been reflecting on their
experiences and feel empowered with knowledge, skills, and sustainable competencies,
such as critical thinking, to take on their role as change agents in influencing students’
daily practice regarding waste disposal, poor consumption habits, wise consumerism, and
awareness of natural resources, which are not limitless. Learning about ESD has changed
TMTTs’ outlook on the environment and the need for systems thinking when addressing
poor environmental behaviour. TMTTs underscore the importance of ESD in fostering
awareness about pro-sustainable behaviour. The positive impact of integrating an ESD
approach to the polymer module is evident in the above testimonies. TMTTs take up their
role as drivers of ESD by seeking to transform students’ waste disposal and consumption
habits. This finding concurs with that of [54], which noted the positive impact of teaching
students about environmental education at tertiary institutions. Kopnina [27] asserts that
teaching students about environmental concerns is crucial, as they are our future.

4.4. Pedagogies for ESD

TMTTs recognise, first, that learning extends beyond that classroom and, second, the
need for activities and tasks that allow learners to apply theory to solve contextualised
problems in their communities, as in the excerpts below:

I have learned that traditional pedagogies are not suited for ESD activities. To learn
about ESD, students must be allowed to develop awareness and think critically to solve a
contextual problem in their community. The community should be the backdrop for the
setting of tasks. (P13, interview)

Engaging in the polymer module and the audit activities has made me realise that teaching
learners about ESD requires transformative pedagogies, like project-based learning, action
research, and pedagogies that allow students to collaborate, solve problems, think critically
and be reflexive of their actions. (P16, interview)

I think everyone must learn about ESD. I plan to integrate ESD in all sections of
technology and math, for example, in the section on electricity, I will integrate sustainable
use of resources, wise consumption, discuss illegal electricity connections, social justice,
learners cannot be taught a solution to an environment challenge, they have to evaluate,
think critically to solve the problem. (P11, reflective diary)
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The testimonies above confirm that learning about ESD requires active learning tasks
in community settings to bridge learning with community action and transform habits,
mindsets and sustainability competencies. TMTTs understand that addressing sustain-
ability issues requires employing contextualised learning within a community context. In
other words, the pedagogy and the learning environment of the task must allow for critical
thinking, collaboration, consciousness-raising, reflection, change in values, habits, and
behaviour and a heightened sense of care for the environment and its resources [15]. It
must allow them to reflect and critique their actions and perspectives. TMTTs are drawing
on their experience and involvement in a community-based audit task to mould the peda-
gogies they plan to use in their classrooms. Such pedagogies bode well for sustainability
issues. ESD pedagogies are collaborative, situated, and social processes.

5. Conclusions

This research explored South African Trainee Mathematics Technology Teachers’
(TMTTs) experience of learning about sustainability during the polymer module. The
module espoused SDG 4, which underscores quality teaching and learning, while the audit
task embraced SDG 12 (responsible consumption) and SDG 11 (sustainable communities).
Our findings reveal that to effectively pursue sustainability goals, universities must un-
dergo a fundamental shift in their approach, particularly in how they engage with and
empower students.

Universities serve as catalysts for change, driving the development of sustainable
communities through education, research, and community engagement, as highlighted by
SDG 11. However, our research suggests that this role needs to evolve beyond traditional
approaches. To truly pursue the goal of sustainability, universities should accomplish
the following:

• Lead cultural change by actively listening to student voices and perspectives;
• Increase students’ sense of responsibility towards others;
• Design assignments that maximise community impact.

This paper emphasises the importance of appropriate pedagogies for teaching ESD,
such as active learning tasks in community settings. By engaging pre-service teachers in
these practical, community-oriented experiences, universities can directly contribute to
sustainable community development while preparing future educators.

The research argues for the need to empower trainee teachers as agents of change
in driving sustainable thinking, systems thinking, wise consumption, sustainable com-
petencies, and sustainable action in their daily lives. This empowerment aligns with the
university’s role in fostering sustainable communities. By equipping trainee teachers with
these skills and perspectives, universities extend their impact beyond campus boundaries.

Our findings indicate that when trainee teachers engage in community-focused sus-
tainability initiatives, they develop the following traits:

• A deeper understanding of sustainability challenges;
• Enhanced problem-solving skills in real-world contexts;
• A stronger sense of community responsibility.

As a result of this approach to building sustainable communities through teacher
training education, these teachers will be better prepared to undertake the following tasks:

• Adapt their teaching methods to incorporate sustainability principles;
• Influence not just students, but also parents and the wider community;
• Contribute to a broader cultural shift towards sustainability.

This strategic approach to empowering trainee teachers about sustainability creates a
long-term, widespread impact, amplifying the university’s role in community sustainability.
It aligns with the growing recognition that solutions should accrue benefits to many, not
just a few, and that building community and overcoming individualistic approaches are
crucial for sustainable development.

Our research suggests several key implications:
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• Policymakers should prioritise solutions that benefit the broader community;
• Universities should redesign curricula to emphasise community impact;
• Stress reduction and community building should be integrated into sustainability

education.

Ultimately, this approach helps develop environmentally conscious, socially responsi-
ble, and action-oriented future generations capable of addressing the complex sustainability
challenges our world faces. Through this process, universities become true catalysts for
sustainable community development, fulfilling their educational mission while actively
contributing to global sustainability goals.
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Abstract: This study investigates the multidimensional aspects of energy poverty in Pakistan from
2000 to 2022, specifically evaluating the direct, indirect, and total effects of socioeconomic and envi-
ronmental factors. We employed Partial Least Squares Structural Equation Modeling (PLS-SEM) to
examine the impacts of income, population, governance quality, energy intensity, fuel prices, and
renewable energy consumption on energy poverty. The study further contributes by examining
the mediating role of governance quality and developing the World Governance Indicators (WGI)
Index. The findings indicate significant negative effects of energy intensity and renewable energy
consumption on energy poverty. Conversely, population growth and income levels demonstrate
positive effects, contradicting conventional economic development and energy access assumptions.
Governance quality establishes direct and indirect effects that mediate most relationships between
independent variables and energy poverty. Bootstrapping analysis confirms the significance of gover-
nance quality as a mediator. The model describes significant energy poverty variance with robust
predictive relevance. This study emphasizes the need to adopt a comprehensive strategy to decrease
Pakistan’s energy poverty by articulating socioeconomic, environmental, and governance factors.
Our findings offer valuable information for policymakers to achieve UN Sustainable Development
Goal 7, embarking on governance reforms, promoting sustainable growth, and enforcing investments
in energy efficiency and renewable sources as Pakistan approaches the 2030 SDG 7 deadline.

Keywords: energy poverty; Sustainable Development Goals (SDG7); governance quality; WGI index

1. Introduction

A major global problem, energy poverty impacts approximately a billion individuals
who are without access to affordable and secure electricity. Energy is the essential force
behind contemporary society, fueling various sectors such as industries, residences, and
transportation networks [1,2]. Nevertheless, as the worldwide population grows and
economies expand, the demand for energy increases, resulting in a complex set of chal-
lenges known as the world energy conundrum [3]. This complex issue involves aspects
of sustainability, accessibility, affordability, and environmental effects among the primary
urgent concerns of the 21st century. The core of the global energy challenge is the conflict
between the high energy demands of continuous population growth and the reduction
of the harmful environmental effects of energy generation and consumption [4]. Despite
their historical status as primary sources of energy, fossil fuel extraction, burning, and
greenhouse gas emissions, which include coal, oil, and natural gas, lead to environmental
devastation and global warming. Consequently, there is a collective need to switch to
greener, more environmentally friendly energy sources like geothermal, hydropower, solar,
and wind power [5]. Developing countries need help with basic access to power and
clean energy, whereas developed economies have dependable energy facilities and services.
Energy poverty jeopardizes public health, impedes economic growth, and maintains social
inequity [6,7].
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Furthermore, the global energy problem connects to geopolitical conflicts and eco-
nomic inequalities. Energy reliance on a few oil-producing countries leads to inadequate
global supply systems, and clashes over limited fossil fuel supplies frequently cause fuel
crises and instability in global politics [8,9]. The shift towards renewable energy prospects
to decentralize energy generation, diminish reliance on imported fuels, and promote energy
self-sufficiency at the national and local levels. However, there are obstacles to the shift
to sustainable energy. Despite significant progress, renewable energy systems encounter
obstacles, such as intermittency, storage constraints, and initial expenses [10]. Moreover, the
deeply rooted vested interests in the fossil fuel sector, combined with the lack of political
drive and regulatory obstacles, can hinder the advancement of renewable energy imple-
mentation. A comprehensive and synchronized strategy is necessary, which incorporates
technical advancements, governance changes, and active public involvement to overcome
these difficulties [11].

The world attempts to address the problems of the global energy dilemma. The United
Nations Framework Convention on Climate Change (UNFCCC) Conference of the Parties
(COP) meetings [12] and the Sustainable Development Goals (SDGs) are at the center of
these attempts [13]. All member countries of the United Nations accepted the Sustainable
Development Goals in 2015, which offer an extensive plan to tackle the most important
global issues. The Sustainable Development Goals (SDGs) offer a framework for nations to
organize and set priorities for their initiatives to attain a sustainable energy future [14,15].
The temporal distribution of Sustainable Development Goals (SDGs) characterizes the
change in research emphasis towards various SDGs. SDG-related publications reveal a
consistent 14% increase during the 2020–2024 timeframe. Significantly, 62.2% of these
publications are available with open access, indicating a remarkable 60% growth. This
tendency suggests an increasing scholarly interest in Sustainable Development Goals
(SDGs). The latest research [16] shows SDG 13 (Climate Action) as the primary area of
concern. SDG 3, which emphasizes Good Health and Well-being, ranks second. SDG 11,
which focuses on Sustainable Cities and Communities, is in third position, while SDG 7 is
ranked 10th with 1591 published papers. SDG 7 highlights energy as a primary catalyst
for achieving sustainable development and enhancing human welfare. It underscores the
pressing necessity to tackle energy poverty, given that more than 700 million individuals
globally still do not have access to power, and almost 2.4 billion depend on ineffective
and environmentally harmful cooking techniques [17]. The objective is based on the shift
towards sustainable energy sources, such as solar, wind, and hydropower, which are
crucial for mitigating carbon emissions, addressing climate change, and maintaining the
environment [18,19]. Fulfilling SDG 7 necessitates both the growth of renewable energy
sources and substantial enhancements in energy efficiency, which can reduce energy use
and promote environmentally friendly consumption and production habits [20].

Furthermore, Sustainable Development Goal 7 aims to foster inclusiveness by tackling
inequalities in energy access, especially for excluded groups and women who bear a
disproportionate burden of energy poverty. The objective further emphasizes the need for
international collaborations and financial support to finance the shift towards sustainable
energy generation systems. Sustainable Development Goal 7 promotes economic growth,
social fairness, and environmental protection by ensuring affordable and sustainable energy
access. It aligns energy programs with the overarching objectives of poverty reduction and
climate adaptation.

The recent COP 28 aims to drive progress towards a more equitable, sustainable, and
adaptable global energy future through global collaboration in renewable energy imple-
mentation, investment for clean energy initiatives in underdeveloped nations, technology
advancement, and capacity-building activities [21,22].

In Pakistan, energy poverty is a profoundly ingrained problem that presents major
obstacles to social progress, economic growth, and environmental sustainability [23,24].
Pakistan is under immense pressure to meet the energy requirements of its population,
which exceeds 220 million, with a developing economy [25,26]. One of the most apparent
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indicators of Pakistan’s energy poverty is the frequent power outages and load shedding
that many households and businesses encounter. Additionally, unstable electricity supplies
exacerbate the disproportionate negative impact on senior citizens, women, and young
people, among other vulnerable groups [27]. Apart from the scarcity of electricity, one major
obstacle in Pakistan is to obtain renewable energy. According to a World Bank estimation,
60% of people use conventional biomass-based fuels like wood, agricultural waste, and
animal excrement, which degrades the environment and causes domestic air pollution and
respiratory ailments, i.e., allergies and asthma [28].

Pakistan’s energy poverty exacerbates environmental and socioeconomic challenges
and hinders ecologically conscious progress. Dependence on fossil fuels, especially im-
ported gas and oil, burdens the nation’s financial resources and exacerbates the issue of
global warming, polluting the environment and greenhouse gas emissions resulting in en-
ergy poverty and environmental destruction. Pakistan’s energy poverty must be addressed
with a multidimensional, holistic, and comprehensive strategy that incorporates social
efforts, funding for infrastructure, policy reforms, and technological advancements [29].

Governance plays a crucial role in reducing energy poverty, which occurs when house-
holds cannot access modern energy services necessary for necessities such as cooking,
heating, lighting, and communication [30,31]. Effective governance, which includes strong
institutions, openness, accountability, and adherence to the rule of law, substantially im-
pacts energy policy, infrastructure development, and resource allocation and affects the
extent and severity of energy poverty. Good governance also fosters an environment
conducive to innovation and adaptation in the energy sector, facilitates research and de-
velopment, supports the adoption of new technologies, and promotes sustainable energy
solutions through investment in renewable energy sources, energy storage technologies,
and smart grid systems [32–34]. Additionally, governance supports the development of
innovative business models, such as micro grids and pay-as-you-go systems that can
provide affordable energy access to low-income households. Furthermore, a sound regula-
tory environment, underpinned by good governance, is critical for ensuring that energy
markets function efficiently and equitably [35,36]. Effective regulation promotes compe-
tition, attracts private investment, and protects consumers from manipulation by setting
fair tariffs, ensuring service quality, and preventing anticompetitive practices. Strong
regulatory bodies, free from political interference, oversee the energy sector and enforce
regulations impartially [33]. Effective governance determines the development, execution,
and oversight of programs to reduce energy poverty. It is well-defined and consistent
with energy policies that tackle energy supply and demand issues. Governance affects
resource allocation, especially in rural or low-income areas. Effective resource allocation
programs, like India’s Deen Dayal Upadhyaya Gramme Jyoti Yojana (DDUGJY), improve
rural electrification as they possess strong governance frameworks [37]. Through govern-
mental supervision and efficient policy formulation, India substantially reduced energy
poverty by 30% in six states, extending the provision of electricity to all income and social
groups from 2015 to 2018 [38]. Governance requires establishing institutions that oversee
energy markets, encourage competition, and ensure affordable access to energy to prevent
monopolistic practices and pricing structures. Effective governance promotes a competitive
and transparent energy market environment and facilitates private sector investment in
energy infrastructure, especially in regions with limited government capabilities.

Pakistan is unlikely to attain the Sustainable Development Goal 7 (SDG 7) targets by
2030, despite worldwide attempts and efforts established by the United Nations General
Assembly in 2015 [39]. However, Pakistan still faces significant challenges to overcome
energy poverty. Pakistan’s energy distribution issue stems from a complex interplay of
socioeconomic disparities, governance failures, and geopolitical challenges. Income in-
equality influences energy access and affordability in Pakistan. While urban areas and
high-income communities often have better energy infrastructure, many low-income house-
holds, especially in remote areas, need more access to the grid entirely [40]. This disparity
propagates energy poverty. Due to income inequality, rich households can afford backup
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power systems (like generators), while poorer households are more likely to experience
frequent outages and high tariffs.

Another major barrier to Pakistan’s efficient energy distribution is corruption. Within
the energy sector, corruption is rampant at all levels, from misallocating resources to
inflating project costs and mishandling money, using illicit connections to steal electricity,
which burdens an already overburdened system [41,42]. Special interests have maintained
control over the energy industry at the policy level due to ineffective administration and a
lack of political will to pursue reforms. It gets worse when decision-makers and political
connections profit from subsidized energy pricing.

The geopolitical context of Pakistan exacerbates the country’s energy distribution
issue [43]. The nation is vulnerable to supply chain disruptions and global price changes
due to its reliance on imported energy, particularly gas and oil. Potential energy cooperation,
such as the Turkmenistan–Afghanistan–Pakistan–India (TAPI) gas pipeline, is impacted by
geographical issues [44]. Cross-border energy projects face obstacles by political instability
in the wider region, which further limits Pakistan’s capacity to diversify its energy supplies.
Currently, a significant portion of the population still lacks accessibility to renewable
energy, while the energy infrastructure is confronted with challenges related to energy
demand [23,45]. Only six years remain until the 2030 deadline, so prompt action and
meticulous preparation are needed to bridge this gap effectively.

Based on our extensive analysis and the consideration of SDG7 standpoints, our study
offers significant contributions to energy poverty studies by addressing several gaps and
integrating a comprehensive analytical framework, specifically in the context of developing
countries like Pakistan. We conduct a holistic analysis of energy poverty, assimilating
socioeconomic, energy-related issues, and governance aspects, with a detailed understand-
ing of energy poverty dynamics. Our study contributes to existing literature through the
following aspects. Firstly, our study explores the direct and indirect relationships between
energy poverty and socioeconomic factors, energy intensity, fuel prices, and renewable
energy consumption from 2000 to 2022 which provides a longitudinal perspective [46,47]
of energy poverty dynamics in Pakistan. The study aims to explain the connection between
income levels and energy poverty, with a challenge of economic development and access
to energy simultaneously. Moreover, our study examines various energy sources and
their impacts on energy poverty and adds to the literature on energy shifts in emerging
economies as affordable and renewable energy alleviates energy poverty [48,49]. This
holistic approach provides a nuanced understanding of how these variables interplay,
which may be overlooked in other studies [50–53], focusing on individual aspects in iso-
lation and not integrating the interplay between socioeconomic factors, fuel prices, and
governance quality.

Secondly, by incorporating governance quality as a mediating factor, our research
adds a crucial dimension to the analysis. The mediating role of governance quality is a
relatively novel aspect of energy poverty research. Governance quality can influence the
effectiveness of policies aimed at alleviating energy poverty and can mediate the impact
of socioeconomic and environmental factors. Previous studies [54–57] investigated the
determinants of energy poverty but have overlooked the important role of governance
quality. This aspect needs to be explored more in existing literature, making this study
innovative in highlighting the importance of governance.

Thirdly, this study employs Partial Least Squares Structural Equation Modeling (PLS-
SEM) to construct an extensive and effective model. PLS-SEM allows for the analysis
of complex relationships between observed and latent variables, providing a more accu-
rate and comprehensive understanding of the factors influencing energy poverty. Many
previous studies have used simpler statistical methods, which may not capture the full com-
plexity of these relationships. For instance, studies [53,58–61] focused on specific indicators
or regions. Still, they did not utilize PLS-SEM to analyze their data, potentially overlooking
intricate interdependencies. Furthermore, by measuring the effect sizes of different factors,
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we offer a data-based framework for defining policy priorities in resource-constrained
environments, as recommended by [62].

Fourthly, Pakistan faces distinctive socioeconomic and energy challenges similar to
numerous emerging nations. The study’s emphasis on Pakistan will yield context-specific
insights essential for developing targeted interventions, an aspect inevitably omitted in
broader and more generalized studies. Our analysis evaluates Pakistan’s progress in
achieving SDG7 by 2030, integrating academic research with global development goals,
as [63] in their emphasis on sustainable development objectives. Our study links theoreti-
cal concepts and practical policy inferences, making valuable contributions to academic
literature and policy development. That validates the [20,64] discussion on the practical
challenges of achieving SDG7. Ultimately, it assists the nation’s efforts to achieve the
United Nations Sustainable Development Goals (SDGs), namely SDG 7, and offers realistic
policy recommendations.

Based on the contribution of this study following are some objectives. First, to inves-
tigate the direct and indirect relationships between energy poverty and socioeconomic
factors (income level, population), energy intensity, fuel prices (oil, coal, natural gas, LNG),
and renewable energy consumption in Pakistan. The second objective is to determine
the mediating role of governance quality in the relationships between socioeconomic and
environmental factors and energy poverty. The third objective of our study is to construct
an effective and extensive PLS-SEM model that elucidates the intricate paths by which
these variables influence energy poverty in Pakistan.

This study aims to assess the intricate interaction among socioeconomic, environmen-
tal, and governance elements that impact energy poverty in Pakistan. It will use PLS-SEM
modeling to offer policymakers a detailed understanding of these factors and suggest
practical approaches for attaining SDG7 goals by 2030.

2. Literature Review

Access to renewable energy sources is crucial to alleviate energy poverty and enhance
the quality of life [58]. Numerous studies have highlighted the issues related to traditional
biomass-based fuels like wood and manure as fuel causes domestic air pollution and
respiratory illnesses, especially in underdeveloped nations where women and children
are more likely to suffer from these conditions [28,65]. The availability of clean fuels,
especially liquefied petroleum gas (LPG) and electricity, has been associated with reduced
levels of energy poverty and strengthened socioeconomic parameters [66]. The relationship
between income level, population, energy intensity, and renewable energy in relation to
clean energy is complex, as it reflects the economic, demographic, and energy traits of the
country [4,67,68].

The level of income is a crucial factor in determining energy poverty, as income
significantly impacts households’ aptitude to buy contemporary energy products and
services [61]. Energy costs disproportionately affect low-income households, resulting in
energy scarcity and restricted access to other necessities [69,70]. Research has continuously
demonstrated a negative relationship between energy poverty and income level, with
greater incomes being linked to improved accessibility to dependable and environmentally
friendly energy sources [71]. Rapid population growth in another reason for energy
poverty, particularly in nations with inadequate resources and facilities. Fast urbanization
and a growing population strain energy infrastructures, causing erratic service delivery
and higher levels of energy poverty [72]. Studies reveal that population growth has a
detrimental effect on people’s ability to access electricity, especially in rural and remote
areas where the growth of infrastructure is inadequate [73].

The term “energy intensity” refers to the quantity of energy required to generate a
single unit of economic activity and is also significantly correlated with energy poverty.
High energy intensity can exacerbate energy poverty, which increases energy costs and ad-
verse ecological effects, which indicates inadequacies in energy consumption [48]. Ref. [74]
documented that controlling energy poverty to achieve sustainable development objectives
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necessitates a combination of energy-saving measures and a decrease in energy intensity.
One effective approach to reduce energy poverty and mitigate the impacts of climate change
is to enhance the proportion of renewable energy sources [48]. Renewable energy sources,
such as hydro, wind, and solar power, offer environmentally friendly and long-lasting
replacements for conventional fossil fuels [68]. Literature has demonstrated how renewable
energy improves affordability, accessibility to energy, and environmental sustainability [75].
The interaction between income level, population dynamics, energy intensity, and renew-
able energy substantially impacts the availability of clean energy in Pakistan and provides
a foundation for formulating the first hypothesis of this research.

H1: Energy poverty in Pakistan is significantly influenced by the nexus of socioeconomic, energy
intensity, and environmental factors.

Effective governance significantly impacts the results of energy access, affordability,
and sustainability. Robust governance structures and policies are linked to enhanced en-
ergy service provision, infrastructure advancement, and regulatory structures, resulting in
increased energy accessibility and decreased poverty rates [30,31]. Effective governance
standards, such as rational energy regulations, regulatory structures, and financial incen-
tives for investment, reduce risks associated with energy poverty and facilitate renewable
energy consumption [33]. Governance quality influences energy strategy, investments, and
environmental regulations, which in turn influences energy intensity and the adoption
of renewable energy. Transparent and liable governance structures facilitate sustainable
energy shifts through venture capital investment, technological advancement, and public
involvement in renewable energy initiatives [76,77].

According to [32,63] empirical research, governance quality mediates the relationship
between socioeconomic determinants, energy availability, and poverty. Countries with
well-functioning governance structures show a more pronounced connection between
income levels, population dynamics, energy intensity, renewable energy consumption, and
energy poverty. In countries with robust governance, energy policies are often inclusive
and well-targeted, ensuring that vulnerable populations receive the necessary support.
Strong governance in Germany has led to effective energy policies promoting renewable
energy and energy efficiency, significantly reducing energy poverty rates [78]. Conversely,
in countries with weak governance, corruption may influence energy policies, resulting in
misallocation of resources and insufficient support for people with low incomes. In Nigeria,
poor governance has contributed to widespread energy poverty despite the country’s
abundant energy resources [79].

The energy governance in Morocco enabled significant private investments in renew-
able energy, such as the Noor Ouarzazate Solar Complex, which is among the largest solar
power plants [80]. The rigorous regulatory systems assured the provision of affordable
energy, therefore mitigating energy poverty. Bangladesh has achieved significant progress
in alleviating energy poverty by implementing effective governance measures that have
enabled the widespread adoption of Solar Home Systems (SHS) in rural regions [81]. The
Infrastructure Development Company Limited (IDCOL) initiative has successfully estab-
lished energy supply to more than 4 million households. Strong governmental control,
useful financial incentives, and a mechanism that enabled cost recovery while enhancing
access to sustainable energy are all part of the governance structure supporting this initia-
tive. Botswana effectively controlled corruption through prudent governance practices to
enhance its energy industry [82]. In contrast, Nigeria, although a major global oil producer,
experiences substantial energy poverty mostly due to corrupt governance systems [83].
Despite the considerable potential income from natural resources, the mismanagement of
oil earnings, power sector reforms, and infrastructural endeavors have resulted in the per-
sistence of energy poverty among large population segments. This literature is consistent
with our second hypothesis; hence, on the basis of the mentioned studies, we developed
our second hypothesis.

66



Sustainability 2024, 16, 8291

H2: Governance quality enhances the impact of socioeconomic and environmental factors to reduce
energy poverty, particularly through income levels, population dynamics, energy intensity, and
renewable energy consumption.

Governance quality includes the authority’s efficacy, accountability, and integrity to
run the economy. Numerous scholarly investigations have emphasized the noteworthy
influence of governance quality on positive development consequences, such as energy
poverty mitigation, economic development, and environmental durability [74]. Strong
governance structures are necessary to effectively address energy poverty and advance
sustainable energy accessibility. Transparent, efficient, and responsible governance sys-
tems enable the creation and execution of energy policies, ensure fair resource allocation,
and ensure the availability of clean and affordable energy services [84,85]. Studies have
documented that countries with better governance quality experience less energy poverty
because they have stronger enforcement of regulations, consistent policies, and improved
infrastructure [33]. Effective governance frameworks enable collaborative efforts among
stakeholders, leading to improved energy accessibility, reduced energy costs, and enhanced
service reliability [86]. In Pakistan, the impact of governance quality on energy poverty has
been recognized as a crucial factor influencing the efficiency and progress of the energy
sector and the results of poverty [29]. Inadequate governance structures, bureaucratic inef-
ficient and bottleneck processes, and corruption have impeded the progression of energy
sector transformations and infrastructural development, resulting in energy poverty and
socioeconomic inequalities [87].

Research findings of [53] suggest that improving governance quality might directly
reduce energy poverty by enhancing the implementation of policies, allocation of re-
sources, and collaboration of stakeholders. Improved performance of governing author-
ities, enhanced accountability and transparency, and combating corrupt behavior are
needed to achieve sustainable energy access and reduce energy poverty in Pakistan [74].
The mentioned direct impact of effective governance gives us the base to formulate our
third hypothesis.

H3: Governance quality has a direct negative effect on energy poverty in Pakistan.

Literature shows [46,50,55,88] that the advancement made towards achieving the goals
of SDG 7 has been a combination of positive and negative outcomes. Even if there have been
tremendous advancements in certain areas, there remain numerous obstacles to overcome
and gaps to close before 2030, with access to reliable, affordable, and environmentally
friendly energy [89]. Therefore, there is a clear need for more focused research in Pakistan.
This research gap underscores the importance of further investigation to understand this
correlation within Pakistan’s distinct socioeconomic landscape.

3. Research Methodology

3.1. Composition of WGI Index

This study examines the relationship between governance indicators and energy
poverty in Pakistan. The World Governance Indicators (WGI) play an essential role in
the analysis. These indicators comprise five dimensions: Political Stability and Absence
of Violence/Terrorism, Government Effectiveness, Regulatory Quality, Rule of Law, and
Control of Corruption. They offer a thorough evaluation of a country’s governance perfor-
mance. We initially collected the World Governance Indicators (WGI) data for Pakistan from
2000 to 2022. The dataset includes annual estimates for the five WGI variables, with higher
values indicating stronger governance performance. However, separate analyses of these
variables may result in potential multicollinearity problems and mislead the interpretation
of the findings [90,91].

To address this potential issue, we applied factor analysis techniques to integrate the
information from the five WGI variables into a unified composite index. Our approach is
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meticulous, and we performed a common factor analysis in Table 1, and results show that
a single latent factor can explain a substantial portion of the variation in the WGI variables
by following the [92] approach. The factor loadings demonstrate the strong correlations
between the variables and the latent factor, ranging from 0.94 to 0.98.

Table 1. Common factor analysis of governance.

Variables Notation Factor Loadings

Political stability and absence of violence/terrorism PS 0.94
Government effectiveness GE 0.96

Regulatory quality RQ 0.95
Rule of law RL 0.98

Control of corruption CC 0.97

Our study uses principal component analysis (PCA) to derive a unique factor based
on the outcomes of the common factor analysis. This factor represents the shared variation
across the five WGI variables and validates our index composition that consolidated the
governance information into a single measure.

Furthermore, we employ dynamic factor analysis, an expanded version of factor anal-
ysis that includes time-series data, to model the fluctuations in the fundamental component
across time Table 2. This technique examines the potential connection between consecu-
tive data points and the interdependence among distinct parts of the data. Additionally
enhances our understanding of how the notion of governance, as measured by the WGI
variables, evolves over time.

Table 2. Dynamic factor analysis results of governance.

Variables Notation
Factor

Loading
Proportion
Variance

Cumulative
Variance

Political stability and absence
of violence/terrorism PS 0.94 0.176 0.176

Government effectiveness GE 0.96 0.184 0.36
Regulatory quality RQ 0.95 0.18 0.54

Rule of law RL 0.98 0.192 0.732
Control of corruption CC 0.97 0.188 0.92

The dynamic factor analysis indicates that the latent factor gradually declines over
time, with occasional variations. However, the factor loadings exhibit a consistent level of
stability, demonstrating that the connections between the observable WGI variables and
the latent factor do not experience substantial changes across the studied timeframe.

At first, the composite index using the factor scores exhibited negative values for all
years. It is crucial to understand that negative numbers do not always indicate insufficient
effectiveness in governance; rather, negative values illustrate that Pakistan’s performance is
below the global average, which is set at 0 for the WGI variables [91]. To clarify the
index values, we modified the index scale to range from 0 to 100, where 50 equates
to the worldwide average, as recommended by [93,94]. The rescaling method entailed
standardizing the index values and implementing a linear transformation to translate the
normalized values to the target range. The rescaled composite index presents a more precise
measure, where values above 50 reflect performance exceeding the worldwide average, and
values below 50 indicate a decline in performance from the global average. Subsequently,
the study uses a rescaled index for further research to investigate its relationship with
energy poverty in Pakistan.

Through factor analysis techniques, we combined the five WGI variables into a sin-
gle composite index [95] to represent the core governance paradigm in a more concise,
parsimonious, and interpretable way while maintaining essential data on Pakistan’s gov-
ernance performance over time. This approach resolves possible problems related to
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multicollinearity and makes it significantly easier to include governance indicators in our
investigation of energy poverty in Pakistan. The approach is mathematically represented
by the Equation (1).

The study aims to offer a more precise and succinct assessment of the state of gov-
ernance by employing dynamic factor analysis as discussed by [96,97], to facilitate stake-
holders and policymakers to develop a more comprehensive understanding of Pakistan’s
governance initiatives.

S(I, J, T) = {Sijt}, i = 1, j = 1, 2, . . . , 5, t = 1, 2, . . . ., T (1)

Our study establishes the matrix Z of S(I, J, T) which includes the elements Sijt where
i represents Pakistan, j represents the five WGI variables, and t corresponds to time. This
matrix contains temporal data on the WGI variables over time for Pakistan, as represented
by Equation (1). As indicated by Equation (2), we decompose the correlation matrix Z of
S(I, J, T) into three smaller components and combine them. The three components of this
equation are

X = X(I)ρ∧∗ + X(IT) + X(T)∧∗ (2)

The static matrix X(I)∧∗ represents Pakistan, illustrating the intertemporal correlation
between the WGI variables. The temporal dimension does not impact this static matrix.
The dynamic difference matrix X(IT) integrates the WGI variables and time. The aver-
age dynamic change matrix, represented as X(T)∧∗, displays changes across time while
excluding the country-specific component.

Equation (2) is simplified into Equation (3) in the following way:

X = X(I)∧∗ + X(IT) + X(T)∧∗ = X(T) + X(T)∧∗ (3)

X(T) is the principal component analysis average correlation matrix across years,
derived through the transformation of panel data into a cross-sectional matrix. X(T)∧∗

refers to a linear regression model extract that captures fluctuations across time [96,97].
As indicated in Equation (4), we use X(T) to compute the solution and identify the

primary components from the correlation matrix to reduce dimensionality.

X(T) =
1
T ∑T

t=1∧ X(t) (4)

This Equation represents the average correlation matrix calculated across years and
displays the temporal fluctuations of the WGI variables. Data standardization is crucial to
mitigate the impact of various scales and units of measurement between 2000 and 2022.
For this uniformity, the data are comparable and suitable for analysis [98,99]. Subsequently,
we conducted a dynamic factor analysis to explore the results for each WGI variable. The
dynamic factor analysis results validate that dimensional reduction parallels expectations.
Furthermore, we calculated the cumulative variance contribution rate, followed by [100],
and noticed it is close to 100%. It suggests that, as shown in Table 1, the significance of
interpretation for the five WGI variables is approximately in line with the predicted level.

3.2. Partial Least Squares Structural Equation Modeling

This study employs Partial Least Squares Structural Equation Modeling (PLS-SEM) to
examine the complex, intricate connections among socioeconomic determinants, energy-
related variables, governance quality, and energy poverty in Pakistan used by [101,102]
and recommended by [103,104]. The selection of PLS-SEM is due to its ability to handle
complex models that involve several constructs, indicators, and interactions. Additionally,
it is known for its robustness and ability to handle non-normal data and small sample
sizes [105]. Our approach aligns with previous studies [60,106] on energy poverty. Given
the specific attributes of our data and the complexity of our model, (PLS-SEM) is very
suitable for this research.
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3.3. Data and Variables

The study employs annual data from 2000 to 2022 for Pakistan. The dependent variable
is energy poverty, measured by access to clean fuels and technology for cooking, following
the approach of [107]. Independent and mediating variables include a wide range of
socioeconomic, environmental, and energy-related variables. The variables encompassed
in the dataset are listed in Table 3:

Table 3. Variables, units of measurement, and data sources.

Variable Notation Measure Source

Energy Poverty EP

The proportion of the
population with access to

clean fuels and
technology for cooking

Word development
indicators

Income level Income GDP per capita (constant
2015 US$)

Word development
indicators

Population Pop Total Population Word development
indicators

Governance Quality WGII Index Word development
indicators

Energy intensity EI Mega joules per USD
(constant 2017 PPP GDP)

Word development
indicators

Oil Price OP US dollars per barrel BP statistical review

Coal Price CP US dollar per tonne. Federal reserve
economic data

Natural Gas Price NGP US dollars per
million Btu BP statistical review

LNG Price LNG US dollars per
million Btu

Federal reserve
economic data

Renewable energy
consumption Renew % of total final energy

consumption
Word development

indicators

All variables are log-transformed to tackle putative non-linearity and enhance the
model fit, an approach [108] utilized in their energy poverty study analysis.

3.4. Model Specification

Our study employs the PLS-SEM methodology to pursue our research objectives and
test our hypotheses. This approach enables us to investigate the intricate relationships
between socioeconomic determinants, energy-related variables, governance quality, and
energy poverty in Pakistan. Table 4 depicts the variables specification model.

Table 4. Model specification and variables.

Endogenous Variable Exogenous Variables Mediating Variable

The proportion of the
population with access to

clean fuels and technology for
cooking (representing

Energy Poverty)

Income level

Governance Quality
(WGII)

Total Population
Energy intensity

Oil Price
Coal Price

Natural Gas Price
LNG Price

Renewable energy consumption

The WGI index acts as both an exogenous variable and as a mediator, following an
identical strategy to [35,109] in their studies. The structural relationships in our model are
illustrated in Equations (5)–(8), which incorporate direct effects, mediating effects, indirect
effects, and total effects, following the integrated modeling methodology of [110,111].
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3.4.1. Direct Effects on Energy Poverty

EP = β1 Income + β2Pop + β3WGII + β4EI + β5OP + β6CP + β7NGP + β8LNG + β9Renew + ε1 (5)

This Equation captures the core of our model, specifically targeting our primary
research objective to determine the factors of energy poverty in Pakistan. Each β coefficient
signifies the direct effect of an independent variable on energy poverty (EP). It enables us
to test our hypotheses concerning the impacts of income level (Income), total population
(Pop), governance quality (WGII), energy intensity (EI), energy prices (OP, CP, NGP, LNG),
and renewable energy consumption (Renew) on energy poverty (EP).

3.4.2. Effects on Governance Quality (Mediator)

WGII = γ1 Income + γ2Pop + γ3EI + γ4OP + γ5CP + γ6NGP + γ7LNG + γ8Renew + ε2 (6)

This Equation models the factors that influence governance quality specifically em-
phasizing our secondary objective to observe the role of governance in energy poverty
dynamics. It enables us to test hypotheses regarding the impact of different factors on
governance quality, which subsequently affects energy poverty.

3.4.3. Indirect Effects

IE_i = γi × β4( f or i = 1 to 8) (7)

This Equation assesses the indirect effects of every exogenous variable on energy
poverty by considering governance quality. It supports us in addressing our research
objective by grasping the mediating role of governance in the relationship between different
components and energy poverty and examining our hypotheses regarding indirect effects.

3.4.4. Total Effects

TE_i = β_i + IE_i( f or i = 1 to 8, excluding β4) (8)

This Equation comprehensively incorporates the direct and indirect effects and pro-
vides a thorough understanding of each variable’s total effect on energy poverty. It fulfills
our objective to evaluate the overall influence of several factors on energy poverty, imple-
mented both directly and through a governance-mediated path. In Equations (5)–(8), β1 to
β9 and γ1 to γ8 represents path coefficients and ε1 and ε2 denote the error terms.

These Equations together allow us to test our hypotheses regarding the direct, indirect,
and total effects of several socioeconomic and energy-related factors on energy poverty
in Pakistan. By addressing governance quality as both a direct factor and a mediator, we
can investigate the complex connections between institutional factors and energy poverty,
confronting the multifaceted nature of this issue in developing countries.

4. Results and Discussion

4.1. Descriptive Analysis

Our comprehensive descriptive analysis includes the central tendency, dispersion, and
distribution shape measures and reveals a significant finding. This method is similar to the
approach employed by [112], who presented comprehensive descriptive statistics in their
study of energy poverty in Nigeria. We observe a rising trend of energy poverty, which
aligns with the results of [61] in their examination of Indian households. This alignment
with previous studies reinforces the validity of our findings. Table 5 displays the descriptive
statistics for all variables used in the study.
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Table 5. Descriptive statistics of key variables.

Variable Mean Std. Dev Max Min Skewness Kurtosis

EP 3.59 0.27 3.96 3.17 −0.02 −1.21
Income 7.17 0.16 7.44 6.96 0.34 −1.15

Pop 19.07 0.14 19.28 18.85 −0.01 −1.22
WGII 3.50 0.10 3.68 3.31 −0.09 −0.78

EI 1.50 0.09 1.63 1.36 −0.15 −1.14
OP 4.09 0.52 4.72 3.20 −0.45 −1.08
CP 4.46 0.62 5.96 3.41 0.55 0.30

NGP 1.91 0.54 3.19 1.07 0.58 −0.51
LNG 2.21 0.57 3.51 1.49 0.77 −0.35

Renew 3.85 0.05 3.94 3.74 −0.36 −0.83

The descriptive statistics indicate considerable variability in the variables during
the study period. Energy poverty demonstrates an increasing tendency (mean = 3.59,
SD = 0.27), indicating a long-standing concern in Pakistan. Income level (mean = 7.17,
SD = 0.16) and total population (mean = 19.07, SD = 0.14) demonstrate consistent growth,
indicating Pakistan’s economic and demographic shifts. The WGI index with (mean = 3.50,
SD = 0.10) demonstrates minor fluctuations, suggesting variations in governance quality.
Energy intensity indicates a declining trend (mean = 1.50, SD = 0.09), suggesting progress
in energy efficiency. Energy prices, specifically oil (mean = 4.09, SD = 0.52) and coal
(mean = 4.46, SD = 0.62), indicate significant volatility reflecting global market dynam-
ics. The skewness and kurtosis values suggest that many variables are almost normally
distributed, which supports the rationale for using log-transformed data in our analysis.

4.2. Measurement Model Assessment

Since our model uses single-item measurements, standard assessments such as internal
consistency reliability (Cronbach’s alpha, composite reliability) and convergent validity are
not pertinent. We analyze the collinearity between indicators employing Variance Inflation
Factor (VIF) values in Table 6, as proposed by [103,113].

Table 6. Variance inflation factor (VIF) values for multicollinearity.

Variable VIF

Income 12.34
Pop 15.21

WGII 1.53
EI 8.76
OP 5.87
CP 6.42

NGP 9.15
LNG 8.93

Renew 3.21

VIF values above 5 suggest potential collinearity issues [114], Figure 1.
Various variables in our model exceed the specified threshold, notably income level

(VIF = 12.34), total population (VIF = 15.21), and natural gas price (VIF = 9.15). Our results
indicate the presence of multicollinearity, specifically for total population and income level,
similar to the findings of [115,116]. It validates the presence of multicollinearity and justifies
using PLS-SEM (Python 3.12.4), which is more robust to such problems than traditional
regression methods. The high VIF values indicate that these variables share considerable
variance, which is to be anticipated due to the interrelated nature of socioeconomic and
energy dynamics. However, this multicollinearity does not affect the predictive power of
the model.
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Figure 1. Variance inflation factor (VIF) values for multicollinearity assessment.

4.3. Structural Model Assessment

The structural model assessment examines the relationships between exogenous
variables, the mediator (World Governance Indicators Index), and the endogenous variable
(Energy Poverty). The model reveals important pathways and the relative significance
of different variables, offering insights into the complex and multifaceted interplay of
socioeconomic and governance factors in influencing energy access and affordability.

4.4. Path Coefficients and Significance

The study examines the structural model by analyzing the path coefficients, their
statistical significance, and their relevance. Table 7 presents these results.

Table 7. Path coefficients and statistical significance of the model.

Path Coefficient t-Value p-Value Significance

Income → EP 0.312 4.567 <0.001 ***
Pop → EP 0.485 6.892 <0.001 ***

WGII → EP −0.079 2.765 0.006 **
EI → EP −0.176 3.124 0.002 **
OP → EP 0.087 2.023 0.043 *
CP → EP 0.098 2.11 0.035 *

NGP → EP 0.046 1.364 0.173 ns
LNG → EP 0.035 1.079 0.281 ns

Renew → EP −0.157 2.982 0.003 **
Note: *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not significant.

The results reveal that the majority of the hypothesized relationships are statistically
significant. Income level (β = 0.312, ρ < 0.001) and total population (β = 0.485, ρ < 0.001) have
a strong positive impact on energy poverty and support our hypotheses and are aligned
with the findings reported by [67,117]. Results indicate that as population and income
levels increase, the challenge of energy poverty becomes more severe, potentially because of
higher increased energy consumption and potential imbalances in energy distribution. The
WGI index indicates a significant negative effect (β = −0.079, ρ = 0.006), underscoring the
crucial role of effective and efficient governance in mitigating energy poverty. This finding
is consistent with the existing literature [30] highlighting the impact of governance quality
on energy accessibility and affordability. Establishing high governance quality, signified by
robust public services and minimal corruption, is crucial for enacting policies that efficiently
tackle energy poverty [31]. Oil and coal prices show modest but significant positive effects
and demonstrate that a rise in these prices intensifies energy poverty. Rising fossil fuel
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prices increase energy costs, reducing real purchasing power. Ref. [118] study indicates that
this tendency is associated with increased energy poverty during the global energy crisis,
especially among low-income households. The findings underscore the pressing necessity
for policies to tackle the volatility of fossil fuel costs and advocate for sustainable energy
alternatives to alleviate energy poverty [48].

Energy intensity (β = −0.176, ρ = 0.002) and renewable energy consumption
(β = −0.157, ρ = 0.003) display significant negative effects. The negative impact of energy
intensity and renewable energy consumption on energy poverty align with the findings
of [119,120], respectively, hence validating our hypotheses (Figure 2). This specifies that
developments in energy efficiency and expanded usage of renewable energy can signifi-
cantly help in mitigating energy poverty. Surprisingly, the effect of natural gas and LNG
prices is not statistically significant, contrary to our expectations. One plausible factor may
be Pakistan’s convoluted natural gas and LNG pricing structures. Various elements, like
government rules, subsidies, or contract lengths, can influence the pricing mechanism and
may obscure the direct effect of global price variations on the variable under investigation.
Our finding aligns with prior research that underscores the intricacies of energy pricing
in developing countries [121,122]. However, it contradicts studies [123] proposing a more
direct correlation between fuel prices and domestic energy usage.

Figure 2. Path coefficients and statistical significance in the structural model. *** p < 0.001, ** p < 0.01,
* p < 0.05, ns = not significant.

Another aspect to consider is the minor contribution of natural gas and LNG to
household energy consumption in Pakistan. The complex correlation between energy
prices and residential energy use is shaped by various socio-economic, political, and
cultural elements that might differ in different contextual regions.

4.5. Model’s Explanatory and Predictive Power

To measure the model’s explanatory power, we assess the R-squared
(R2) value

Table 8 for the endogenous construct (energy poverty). To assess predictive relevance, we
employ the Stone–Geisser Q2 value.

Table 8. R-squared and q-squared values for model fit and predictive accuracy.

Endogenous Construct R2 R2 Adjusted Q2

EP 0.968 0.955 0.942
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Our model’s high R2 value (0.968) implies that the model describes 96.8% of the
variance in energy poverty, which signifies considerable explanatory power. The adjusted
R2 of 0.955 provides strong evidence, even considering the number of predictors. Ref. [124]
states that R2 values of 0.75, 0.50, and 0.25 are categorized as substantial, moderate,
and weak, respectively. Our R2 value surpasses the threshold required for substantial
explanatory power. These results are similar to the findings of [125] in their extensive
energy poverty study.

The Q2 value of 0.942 is considerably greater than zero, representing the strong
predictive significance of the model. Q2 values above 0, 0.25, and 0.50, defined by [103],
indicate the PLS path model’s small, medium, and large predictive importance. Our Q2

results clearly show that the model has a large predictive relevance and significance for
energy poverty.

4.6. Effect Sizes

We employ the f 2 effect sizes Table 9 to assess each predictor’s practical relevance,
a method commonly employed in energy poverty research, as demonstrated by [126].
According to [127] guidelines, f 2 values of 0.02, 0.15, and 0.35 signify small, medium, and
large effects, respectively. Figure 3 demonstrates the graphical representation of effect size.

Table 9. Effect sizes (f 2) for key predictors in the model.

Path f 2 Effect

Income → EP 0.287 Medium
Pop → EP 0.452 Large

WGII → EP 0.058 Small
EI → EP 0.124 Small
OP → EP 0.063 Small
CP → EP 0.072 Small

NGP → EP 0.034 Small
LNG → EP 0.026 Small

Renew → EP 0.116 Small

Figure 3. Effect size (f 2) assessment for practical relevance of predictors.

Our effect size total population analysis confirms a significantly large effect size
( f 2 = 0.452), demonstrates its strong practical significance to determine the energy poverty.
Income level has a medium effect ( f 2 = 0.287), while the left over variables show small
effect sizes on energy poverty. The effect sizes offer further supportive data for the path
coefficients to prioritize components to handle energy poverty.
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4.7. Mediation Analysis

To evaluate the mediating role of governance quality (WGI index), we performed a
mediation investigation employing the approach proposed by [128]. Table 10 and Figure 4
displays the indirect effects and their statistical significance.

Table 10. Indirect effects with statistical significance in the model.

Mediation Path Indirect Effect t-Value p-Value

Income → WGII → EP −0.028 2.345 0.019
Pop → WGII → EP −0.035 2.567 0.010
EI → WGII → EP −0.015 2.123 0.034
OP → WGII → EP −0.007 1.876 0.061
CP → WGII → EP −0.008 1.945 0.052

Renew → WGII → EP −0.013 2.234 0.026

Figure 4. Mediation analysis: Indirect effects of governance quality (WGII) on energy poverty.

The findings demonstrate the significant mediating effects of governance quality
on the connections between most independent variables and energy poverty, except for
oil and coal prices. These findings are consistent with the results of [36,129], noted the
key role of governance in energy poverty evolution. It affirms our hypothesis of the
governance quality as a mediator. The negative indirect effects indicate that advancements
in governance quality can boost the influence of additional contributing variables to reduce
energy poverty. The research conducted by [83,84] emphasizes that effective governance
enhances the provision of regulatory rules, essential for providing fair and equal access to
energy resources. Strong governance structures enable countries to establish a conducive
environment for the efficient implementation of policies targeting the reduction of energy
poverty, optimizing the effectiveness of supplementary interventions. Figure 5 presents the
structure model assessment of the direct and mediating effects of variables.
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Figure 5. Structural model assessment.

4.8. Bootstrapping for Mediation

To strengthen the validity of the mediation results and address potential limitations
associated with normal theory techniques in small sample sizes, we conducted bootstrap-
ping with 5000 subsamples, a method also utilized by [130] in their poverty governance
research. Table 11 and Figure 6 presents the bootstrap estimates and confidence intervals
for the indirect effects.
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Table 11. Bootstrap estimates and confidence intervals for indirect effects.

Mediation Path Indirect Effect 95% CI Lower 95% CI Upper

Income → WGII → EP −0.028 −0.052 −0.004
Pop → WGII → EP −0.035 −0.064 −0.006
EI → WGII → EP −0.015 −0.029 −0.001
OP → WGII → EP −0.007 −0.015 0.001
CP → WGII → EP −0.008 −0.017 0.001

Renew → WGII → EP −0.013 −0.026 −0.001

Figure 6. Bootstrap estimates for validation of mediation path.

Our rigorous methodology verifies the significance of the mediating effects for income
level, total population, energy intensity, and renewable energy consumption, as their
confidence intervals do not contain zero. Furthermore, our study presents persuasive
evidence to support our mediation hypothesis, emphasizing the significance of governance
quality in influencing the energy poverty trends in Pakistan.

4.9. Total Effects Analysis

To obtain a thorough comprehension of the influence of each factor on energy poverty,
we compute the total effects, which include both direct and indirect effects (refer to Table 12
and Figure 7).

Table 12. Total effects of governance and socioeconomic factors on energy poverty.

Variable Direct Effect Indirect Effect Total Effect

Income 0.312 −0.028 0.284
Pop 0.485 −0.035 0.450

WGII −0.079 - −0.079
EI −0.176 −0.015 −0.191
OP 0.087 −0.007 0.080
CP 0.098 −0.008 0.090

NGP 0.046 - 0.046
LNG 0.035 - 0.035

Renew −0.157 −0.013 −0.170
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Figure 7. Total effects, including direct and indirect influences on energy poverty.

Our total effects examination indicates that the total population has the highest overall
impact on energy poverty (0.450), followed by income level (0.284), which aligns with the
findings of [88,131] on energy poverty. The noteworthy negative total effects of energy
intensity (−0.191) and renewable energy (−0.170) corroborate the conclusions of [132],
respectively highlighting the significant potential of renewable energy to combat energy
poverty. Energy communities, as localized collectives striving for sustainable energy goals,
have a vital role in promoting multiple Sustainable Development Goals (SDGs), namely
SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities and Communities),
and SDG 13 (Climate Action) [16]. By facilitating the local communal ownership and
administration of renewable energy resources, these communities may directly supply
cost-effective and sustainable electricity to those deemed highest at risk of experiencing
energy poverty. This decentralized strategy enables local production and consumption of
energy, generally at a reduced cost compared to conventional energy suppliers, alleviating
the financial strain on low-income people [133]. By offering individuals and communities
more autonomy over their energy sources, energy communities advance energy justice,
guaranteeing everyone access to cost-effective and sustainable energy and substantially
reducing energy poverty. Moreover, they strengthen the ability to withstand high energy
expenses and promote active participation from the local community, increasing energy
availability for underprivileged communities.

The WGI index, although its direct impact is limited, plays a crucial role in mediating
the effects of other variables, emphasizing the vital role of governance in tackling energy
poverty. This comprehensive analysis shows strong evidence in support of our hypotheses.
It provides valuable insights into the complicated mechanism of energy poverty in Pakistan,
which is consistent with and improves the findings of recent literature in this study domain.

5. Conclusions and Policy Implications

5.1. Conclusions

Our findings emphasize the crucial role of governance quality as a mediator between
different socioeconomic and energy-related factors and energy poverty in Pakistan, es-
pecially relevant given the impending 2030 deadline for SDG7, which strives to provide
universal access to affordable, consistent, and sustainable energy. This study validates that
income level and population growth positively and substantially impact energy poverty.
Our results validate the “energy ladder” theory [134] but specify that developing countries
like Pakistan move at different paces. This complication highlights the challenges of SDG7
goals by 2030 and suggests that economic development alone will not be enough to achieve
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this goal. The study highlights the negative relationships between energy intensity and re-
newable energy consumption with energy poverty and affirms the energy transition theory,
which suggests that advanced technology and transition to cleaner energy sources can help
reduce energy poverty [135]. The governance quality (WGI index) significantly mediates
the relationship between most independent variables and energy poverty. It validates the
institutional theory in energy policy [59]. This assertion indicates that the effectiveness of
energy poverty elevation strategies depends on the efficacy of governance and institutions.
Our research conclusion provides insight into why Pakistan, despite its efforts, might need
help to meet SDG7 targets and emphasizes the importance of institutional reforms along-
side technical solutions, aligning with the results of [136]. The disparity effects of various
energy prices on energy poverty (significant for oil and coal, non-significant for natural gas
and LNG) underscore the intricate relationship between global energy markets and regional
energy poverty characteristics. The volatility of oil and coal prices indicates that Pakistan’s
energy mix and pricing structure may require modification to comply more effectively with
SDG7 targets and protect vulnerable populations from energy poverty [45,87].

5.2. Policy Implications

To address the persistent obstacles towards SDG7 objectives, policymakers in Pakistan
must give precedence to unified national energy initiatives with this goal. It entails estab-
lishing clear, time-bound targets to enhance energy accessibility, efficiency, and renewable
energy adoption that coincide with the 2030 deadline [60,137].

Our counterintuitive finding of income level highlights the need for more reasonable
economic growth policies, such as the introduction of subsidies on solar panels or progres-
sive energy pricing mechanisms to ensure energy access for all societal groups, complying
with the “leave no one behind” premise of the SDGs [4,61]. The negative effect of high
energy intensity on energy poverty urges policymakers to prioritize programs in both
industrial and residential sectors that improve energy efficiency, such as the implementing
rules, appliance standards, and the adoption of industrial energy management technologies
mediating role of governance quality indicates that effective governance is essential for the
reduction of energy poverty in Pakistan. It is crucial to increase the autonomy of regula-
tory institutions to conduct energy market regulation, enforce energy efficiency standards,
and implement transparent tariff regulations without political interference. Transparency
through implementing rigorous audits and imposing penalties for electricity theft is es-
sential to combat corruption [30,32]. Establishing regional autonomous organizations is
also necessary to cater effectively to the varied requirements of each province in Pakistan.
Provinces can assume more accountability for energy management and customize solu-
tions to meet their unique needs when energy distribution is decentralized. The diverse
effects of energy prices emphasize the necessity for effective, nuanced, sophisticated price
policies. Pakistan’s experience building wind and solar farms with the private sector has
demonstrated that public–private partnerships (PPPs) can result in more effective project
delivery [138]. These collaborations ought to be promoted, with the government helping to
share risk and giving investors assurances. The government should also finance large-scale
renewable energy projects by issuing green bonds, as green bonds have the potential to
appeal to both local and global investors concerned with sustainable development. Inter-
national organizations, including the Green Climate Fund (GCF), have already provided
Pakistan with climate financing [139]. Reducing dependence on imported fossil fuels can
be achieved by facilitating the development of solar, wind, and hydroelectric infrastructure
by implementing well-designed programs that increase access to these funds.

The Pakistani government has established ambitious renewable energy objectives to
increase the proportion of renewable energy sources in the national energy mix to 60%
by 2030. The Gharo Wind Corridor and the Quaid-e-Azam Solar Park are noteworthy
projects that the Alternative Energy Development Board (AEDB) has already successfully
supported [140]. Nevertheless, further endeavor is required to expand these to achieve the
objectives set for 2030. In order to promote energy efficiency in businesses, households, and
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agriculture, the government has launched programs such as the National Energy Efficiency
and Conservation Act of 2016. Nevertheless, there has been uneven execution, and more
work is required to guarantee broad adoption.

Although this study focuses on the 2030 deadline (SDG 7), sustained efforts in critical
areas are necessary to achieve long-lasting gains for long-term sustainability after 2030.
First, investing in renewable energy infrastructure, including grid modernization and
energy storage, can help manage intermittent renewable sources and improve system
resilience. Furthermore, supporting decentralized energy systems like micro-grids might
improve rural communities’ access to electricity while ensuring long-term dependability
and autonomy. Secondly, governance reforms must be institutionalized to safeguard against
future political instability or corruption, thereby ensuring transparency and accountability.
In conclusion, it is essential to prioritize energy efficiency, climate resilience, and capacity
building to guarantee that the progress achieved by 2030 continues to develop and meet
future energy requirements while accommodating technological advancements and climate
change challenges. The formulation of these policies ought to emphasize SDG7 goals and a
balance between affordability and sustainability [107,120].

5.3. Limitations and Future Research

Despite the significant insights on governance and energy poverty provided by this
study, it is important to recognize its substantial limitations. A fundamental limitation is the
availability of data. While the current study relies on annual data, using higher-frequency
data such as quarterly or monthly will allow for a more precise analysis of short-term
fluctuations in energy availability and governance effectiveness. Moreover national-level
approach may overlook geography or demography variations in energy poverty. Further-
more, future studies should explore the importance of private sector participation, which
has been important in successfully executing renewable energy initiatives in other devel-
oping countries. The integration of private sector investment models can offer substantial
insights into the financing of sustainable energy development. Furthermore, future research
should consider more precise factors, such as technological advancements and the impact
of foreign aid on the development of energy infrastructure.

This study offers a static view of energy poverty factors. However, the potential of
future research using dynamic panel models to observe the evolution of these interactions
over time, especially in the lead-up to the 2030 SDG timeframe, is another vision to advance
our understanding. Furthermore strengthening this quantitative analysis with qualitative
studies, like case studies or interviews with policymakers and contributed groups, can
offer profound insights into the causes driving energy poverty and the obstacles in meeting
SDG7 in Pakistan.

Our study enhances the comprehension of energy poverty dynamics in Pakistan
through a complete model that takes into account various socioeconomic, energy-related,
and governance challenges. The findings provide a foundation for evidence-based policy-
making. The ultimate goal is to boost sustainable development and alleviate energy poverty
in Pakistan by achieving the SDG7 2030 target. The constant challenges underlined in this
study emphasize the urgency of swift action and focused interventions to ensure Pakistan
can fulfill its SDG7 commitments. Future studies addressing the limitations mentioned
earlier will enhance our knowledge of this important problem and bolster more effective
interventions to reduce energy poverty and achieve universal energy access by 2030.
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Abstract: In recent decades, significant changes in the urban–rural structure of population mobility
have profoundly impacted provincial development, urbanization, and population redistribution in
China. Based on China’s fifth, sixth, and seventh national population census datasets, this study
explores the effects of the inter-provincial floating population on regional economic development
through statistical and empirical analysis, identifying both the scale and structural impacts of the
floating population on regional economic development. The results found that while the scale of
China’s floating population has been continuously increasing, the spatial distribution pattern re-
mains relatively unchanged, and the pattern is summed up as low in the middle and high on both
sides. The floating population exerts both scale and structural effects on the economic develop-
ment of both inflow and outflow regions, altering regional populations and production efficiency,
and thereby influencing regional economic outcomes. Specifically, this study finds that the inflow
population has no significant differential impact on high- and low-density regions. In contrast,
the outflow population exhibits a significant differential impact, with the negative impact of the
outflow population on low-density regions being more substantial than that on high-density regions.
Inter-provincial migration supports achieving sustainable development goals (SDG-8 and 11) by
shaping regional economic development. To address these dynamics, the high-density regions of
China should transform and upgrade the industrial and population structure by promoting the trend
of population return to low-density regions. This can be achieved by transferring low-end industries
and low-skilled labor, thereby alleviating the pressure of overcrowding. Meanwhile, low-density
regions should seize the opportunities for population return and industrial transfer, implement talent
introduction, and accurately undertake industrial transfer. This approach can foster the in-depth
development of new urbanization and rural revitalization initiatives, promoting balanced regional
growth and sustainability.

Keywords: floating population; economic development; structure effect; population return; urban
density

1. Introduction

Since China’s reform and opening up, large-scale cross-regional population migration
has not only triggered the reshaping of the spatial distribution of the population but also
promoted the reshaping of the regional economic development pattern [1–3]. Population
mobility is an activity that optimizes the spatial allocation of labor factors based on the
economic development pattern [4]. The floating population pattern and the economic
development pattern interact and promote each other [5]. Meanwhile, the spatial agglom-
eration and dispersion of population mobility are affected by socioeconomic development
patterns. Similarly, the floating population pattern also affects the socioeconomic devel-
opment pattern through the spatial optimal allocation of labor factors [6,7]. According to
the National Bureau of Statistics and data from the “China Health and Family Planning
Statistical Yearbook”, the size of the floating population in China has stabilized at over
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200 million people since 2010, reaching a peak of 253 million in 2014, which accounted for
18.5% of the national population. Additionally, data from the seventh national census show
that from 2010 to 2020, the floating population grew at an average annual rate of 5.46%,
rising to 370 million people by 2020, representing 26.5% of the national population. These
figures provide material for examining the issues of population mobility and economic
convergence in the new era [8]. This indicates that the population mobility model, in a
significant period of transformation, is reshaping the current spatial pattern of population
mobility in China and will significantly impact population redistribution, urbanization,
and regional development [9,10]. On the one hand, a large population inflow has caused
tension in infrastructure services and disrupted social and economic life in the cities to
which these people moved [11]. The economic gap between high- and low-density regions
has gradually widened [12].

In recent years, along with the restructuring of the global industrial chain and the
industrial transformation and upgrading of China’s coastal areas, the return of population
from coastal areas to the central and western regions has become a new trend, and the
spatial pattern of economic development has also shown an inland trend [13]. Under the
major trend changes in population development and the new development pattern, the
report of the 20th National Congress of the Communist Party of China and the “Population
Development Plan” (2016–2023) pointed out that there is an urgent need to optimize the
spatial distribution of the population, promote the adaptation of population distribution to
the national regional development strategy, and actively guide the population’s orderly
flow and rational distribution. Straightening out the relationship between China’s floating
population and economic development is the premise and basis for realizing the coordi-
nated development of the population and regions and promoting the national urbanization
and rural revitalization strategy [14]. The movement of people from less developed to more
developed regions can help to alleviate poverty [15]. By migrating to areas with better
economic opportunities, individuals from poorer provinces can increase their incomes,
reducing poverty levels (SDG-1). Empirical analyses have shown that inter-provincial
migration can lead to better employment opportunities and higher migrant wages, con-
tributing to poverty reduction [16]. The floating population often fills labor shortages in
more economically developed regions, contributing to sustained economic growth (SDG-8).
This workforce mobility supports industries in high-demand areas, leading to increased
productivity and economic expansion. Studies indicate that the influx of labor from other
provinces can boost regional economic growth by enhancing labor market flexibility and
efficiency. Regions with a high influx of the floating population tend to invest more in
infrastructure and innovation (SDG-9) to support economic activities. This investment
can lead to improved transportation networks, communication systems, and technological
advancements, fostering overall economic development. The empirical evidence suggests
that inter-provincial migration encourages regions to enhance their industrial capacities
and infrastructural facilities. The floating population influences urbanization patterns and
urban development. Cities that attract large numbers of migrants often need to improve
infrastructure, housing, and services to accommodate the growing population [17,18]. This
urbanization process can drive sustainable urban development if appropriately managed,
leading to more inclusive and resilient cities (SDG-11). Inter-provincial migration can help
to reduce economic disparities between regions. Migrants often send remittances back to
their home provinces, which can improve living standards and stimulate economic activity
in less developed areas. This financial flow helps to balance regional inequalities (SDG-10)
and promotes inclusive economic development [19].

So, what is the relationship between the floating population and economic develop-
ment? Existing studies can be roughly divided into two categories. First, economic factors
are the primary factors driving population migration [20]. In classical theory, the main
motivation for population mobility decisions is economic motivation; that is, a low level
of economic development in the outflow area is conducive to population outflow, while a
high level of economic development in the inflow area is conducive to population inflow.
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This conclusion has been repeatedly proven. Economic development differences are also
considered important factors affecting population mobility [21,22]. The cost–benefit theory
analyzes this phenomenon from the perspective of the benefits and costs of labor transfer,
and states that the decision-making of population mobility is related to the income gap
between regions. Meanwhile, the “push–pull” theory analyzes this issue from the perspec-
tive of kinematics and argues that population migration is affected by the economic factors
of the place of origin [23]. The dominant push (pull) and the immigration-dominated
pull (push) are jointly affected by economic factors [24]. When the push of emigration is
greater than the pull, and the pull of emigration is greater than the push simultaneously,
population migration will occur [25]. A new economic migration theory was developed
based on the “push-pull” theory, which argues that population mobility is affected by
the expected income level of the place of emigration. The second category includes the
research on the coordinated development between the floating population and economic
development. Yang [26] believes that population agglomeration has significant economic
growth benefits, and at the same time, economic growth can further exert the population
agglomeration effect. As a bridge, the flow of labor factors first acts on the industry and
then promotes economic development [27].

The existing literature reveals that researchers have conducted in-depth research on
the relationship between the floating population and economic development, laying a solid
foundation for further research in this paper. However, still, there are some shortcomings
coming into the picture. First, little attention has been paid to quantitative research con-
sidering the structural differences in the impact of the migrant population on economic
growth. Second, there is a lack of research that completely separates the migrant population
from other variables that affect economic growth through theoretical models. This study
considers both the shortcomings and the structural effects of the floating population on
economic growth through empirical models. At the same time, due to the influence of
China’s household registration system, the population transfer includes the population
flow along with and without the change in household registration. The floating population
specifically refers to the second type of temporary population flow when households are
separated. This type of population has a strong connection with both (outflow and inflow)
places when they enter the system to work and do not completely consume and save in the
system decision-making, but transfer capital accumulation back into the economic system
from which it originated. This study examines the socio-economic effects of cross-provincial
migration, highlighting its significant influence on regional economic development [28].
The findings aim to support the advancement of Sustainable Development Goal 8 (Decent
Work and Economic Growth) and Sustainable Development Goal 11 (Sustainable Cities
and Communities).

2. Materials and Methods

2.1. Data Collection and Sources

In this study, the 31 provincial-level administrative units in mainland China were
targeted, except for Hong Kong, Macao, and Taiwan. This study utilizes the data from the
fifth, sixth, and seventh national censuses to subdivide net population flow into population
inflow and outflow, incorporating them into a unified analytical framework. Mathematical
formulas are used to deduce trends in population flow. We examined the temporal and
spatial characteristics of the inter-provincial floating population from 2000 to 2020 and their
differential impact on the economic development of different regions in China. Since the
inter-provincial outflow population data of the seventh census have not yet been released,
this study calculated the inter-provincial outflow population data based on the “China
Census Yearbook 2020” and calculated the inter-provincial outflow rate in 2020 [27,28]. The
statistical yearbook was compiled by the National Bureau of Statistics and the statistical
bureaus of each province and an autonomous region, from which data such as GDP, per
capita GDP, regional average wage level, and the proportion of the tertiary industry were
obtained. Qiao [29] and others [27,30] proposed that the floating population can be obtained
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from the difference between the resident population and the registered population. This
study adopted a net flow rate (registered population of permanent residents). The method
of the registered population was used to obtain the inter-provincial net flow rate [29,30],
and the outflow rate, inflow rate, net flow rate, and the inter-provincial population outflow
rate in the region in the year 2020 were obtained.

2.2. Theoretical Models

The neoclassical economic growth model states that technological progress, capital,
and effective labor are the three main factors that affect economic output. Here, the Douglas
production function was extended, and the model introduced the variable of the floating
population to study the impact of the national inter-provincial population inflow and
outflow on regional economies.

2.2.1. Impact of Inter-Provincial Net Floating Population on Regional
Economic Development

Assumption 1. The Douglas production function is a Haro-neutral production function with
constant returns to scale [29].

Y(t) = K(t)α[A(t)L(t)]1−α, 0 < α < 1 (1)

where Y(t) represents output, K(t) represents the capital required for production, A(t) represents
technological progress, L(t) represents the effective labor of the system, t represents time, and α is a
parameter of the production function.

Assumption 2. Technological progress is endogenous A(t)and capital stock is exogenous K(t),
consistent with the hypothesis of Lu Fenggang [31].

A(t) = λK(t)ϕ, λ > 0, 0 < ϕ < 1 (2)

where λ is the transformation parameter, representing the impact of increased capital on knowledge,
and ϕ is the return-to-scale property of the knowledge production function. ϕ < 1 which means that
the returns to scale of the knowledge production function is diminishing because with the continuous
accumulation of knowledge, the new knowledge generated from the newly added capital will be more
and more difficult to obtain.

Assumption 3. Assume that there is a floating population in the economic system where l is the
net mobility rate.

L(t) = (1 + l)P(t) (3)

The P(t) represents the total population within the economic system
Substituting Formulas (2) and (3) into Formula (1) to obtain the following formula:

Y(t) = K(t)α[A(t)L(t)]1−α = λ1−αK(t)α+ϕ(1−α)L(t)(1−α)

= λ1−αK(t)α+ϕ(1−α)(1 + l)1−αP(t)1−α (4)

Dividing both sides of Formula (5) by the total population P(t) to obtain the Formula (6)
corresponding to per capita output y(t):

y(t) =
Y(t)
P(t)

= λ1−αK(t)α+ϕ(1−α)(1 + l)1−αP(t)−α (5)

Take the natural logarithm of both sides of Formulas (4) and (5) at the same time to
obtain the equations below:

ln Y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln(1 + l) + (1 − α) ln P(t) (6)
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ln y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln(1 + l)− αP(t) (7)

In order to more clearly examine the influencing factors of total economic output and
per capita economic output, the terms in Formulas (6) and (7) are expanded ln(1 + l) by
the third-order Taylor series, and Formulas (8) and (9) are obtained.

ln Y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln P(t) + (1 − α)(1 + l)− 1 − α

2
(1 + l)2 + o(1 + l)3 (8)

ln y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ − (1 − α)P(t) + (1 − α)(1 + l)− 1 − α

2
(1 + l)2 + o(1 + l)3 (9)

By organizing Formulas (8) and (9), expanding and merging the quadratic terms, and
removing the infinitesimal quantities, Formulas (10) and (11) can be obtained.

ln Y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln P(t) + (1 − α)l + (1 − α) (10)

ln y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ − (1 − α)P(t) + (1 − α)l + (1 − α) (11)

It can be found that changes in regional total output K(t) and per capita output Y(t)
not only depend on asset investment y(t), but also the total population P(t) and net floating
population l. From 0 < α < 1, showing that 1 − α > 0, it is found that (i) the net inflow of
population has a positive impact on regional total output and per capita output; (ii) asset
investment has a certain positive impact on regional total output and per capita output;
and (iii) the total population has a positive impact on regional total output and a negative
impact on per capita output.

2.2.2. Impact of Inter-Provincial Inflows and Outflows on Regional Economic
Development

In order to explore the impact of the out-migration population and the in-migration
population on the regional economy, this study further sub-divided the net migrant pop-
ulation and used the Douglas production function to understand the impact of the na-
tional inter-provincial in-migration population and the out-migration population on the
regional economy.

Assumption 4. The net floating population in this economic system is equal to the incoming
population minus the outgoing population, that is,

l = l1 − l2, 0 < l1 < 1, 0 < l2 < 1 (12)

L(t) = (1 + l)P(t) = (1 + l1 − l2)P(t) (13)

where P(t) represents the total population within the economic system, l is the net mobility rate, l1 is
the inflow rate, and l2 is the outflow rate. The inflow rate l1 and the outflow rate l2 are, respectively,
obtained by using the ratio of the inter-provincial inflow population and the inter-province outflow
population to the registered population. Substitute Formula (13)’s values into Formulas (8) and (9)
to obtain the following equations:

ln Y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln P(t) + (1 − α)(1 + l1 − l2)
− 1−α

2 (1 + l1 − l2)2 + o(1 + l1 − l2)3 (14)
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ln y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ − (1 − α)P(t) + (1 − α)(1 + l1 − l2)
− 1−α

2 (1 + l1 − l2)2 + o(1 + l1 − l2)3 (15)

It is found from Formulas (14) and (15) that changes in regional total output and per
capita output not only depend on asset investment K(t), but also on total population P(t),
inflow rate l1, and outflow rate l2. Further, by sorting out Formulas (14) and (15), we obtain
the following equations.

ln Y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ + (1 − α) ln P(t) + (1 − α)l1 − (1 − α)l2 + (1 − α) (16)

ln y(t) = (α + ϕ(1 − α)) ln K(t) + (1 − α) ln λ − α ln P(t) + (1 − α)l1 − (1 − α)l2 + (1 − α) (17)

In Formulas (16) and (17), if 0 < α < 1 can be 1 − α > 0, it can be found that (i) the
inflow rate has a positive promoting effect on the regional total output and per capita
output, and (ii) the outflow rate has a positive effect on the regional total output and per
capita output and further acts as a negative inhibitory effect. This study will verify these
influencing relationships from an empirical perspective.

2.3. Empirical Analysis Model
2.3.1. Regression Analysis

According to the above theoretical derivation process, especially Formulas (10) and
(11), taking into account the endogeneity problems caused by omitted variables and the
inertial effect of economic growth, the first-order lagged explained variable is introduced
into the explanatory variables to construct a dynamic panel of data models (Formulas (18)
and (19)).

ln Yit = β0 + β1 ln Yit−1 + β2lit + β3 ln Kit + β4 ln Pit + εit (18)

ln yit = γ0 + γ1 ln yit−1 + γ2lit + γ3 ln Kit + γ4 ln Pit + εit (19)

The empirical model studies the net floating population to identify and measure the
scale effect and structural effect of the floating population on regional economic growth. The
net mobility parameter β2 in Formula (18) reflects the scale effect of the floating population
on economic development, and the net mobility parameter γ2 in Formula (19) is used to
identify its structural effect on economic development. When β2 > 0, it is explained that
the net floating population leads to an increase in the regional population and increases the
total regional output, as a scale effect. When γ2 > 0, it is explained that the net floating
population increases the population base, and the per capita output is due to the increase
in the production efficiency of the inflowing population, reflected as a structural effect.

According to the above theoretical derivation process, especially Formulas (16) and
(17), taking into account the endogeneity problems caused by omitted variables and the
inertial effect of economic growth, the first-order lagged explained variable is introduced
into the explanatory variables to construct a dynamic panel of data models (Formulas (18)
and (19)).

ln Yit = β0 + β1 ln Yit−1 + β2l1it + β3l2it + β4 ln Kit + β5 ln Pit + εit (20)

ln yit = γ0 + γ1 ln yit−1 + γ2l1it + γ3l2it + γ4 ln Kit + γ5 ln Pit + εit (21)

The empirical model studies the variables of the in-migration population and out-
migration population to identify and measure the scale effect and structural effect of the
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floating population on regional economic growth. The inflow rate (β2) and outflow rate (β3)
in Formula (20) reflect the scale effect of the floating population on economic development.
Similarly, the inflow rate (γ2) and outflow rate (γ3) in Formula (21) are also used to identify
its structural effect on economic development. Taking the inter-provincial population
inflow rate as an example, if β2 > 0, it is explained that the population inflow leads to
an increase in the regional population and a further increase in the total regional output,
revealing a scale effect. If γ2 > 0, it is explained that the population inflow increases the
population base, and the per capita output will be due to the inflow of people. Due to the
increase in production efficiency, this reflects a structural effect.

2.3.2. Analysis of Variance

In order to further examine whether the floating population has a differential im-
pact on targeted areas with different levels of urban density, this study introduces the
intersectional terms of floating population and urban density for analysis. Urban density
refers to the density characteristics and configuration intensity of various urban elements
in spatial distribution. To a certain extent, it not only measures the coordination of land
resource supply and demand, but is also an important indicator of the level of urbanization
to comprehensively evaluate the development trend of a city [32]. This study divided
31 provinces and cities into two types of areas based on measurement indicators such as
population density, economic density, and building density, namely high-density urban
areas and low-density urban areas [33,34]. At the same time, dummy variables were in-
troduced, meaning that that if the province was a high-density area, the value was 1, and
otherwise it was 0. Unbalanced panel data were constructed, and the above empirical
models (Formulas (20) and (21)) were expanded to obtain the following four empirical
models (Formulas (22)–(25)).

ln Yit = β0 + β1l1it + β2l1 · densityit + β3density + β4 ln Kit + β5 ln Pit + εit (22)

ln Yit = λ0 + λ1l2it + λ2l2 · densityit + λ3density + λ4 ln Kit + λ5 ln Pit + εit (23)

ln yit = β0 + β1l1it + β2l1 · densityit + β3density + β4 ln Kit + β5 ln Pit + εit (24)

ln yit = λ0 + λ1l2it + λ2l2 · densityit + λ3density + λ4 ln Kit + λ5 ln Pit + εit (25)

where ln Yit represents the total regional output, ln yit represents the per capita output,
Kit represents asset investment, Pit represents the total regional population, l1 · densityit
represents the intersection of population outflow rate and urban density, abd l2 · densityit
represents the intersection of population outflow rate and urban density, among which
Formulas (22) and (23) introduce the inflow model and empirical model while
Formulas (24) and (25) introduce the outflow rate and the cross term between the outflow
rate and the development level.

2.4. Statistics and Tools Used

In this study, Figures 1–3 were produced on the Arc-GIS platform. All data were
analyzed using Stata 17 software and Microsoft Office 2010.
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Figure 1. Comparison of inter-provincial net population movement rates (%) from 2000 to 2020.

Figure 2. Comparison of cross-provincial population inflow rates (%) from 2000 to 2020.

Figure 3. Comparison of inter-provincial population outflow rates (%) from 2000 to 2020.

3. Results and Discussion

3.1. Calculation of Inter-Provincial Floating Population Data

The three-year cross-provincial population net flow, inflow, and outflow distribution
maps were drawn using Arc-GIS 10.8 software. In order to facilitate the comparison
of the temporal and spatial change characteristics of the floating population between
2000 and 2020, the same scale was used for classification, and the inter-provincial net
migration rate, inflow rate, and outflow rate of the three years were classified. The net
population flow rate revealed the indicators of population loss and the net increase in the
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process of population migration in each province. Figure 1 presents the net population
flow of each province separately and provides an overview of the spatial distribution
of the inter-provincial net population flow rate across the country. The 31 provinces
are divided into 6 levels. From 2000 to 2020, China’s inter-provincial population flow
increased from 42.41 million to 124.83 million, indicating that the scale of China’s floating
population is constantly increasing [35]. During this period, the spatial pattern of China’s
population flow did not change significantly, and the overall situation was “low in the
middle and high at both ends”. The net inflow of inter-provincial floating population
is mainly concentrated in two regions: one is the high-density southeast coastal areas,
including Shanghai, Beijing, Zhejiang, Guangdong, Tianjin, Jiangsu, and Fujian, because
population mobility has obvious cohesion, and the attractiveness of the eastern region
to migrant populations still has an absolute advantage [36]; and second is Xinjiang and
Tibet, located in the west. With 2008 as the time node, the implementation of the Western
development policy accelerated the economic growth of the Western region and triggered a
large population inflow [37].

Notably, most of the central regions and provinces show varying degrees of persistent
net population outflow losses, such as Anhui, Jiangxi, and Hunan. The main reason for this
phenomenon is that since the reform and opening up of China, the economic development
gap between regions in China has gradually widened, and the rapid economic development
of the eastern coastal areas has created more employment opportunities and higher wages,
thereby fostering a large population. For the economically less developed central region,
the gap in employment opportunities, wages, education, and healthcare compared to the
eastern region is becoming increasingly evident [14]. The phenomenon of population loss
is serious, and the spatial distribution presents an obvious “central depression”. However,
Xinjiang and Tibet in the west have extremely low population outflow rates and high
population inflow rates, resulting in the highest inter-provincial net population migration
rates in the country. This may be due to the relatively closed traffic environment that caused
a low outflow of residents from Tibet and Xinjiang. At the same time, the implementation
of China’s Western development strategy and the pull of rich natural and mineral resources
attracted population inflows, leading to this phenomenon. At the same time, simply using
the net flow rate to represent the regional population flow is not comprehensive enough to
explore its relationship with economic development. Therefore, this paper divides the net
turnover rate into two parts, the inflow rate and the outflow rate, to further explore the
relationship between spatial patterns and regional economic development. Figure 2 depicts
the inter-provincial population inflow from 2000 to 2020 and divides the 31 provinces into
6 levels.

Figure 2 reveals that Beijing, Tianjin, Zhejiang, Guangdong, and Hainan are the main
choices for population inflows. However, changing trends can also be observed in Hei-
longjiang, Jilin, Liaoning, and other northeastern regions, as well as in Gansu, Sichuan,
Guizhou, Hunan, Jiangxi, Anhui, and Shandong. The inflow rate of the population in
central and western regions such as Hebei and Hebei has increased significantly, which
has played a role in diversion and return. This is reflected in the seventh national popula-
tion dataset. The data of the seventh national census show that China’s inter-provincial
population mobility model is still mainly focused on the eastern region, but the proportion
has decreased from 84.6% (2005) to 73.54% (2020), a decrease of about 11 percentage points,
of which the central region (including the northeast region) and the western region have
absorbed 6.5% and 3.5%, respectively [37]. This is mainly because the adjustment of the
industrial structure in the eastern region has shifted resource-intensive and labor-intensive
industries to the central and western regions, causing this part of the workforce to flow to
the Midwest, forming the role of diversion and return, representing new characteristics of
the return of labor from the eastern coastal areas to the central and western regions [38].
In addition, the calculation shows that the inter-provincial floating population concen-
tration index dropped from 51.73% in 2000 to 46.60% in 2020, which also proves that the
inter-provincial population inflows show a decentralization trend. Figure 3 displays the
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inter-provincial population outflow from 2000 to 2020 and divides the 31 provinces into
5 levels.

Figure 3 reveals that the population loss in inland and some western provinces is
still the most serious and presents a continuous loss situation. Among them, Anhui is the
province with the largest population loss, followed by Jiangxi and Guizhou, but the overall
distribution pattern of the inter-provincial outflow population only changes slightly. The
basic situation of the central and western regions still being the main sources of population
outflow has not changed.

In addition, by comparing Figures 2 and 3, it can be found that the ranges of inter-
provincial inflow rates from 2000 to 2020 were 23.24%, 62.72%, and 69.91%, and the ranges
of outflow rates were 8.17%, 12.99%, and 17.90%, respectively. The extreme difference
between the outflow rate and the inflow rate shows a significant upward trend, indicating
that the inter-provincial population outflow and inflow gap between different regions in
China is increasing year by year. This gap is much larger than the population outflow,
which also shows that the change in China’s net population flow rate depends to a large
extent on the change in the inter-provincial population inflow rate.

3.2. Data Verification

To verify whether the calculation results are in line with the real situation of each
province, this study selects the sixth census dataset and uses the above method to calculate
the inter-provincial outflow population in 2010, and then calculates the difference between
the calculated value and the real value. Through calculation, the total difference between
the real value and the estimated value of the outflow population this year is −6.723%, the
average error of each province is about −0.216%, and the estimated error range is probably
controlled between −8.5% and 5.6%. It can be concluded that the test data error is generally
controlled within the effective range, and the measured data are basically consistent with
the real data as a whole, so the calculation method is practical and effective.

3.3. Impact of Inter-Provincial Floating Population on Regional Economic Development
3.3.1. Descriptive Statistics of Variables

This study provides descriptive statistics on the variables in the measurement model
(Table 1).

Table 1. Descriptive statistical analysis.

Variables Name Mean
Standard
Deviation

Minimum
Value

Maximum
Value

Explained variable Regional total output lnY (CNY) 8.956 1.404 4.766 11.615
Output per capita lny (CNY) 10.088 1.026 7.944 12.013

Explanatory
variables

Fixed asset investment lnK (100 million CNY) 8.369 1.594 4.159 10.989
Total regional population lnP (number) 17.288 0.893 14.778 18.651

Inter-provincial inflow rate 11 (%) 7.149 9.089 0.390 42.136
Inter-provincial outflow rate 12 (%) 5.741 4.855 0.193 21.521

Instrumental
variables

Regional average salary lnw (CNY) 10.788 0.506 10.231 12.091
* Industrial structure lns (%) 3.731 0.238 3.242 4.429
* Industrial structure is obtained by the ratio of the output value of the tertiary industry to the total regional
production industry.

3.3.2. Regression Analysis of the Net Floating Population and Economic Development

Comparing the fixed -effect and random-effect methods through the Hausman test, the
p value obtained is 0.6284, which indicates that the random effects method is more effective
than the fixed effects method. However, the LM test is used to differentiate between mixed
regression and random effects. The p-value of the LM test is 0.3409, indicating that the
null hypothesis of “there is no individual random effect” cannot be rejected, i.e., mixed
effects are considered to be chosen between random effects and mixed effects. Similarly,
when comparing fixed effects and mixed regression, the F test p value is 0.447, and the null
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hypothesis cannot be rejected, i.e., mixed regression is considered to be significantly better
than fixed regression. Furthermore, using the clustering robust error LSDV method, we
found that the p-values of most individual dummy variables are large, so mixed regression
should be used.

In order to overcome the endogeneity problem, which leads to biased estimation,
the model is further estimated using the generalized moment estimation method (GMM).
The premise of using the instrumental variable method is that the instrumental variable is
valid. For this purpose, an over-identification test is performed to examine whether the
instrumental variable is exogenous—that is, it has nothing to do with the disturbance term.
The over-identification test shows that the p-value results are 0.6795 and 0.6246, indicating
that the instrumental variables are all exogenous. The specific calculation results of Stata
software are shown in Table 2.

Table 2. Regression analysis of net floating population and economic development.

Index lnY lny

l
0.016 ** 0.015 **
(12.549) (10.562)

ln K
0.758 ** 0.764 **
(33.987) (33.198)

ln P
0.383 ** −0.621 **
(12.924) (−20.622)

ln Yt−1
/ ln yt−1

0.068 * 0.068 *
(−2.521) (2.520)

c −4.064 ** 14.096 **
(−10.737) (36.410)

R2 0.98 0.964
l is the net population mobility rate, ln K is the fixed asset investment amount, ln P is the total regional population,
c refers to the constant term, ln Yt−1 indicates the GDP, and ln yt−1 represents the GDP per capita. ** and *
indicated in Table 2 represent the significant values at 5% (p < 0.005) and 10% (p < 0.01), respectively, and the t
estimator is in the brackets.

Table 2 reveals that the inter-provincial net mobility rates passed the 5% significance
test and have a positive impact on regional total output. The results are the same as their
theoretical derivation structures. Similarly, the inter-provincial inflow rate also passed
the 5% significance test and has a positive impact on per capita output. The result also
shows that the impact of fixed asset investment on regional total output and per capita
output passed the 5% significance test, and all regression coefficients are significantly
positive, which shows that capital investment has a significant impact on the economy.
Comparing the regression coefficients of all other variables, this study finds that fixed asset
investment has the greatest impact on regional GDP and per capita output. However, fixed
investment has a positive effect on regional economic growth [39]. Moreover, the impact of
the total regional population on regional total output and per capita output passed the 5%
significance test. Likewise, the results are still consistent with the theoretical model. The
total regional population has different effects on regional total output and per capita output.
Analysis shows that the total regional population has a positive impact on the total regional
output, while it has a significant negative impact on per capita output. The first-order
lagged regional total output and per capita output both passed the 10% significance test,
and the influence coefficients were both positive.

3.3.3. The Impact of Inter-Provincial Inflows and Outflows on Regional
Economic Development

Based on the empirical models in Formulas (20) and (21), we employed Stata software
to explore the impact of interprovincial population inflow and outflow rates on regional
economic development. The specific results of Stata software are shown in Table 3.

Table 3 reveals that the inter-provincial inflow rates passed the 1% significance test,
showing a positive impact on the regional total output. The inter-provincial outflow rates
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passed the 10% significance test, showing a negative impact on the regional total output.
The results of the case analysis are consistent with the theoretical derivation structure is
the same. Empirical results based on the assumed parameters of the econometric model
(Formula (15)) identify the scale effect of the floating population on regional economic
growth—that is, population inflow increases the population in the destination, population
agglomeration improves the local labor force structure, improves the stock of human
capital, and promotes the upgrading of the regional industrial structure, thus increasing
the total output of the region [39], while population outflow reduces the population at the
destination, causing the region’s total output to decline.

Table 3. Regression analysis of floating population and economic development.

Index lnY lnry

l1 0.0221 ***
(0.00361)

0.0113 ***
(0.00265)

l2 −0.00686 *
(0.00474)

−0.0110 *
(0.00532)

ln K 0.418 ***
(0.0612)

0.401 ***
(0.0667)

ln P 0.406 ***
(0.0511)

−0.318 ***
(0.0622)

ln Yt−1
/ ln yt−1

0.263 ***
(0.0511)

0.305 ***
(0.0562)

c −3.648 ***
(0.432)

9.517 ***
(0.955)

R2 0.9860 0.9505
l1 refers to the population inflow rate, l2 indicates the population outflow rate, ln K is the fixed asset investment
amount, ln P is the total regional population, and ln Yt−1/ln yt−1 indicates the ratio of GDP/GDP per capita. ***
and * indicated in Table 3 represent the significant values at 1% (p < 0.001) and 10% (p < 0.01), respectively, and
the t estimator is in the brackets.

Similarly, the inter-provincial inflow rates passed the 1% significance test, showing
a positive impact on per capita output. The inter-provincial outflow rates passed the
10% significance test, showing a negative impact on per capita output. The econometric
model (Formula (16)) and empirical results show that population inflow and outflow have
structural effects, i.e., the inflow and outflow of people change the regional population,
causing the total regional output to increase or decrease. At the same time, the structural
differences in the floating population are accurately identified by the example model. An
increase in the inflow population will increase the production efficiency of the place of
origin, resulting in an increase in per capita output, while the outflow population will
reduce the population base of the place of departure, but it will not increase the per
capita output. The structural difference in high production efficiency causes this part of
the outflow population to have a negative impact on the per capita output of the place
of departure.

Table 3 further reveals that the impact of fixed asset investment on regional total
output and per capita output passed the 1% significance test, and all regression coefficients
are significantly positive, which shows that capital investment will have a significant
impact on the economy. Comparing the regression coefficients of all other variables, we
can find that fixed asset investment has the greatest impact on regional GDP and per capita
output. Moreover, the impact of the total regional population on regional total output
and per capita output passed the 1% significance test. The results are still consistent with
the theoretical model. The total regional population has different effects on regional total
output and per capita output. The impact analysis shows that the total regional population
has a positive impact on the total regional output, while it has a significant negative impact
on per capita output. Furthermore, the first-order lagged regional total output and per
capita output both passed the 1% significance test, and the influence coefficients were both
positive. This shows that the higher the total output of the previous period, the higher
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the total output of the current period, which means that the inertial effect of economic
growth is significant, and it also means that the more economically developed regions have
inherent advantages over the economies of backward regions.

There is a certain two-way effect between regional population mobility and economic
development. Population inflow has a significant promotional effect on the economic de-
velopment of the place of inflow. The large-scale population inflow means the complement
and enrichment of human resources in the region, driving regional economic development.
At the same time, Ravenstein [21] proposed the law of population migration and mentioned
that economic reasons are the main causes of population migration, and economic develop-
ment brings a large number of job opportunities and makes it easier to attract population
inflow. This easily creates a siphon effect where more and more people gather in these
high-density urban areas. The lack of human resources caused by population outflow in
the outflow area will inhibit the region’s economic development. There may be a vicious
cycle between continued population outflow and economic development, where the low
capital output rate leads to brain drain, further intensifying the vicious cycle [40].

3.3.4. Differential Impact of Inter-Provincial Floating Population on Regional
Economic Development

In order to further examine whether the floating population has differential impacts on
regions with different levels of economic development [41], this study introduces the cross-
term of mobility variables and urban density for analysis. Based on empirical formulas
(Formulas (22)–(25)), the calculated results using Stata software are shown in Table 4.

Table 4. Analysis of cross-terms between floating population and urban density.

Index
lnY lny

Equation (1) Equation (2) Equation (3) Equation (4)

lnK 0.398 ***
(0.0641)

0.398 ***
(0.0798)

0.367 ***
(0.0622)

0.373 **
(0.0985)

lnP 0.347 ***
(0.0476)

0.319 ***
(0.0376)

−0.327 ***
(0.0640)

−0.229 **
(0.0872)

lnYt−1/lnyt−1
0.301 ***
(0.0497)

0.427 ***
(0.0740)

0.328 ***
(0.0486)

0.467 ***
(0.0738)

l1 0.0107
(0.0701)

0.000223
(0.00660)

l2 −0.0337 ***
(0.00701)

−0.0334 ***
(0.00617)

l1density 0.00715
(0.00681)

0.0113
(0.00609)

l2density 0.0189 ***
(0.00109)

0.0179 ***
(0.00458)

c −2.347 ***
(0.607)

−2.071 ***
(0.545)

9.654 ***
(0.978)

7.692 ***
(1.227)

R2 0.981 0.983 0.939 0.921
lnK refers to the fixed asset investment amount, lnP is the total regional population, lnYt−1/lnyt−1 indicates the
ratios of GDP/GDP per capita, l1 is the population inflow rate, l2 is the population outflow rate, l1density is the
intersection of inflow population and urban density, and l2density is the intersection of outflow population and
urban density. *** and ** indicated in Table 4 represent the significant values at 1% (p < 0.001) and 5% (p < 0.05),
respectively, and the t estimator is in the brackets.

Equations (1) and (3) in Table 4 show the cross-term of the inter-provincial inflow rate
and urban density and indicate whether it is in the model with regional total output as
the explained variable or in the model with per capita output as the explained variable.
Table 4 reveals that there is no significant difference in the impact of population inflow
on economic development between high-density areas and low-density areas. Further,
the results of Equation (2) show that the cross-term between the inter-provincial outflow
rate and urban density is significant both in the model with regional total output as the
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explained variable and in the model with per capita output as the explained variable.
However, there is a significant difference in the impact of population outflow on economic
development between high-density and low-density areas. Among them, the negative
impact of out-migration on low-density areas is greater than that on high-density areas.
The results of Equation (4) show that the inter-provincial outflow rate has a negative impact
on the per capita output level.

The above discussion shows a weak negative impact on high-density areas, and
the impact on low-density areas is greater than that on high-density areas. Analysis of
other variables like capital investment demonstrates that they have a positive impact on
regional total output and per capita output, and an increase in capital will simultaneously
promote regional economic development. The total population has a positive impact on
regional total output, and per capita output has a negative effect. The lag period shows a
significant positive impact on both regional total output and per capita output. Therefore,
the conclusions obtained through empirical analysis in this article are consistent with the
results derived from the previous theoretical model.

4. Discussion

The southeastern coastal regions of China, such as Guangdong, Jiangsu, and Zhe-
jiang, are major population inflow areas, whereas central regions like Henan and Anhui
experience high population outflow. The southeastern regions possess strong economic
capabilities and efficient operations, with economic outputs and per capita GDP leading
the nation. These regions have diversified economies dominated by manufacturing and
services. The Pearl River Delta and Yangtze River Delta are key hubs for manufacturing
and high-tech industries, creating substantial employment opportunities. According to the
China Statistical Yearbook 2020, Guangdong’s tertiary industry employs 60 million people,
accounting for 60% of the province’s total employment. These regions also have higher
wage levels; for instance, the average salary in Guangdong is CNY 89,000, while in Henan,
it is only CNY 55,000 [42]. The significant wage disparity drives the labor force to migrate
to higher-paying areas for better income and living conditions. Additionally, high GDP and
per capita GDP correlate with higher urbanization rates and better urban infrastructure.
According to the “China Statistical Yearbook 2020”, Guangdong’s urbanization rate is
71.03%, Jiangsu’s is 72.63%, while Henan’s is only 51.66%. High urbanization rates mean
better urban infrastructure and public services, such as quality education and healthcare,
which attract large population inflows [43,44].

Conversely, central regions like Henan and Anhui exhibit lower per capita GDP—
approximately CNY 41,000 in Henan and CNY 52,000 in Anhui—reflecting slower economic
development, lower resident income, and poorer living standards. This economic perfor-
mance leads to insufficient economic attractiveness, compelling the workforce in these
regions to migrate to more economically developed areas in search of better opportunities.
The relatively low per capita GDP and lagging economic development in these central
provinces result in high population outflow rates [45]. Notably, the southeastern coastal
regions of China, with their robust economic indicators, diverse industrial structures, high
wage levels, and advanced urbanization, serve as significant population inflow areas. In
contrast, due to their relatively low per capita GDP and slower economic growth, central
provinces like Henan and Anhui experience high population outflow rates.

Interprovincial migrant populations significantly impact the supply and demand dy-
namics of the labor market in China [15]. Cross-provincial migration enhances productivity
and economic efficiency by increasing the labor supply and labor market participation. The
influx of lower-human-capital groups fills gaps in low-skilled and labor-intensive jobs in
high-density urban areas, promoting regional economic growth [16]. Meanwhile, high-
human-capital groups, unable to obtain high wages in low-density urban areas, proactively
migrate to high-density urban areas [17]. The diverse backgrounds and advanced skills
of these migrants contribute to regional technological innovation, particularly in science
and engineering fields, thereby positively impacting economic growth. With favorable eco-
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nomic opportunities and a well-established legal system, human capital significantly boosts
per capita GDP growth [46,47]. However, the influx of large numbers of cross-provincial
migrants poses significant challenges to infrastructure and services in high-density urban
areas. Increased demand for housing, public transportation, and basic services, coupled
with environmental pollution due to high population density, can strain urban resources
and lead to management crises [48,49]. The urban challenges induced by the migrant
population create a “forcing mechanism” that compels local governments to implement
policy interventions. The government leverages think tanks and substantial local finances
to conduct forward-looking research and planning for future urban development. Through
systematic and comprehensive policy measures, the sustainability of urban development
can be enhanced. This includes ensuring basic housing conditions, improving public infras-
tructure services, promoting social inclusion and community integration, and enhancing
environmental risk management. These efforts contribute effectively to the achievement of
SDG-11. Given the above research findings, this paper puts forward the following policy
recommendations:

(1) For the low-density areas in the inland central and western regions, against the back-
ground of the two drivers of urbanization and rural revitalization, the government
should fully seize the opportunity window of population return and industrial gra-
dient transfer and accelerate the transformation of the economic growth mode in
order to achieve the Sustainable Development Goal (SDG-8) based on improving
development quality. At the same time, the government must also use policies as
“gravity” to implement active and effective talent introduction policies to activate the
talent engine, so that returning talents can settle down and stay stable, and eliminate
the vicious cycle between continuous brain drain and economic development.

(2) For high-density areas along the eastern coast, a two-pronged approach of “introduc-
tion” and “diversion” should be advocated for in population control, transferring
mid- to low-end industries. Further guiding low-skilled labor to flow to low-density
areas with higher environmental carrying capacity to balance population distribu-
tion patterns in encouraged in order to alleviate the pressure of overpopulation and
strained public resources in high-density urban areas. The government should focus
on improving the level of public services, improving urban environmental governance,
optimizing the urban living environment, and striving to create green and livable
modern low-density cities, which will be conducive to realizing SDG-11.

(3) Household registration and social security policies significantly impact population
mobility. Strict household registration systems can restrict the free movement of
people between different regions, while relaxing these restrictions can facilitate popu-
lation mobility. For example, China’s ongoing reforms to its household registration
system are gradually easing settlement conditions in cities, especially in small and
medium-sized cities, to promote population mobility and urbanization. This approach
helps to encourage the return of migrant populations to low-density areas and im-
proves the service management level for migrant populations in high-density areas. It
ensures that migrants enjoy equal rights with local residents regarding employment,
education, healthcare, and housing, thereby reducing institutional barriers.

(4) In the process of policy formulation, the government should thoroughly understand
and respect the regularity of population mobility, avoiding excessive intervention. By
leveraging data analysis and research, the government needs to identify the economic
and social factors influencing population movement and develop policies that align
with these patterns to support and encourage voluntary migration. Additionally,
considering that economic and social environments are dynamic and that the patterns
of population mobility will evolve accordingly, policy formulation must possess
dynamic adaptability. It is essential to establish a regular policy evaluation mechanism
that involves data collection, analysis, and feedback to assess the actual effectiveness
of policies. Based on the evaluation results, policies should be flexibly adjusted to
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ensure alignment with real-world conditions, thereby enhancing the sustainability of
these policies.

To enhance the robustness and comprehensiveness of the analysis, future research
should incorporate policy analysis to examine the impact of specific policy measures on
regional migration and economic development, including both restrictive and supportive
policies. Longitudinal studies are needed to assess the long-term impacts of migration
on regional economies, including the integration of migrants and the sustainability of
economic growth. Utilizing micro-level data to capture individual migrant experiences
and regional variations would provide a more nuanced understanding of migration im-
pacts. Additionally, exploring the long-term effects of the COVID-19 pandemic on regional
migration patterns and economic recovery, considering both immediate disruptions and
longer-term adaptations, is crucial [50].

5. Conclusions and Limitations

Based on the data of the fifth, sixth, and seventh national censuses, this paper stud-
ies the temporal and spatial characteristics of the inter-provincial floating population
through theoretical model derivation, a GMM model, and the cross-term method for the 31
provincial-level administrative units in mainland China, except for Hong Kong, Macao,
and Taiwan. Based on the empirical results, the following conclusions have been drawn:

(1) The size of the migrant population under study is constantly increasing, but the spatial
pattern of population mobility has not changed significantly. The overall pattern is
still “low in the middle and high at both ends”, although the central region is still the
main source of population outflow.

(2) The net inflow of inter-provincial migrants is mainly concentrated in two areas—firstly,
the high-density area along the southeastern coast, and secondly, the western regions
such as Xinjiang and Tibet—while most central provinces show varying degrees of
sustained net population outflow losses.

(3) The net migrant population has a significant promoting effect on the total regional
output and per capita output. The inflow population has a significant promoting
effect on the total output and per capita output of the place of inflow.

(4) The outflow population has a significant effect on the total output and per capita
output of the place of outflow. Migration shows a significant inhibitory effect.

(5) The floating population has scale and structural effects on regional economic develop-
ment. It affects regional economic development by changing the regional population
and affecting regional production efficiency.

(6) There is a certain two-way effect between regional population mobility and economic
development. The population inflow has no significant differential impact on high-
density and low-density areas, while the out-migration population has a significant
differential impact.

(7) The negative impact of the out-migration population on low-density areas is greater
than that on high-density areas. Due to the lack of talent attraction in low-density
areas, the outflow of talent reduces human capital. For high-density areas, a small
portion of the out-migration population will appropriately alleviate urban pressure
and reduce local fiscal expenditures, thus causing the out-migration population to
have a weak negative impact on high-density areas.

Overall, the inter-provincial floating population in the studied region of China plays
a crucial role in regional economic development, directly supporting SDG-8 and 11. By
facilitating labor mobility, fostering economic growth, reducing inequalities, promoting
sustainable urban development, and driving infrastructural improvements, this demo-
graphic trend contributes significantly to achieving the Sustainable Development Goals.
This study has several limitations. Firstly, it does not consider the impact of various policy
measures on regional migration patterns and economic outcomes. Policies like the Hukou
system, urban development strategies, and pandemic-related restrictions can significantly
influence migration flows and regional economic dynamics. Secondly, the analysis pri-
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marily focuses on the immediate effects of inter-provincial migration on economic growth,
without thoroughly examining long-term effects, including the sustainability of growth and
the integration of migrants into urban economies. Thirdly, the study period does not fully
capture the long-term economic and demographic consequences of the COVID-19 pan-
demic, which introduced unprecedented disruptions to population mobility and economic
activities. Finally, using macroeconomic data may overlook micro-level variations and the
individual experiences of migrants, which can provide deeper insights into migration’s
economic and social implications.
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Abstract: In many countries, young people are justifiably viewed as possessing the energy and
ideas required to advance the sustainability agenda. However, the degree to which youth can
influence that agenda depends on how meaningfully they engage in Sustainable Development
Goals (SDGs) and related processes. Further, the extent to which they can meaningfully engage
may vary across countries. Though studies have shed light on the core elements of meaningful
youth engagement, those insights have not been used to compare how these elements vary across
countries. The paper aims to fill this knowledge gap with a preliminary assessment of youth
engagement in sustainability processes in Finland and Japan. The approach used herein draws upon
relevant literature to construct an analytical framework comprised of four key elements underpinning
meaningful youth engagement: (1) aims and justifications; (2) power-sharing; (3) transparency and
accountability; and (4) support. The study then employs text mining, institutional analysis, and key
informant interviews to offer a preliminary assessment of how meaningfully youth have engaged
in sustainability processes in Finland and Japan. The assessment reveals that youth engagement
mechanisms in Finland more clearly explicate aims and justifications, balance power dynamics, and
enhance transparency and accountability than in Japan. Both countries could do more to offer support
to young people. The article also suggests that additional research is needed on three areas: (1) the
effect of underlying socio-cultural differences on youth engagement; (2) the relationship between
youth engagement and the performance of SDGs 4, 7, and 13; and (3) the role of education as an
upstream enabler of engagement.

Keywords: sustainability; Sustainable Development Goals (SDGs); youth; participation;
stakeholder engagement

1. Introduction

Recent years have made it abundantly clear that the world is not on track to achieve
the 17 Sustainable Development Goals (SDGs) that sit at the heart of the 2030 Agenda for
Sustainable Development (2030 Agenda). At the midpoint of the 2030 Agenda, there is
a growing consensus that the world needs a course change to accelerate progress on the
SDGs. The engagement of multiple, diverse stakeholders could arguably inject the energy
and ideas needed to trigger this course change. Among different stakeholders that could
lead this change, much of the attention has rightly focused on meaningfully engaging the
next generation—that is, young people.

Youth participation has been invoked in intergovernmental agreements since the
adoption of the UN Convention on the Rights of the Child in 1989 [1]. That foundational
agreement underlined that it is children’s right to be involved in decisions that affect them
and their future. Since that agreement, young people have become increasingly viewed as
essential actors and valued participants in advancing the sustainability agenda. Numerous
international forums, programs, and resolutions have underlined the growing need for
youth engagement—for example, calling for young people’s or youth-led organizations’
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active participation in sustainability processes. Similar calls for the importance of engaging
youth can be found in the academic literature on sustainability [2].

At the same time, some additional reflections should inform discussions of youth
engagement. Among the reasons for more reflection is that there is no consistently agreed
definition of young people; nor are young people a homogenous bloc. On the former
point, biological age is often cited as a determinant of youth at both the national and
international levels. Yet, even in this case, there exists variation in what constitutes being
young—with age cut points ranging from 13 to 35 [3] (p. 17). In addition, young people are
very diverse in their backgrounds and identities. Generalization may lead to overlooking
and failing to capture the differences in opinions and insights from young people with
varying geographical, educational, and socioeconomic backgrounds.

On a related note, there may also be various ways young people participate in sus-
tainability processes. Voting has long been the main means to formally participate in
policymaking processes; however, this once widely held view that voting is the chief chan-
nel for engagement is becoming less relevant in recent years. It is also less applicable to
young people who may be under voting age or more inclined to use other avenues to push
for change, especially in progressive policy realms such as sustainability. Instead, there
could be multiple forms of participation and varying influences on the decision-making
processes in crafting sustainable futures [4,5]. Further, given the diversification of channels,
there is also the question of whether the ways that young people engage can have a mean-
ingful effect on sustainability processes. Another pertinent point is that the degree to which
young people can meaningfully influence these processes may vary from one country to
the next.

The above possibilities suggest a critical question: how do countries compare in terms
of meaningful youth engagement in sustainability processes? This paper answers this
question with a preliminary assessment of two developed democratic countries: Finland
and Japan. This assessment draws on a simple framework comprised of four elements
that arguably sit at the core of meaningful youth engagement: (1) aims and justifications;
(2) power-sharing; (3) transparency and accountability; and (4) support. It then employs
a mixed-method approach to derive some initial insights into how Finland and Japan
compare across those elements. This approach entails the text mining of key documents
followed by a desk study of official descriptions of key institutions and key informant
interviews. The assessment reveals that youth engagement mechanisms in Finland more
clearly explicate aims and justifications, balance power dynamics, and enhance trans-
parency and accountability than in Japan. Both countries could do more to offer support to
young people.

The remainder of the paper is divided into six sections. The next two sections
(Sections 2 and 3) reviews the relevant literature on participation and engagement to de-
velop an analytical framework consisting of four elements: (1) aims and justifications;
(2) power-sharing; (3) transparency and accountability; and (4) support. Sections 4 and 5 use
this framework to compare Finland and Japan. The final section (Section 6) provides a
summary of the paper and recommendations for future work.

2. Literature Review

2.1. Setting the Context

Often, decisions made today affect young people for years to come. In SDG processes,
policymakers and practitioners are increasingly acknowledging that these decisions will
influence young people into the future. At the same time, there is also a realization that
young people are not merely passive supplicants when it comes to those decisions. Rather,
they are key stakeholders and future leaders with the potential to shape their future. This
growing recognition traces back to the notion of intergenerational equity [6]. That notion
was made famous in the 1987 Brundtland Report “Our Common Future” and features in
definitions of sustainable development that offer “development that meets the needs of the
present without compromising the ability of future generations to meet their own needs”.

126



Sustainability 2024, 16, 6415

In the years since the release of the Brundtland Report, landmark agreements would
give young people firmer ground to stand upon in sustainability processes. For example,
the 1992 Rio Earth Summit adopted Agenda 21, including Chapter 25, titled “Children and
Youth in Sustainable Development”, which identified young people as pivotal stakeholders
in sustainable development. In underlining the central role of the next generation, the
chapter clarified that “the involvement of today’s youth in environment and development
decision-making is critical to the long-term success of Agenda 21”. Agenda 21 also led
to the creation of nine “Major Groups” that help to organize the different channels for
communication and engagement in UN activities related to sustainable development. The
Major Group for Children and Youth (MGCY) is one officially recognized group, receiving
a mandate from the UN General Assembly and specific entities through agreements and
terms of reference.

The 2030 Agenda and its SDGs also recognize the importance of intergenerational
equity and acknowledge that the future of humanity and the planet lies in the hands of
younger generations. Toward that end, the SDGs developed specific targets relating to youth
empowerment, education, capacity building, and (un)employment (e.g., SDG 4; SDG 8.6) and
emphasized the importance of participatory and inclusive decision-making and societal
development across all ages or other statuses (e.g., SDG 16.7). As implied in the above list
of SDGs, young people are not only influenced by the intergenerational disparities that
need to be narrowed, they are also expected to shape pathways to a sustainable future
or use their unique perspectives to craft creative solutions to thorny problems [7,8]. In
addition, young people may hold broader conceptions of sustainability that can help to pull
communities and even countries closer together [9]. Further, young people, equipped with
sufficient knowledge and skills, can use those broader conceptions to spark positive change
in everything from small towns to global arenas [10,11]. As such, there are a growing
number of positive examples of youth participation contributing to awareness-raising
across generations and community building across regions in sustainability processes [12].

In recent years, the United Nations System has increasingly sought to harness this
potential by involving youth in the SDGs and related processes. For instance, the UN
has established an office called “the Secretary-General’s Envoy on Youth” to foster a
collaborative and integrated approach to UN initiatives on youth issues. The UN has
supported other similarly focused efforts to expand youth participation, such as “Youth
2030”—an umbrella framework initiated by Secretary-General António Guterres in 2018 to
engage young people and solicit ideas on UN activities across three pillars: peace and
security, human rights, and sustainable development. In doing so, national governments are
urged to make youth participation the norm, rather than the exception, across all decisions,
policies, and investments [13]. In response, Member States have been reported to establish a
variety of forms to engage young people, including participation in national youth councils,
follow-up and review processes, and thematic political consultations. However, there still
remains room for improvement when it comes to meaningful engagement [13,14].

2.2. Meaningful Youth Engagement

Much of the research on participation comes from political science where there is a
long-running emphasis on institutionalized forms of engagement, such as elections. Po-
litical science studies often assume that participation entails activities that are intended
to directly influence the choice of elected representatives or the organizations behind
them [15,16]. However, in recent years, the notion of participation has grown to include
forms of engagement beyond the government or formal political institutions while ques-
tioning boundaries between political and social spheres. This has led to a broader definition
of political participation that stresses activities “indirectly aimed at impacting civil society
or attempting to alter systematic patterns of social behavior” [17].

This more expansive view is important when discussing the engagement of young
people [18–20]. At the national level, the legal voting age often functions as a threshold for
deciding whether young people can participate in activities. Indeed, some young people
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who are not eligible to vote may need other kinds of institutional mechanisms to participate
in public matters. Thus, such a broader view is essential since it is impossible for young
people to vote until they reach legal age (though voting rates have also fallen among
younger generations). While this declining trend might suggest a disinterest in public
affairs, it should not be regarded as prima facie evidence of political apathy [21]. Instead,
sociological research on values and behavior changes has revealed that young people opt
for alternative and new forms of engagement such as protests, demonstrations, utilization
of social networking services (SNSs), consumer actions, and charitable fundraising or
volunteer work [22]. Such activities are forms of participation—a form that is neither
explicitly social nor political but rather socio-political [23]. If expanding youth engagement
is considered a desirable goal, there is also a need to look more at the landscape of means
and channels through which young people actively engage [24].

In a similar vein to opening multiple opportunities, young people may need support
to enable their involvement in key processes. Such support is warranted because, compared
to adult stakeholders, young people may lack confidence and tools or confront barriers
to becoming involved. This support could, for instance, prioritize marginalized and
vulnerable youth to ensure inclusive decision-making, aiming to “reach the furthest behind
first” [25]. Research indicates that active youth are more likely to be from socio-economically
advantageous groups, already equipped with the necessary abilities to participate [26,27].
Therefore, empowering youth with knowledge and skills as well as appropriate support is
crucial to making their participation meaningful [5,28]. Focusing on the essential elements
to make their engagement meaningful is necessary, as surface-level tokenistic participation
may actually do more harm than good.

Building upon the above insights, a few studies have looked at what factors affect
whether young people meaningfully engage on the SDGs in different contexts. For example,
some studies have used survey data from university students in Rome, Italy, to show
that taking classes centered on real-world energy projects can motivate greater youth
involvement in sustainability initiatives [29]. Other studies also underlined that equipping
university students in Malaysia with knowledge of the SDGs increased awareness and
action on sustainability [30]. However, not all of the research has been so optimistic. To
illustrate, research based on interviews again in Malaysia found that even motivated youth
that are working on the SDGs operate in a relatively small circle and have not been able to
reach a wider range of international/government organizations or the private sector [31].
Some studies have taken these findings a step further to suggest how to break through
these barriers. In this connection, some have offered that one of the keys to meaningful
engagement is to enable young people to serve as evaluators of SDG processes, noting that
Saharan Africa, the Middle East and North Africa (MENA), and South America have seen
progress in this regard [32].

Though the above studies help to illustrate some of the promise and challenges for
truly influential or meaningful engagement on the SDGs in particular places, they lack
the kinds of insights needed to determine how meaningful participation varies across
countries. There is, however, a complementary set of studies that can shed light on some of
the core elements of meaningful youth engagement that could be used for a comparative
assessment. The next section reflects on some of the key insights from that literature.

2.3. Toward a Comparative Assessment of Meaningful Youth Engagement

The work that can inform a comparative assessment of meaningful engagement has a
long history that is not only about youth but engagement more generally. In fact, much of
the relevant literature draws upon on the well-known typology known as the “Ladder of
Children’s Participation [33]”. The metaphorical ladder is based on seminal studies from
Arnstein (1969) that argued that citizen (adult) participation could be classified as sitting on
rungs corresponding to actual levels of influence on a plan and/or program [34]. The lowest
three rungs on the more recent “Ladder of Children’s Participation”, (1) manipulation,
(2) decoration, and (3) tokenism, are viewed as forms of “non-participation”; the five rungs
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above, (4) assigned but informed, (5) consulted and informed, (6) adult-initiated, shared
decisions with youth, (7) youth-initiated and directed, and (8) youth-initiated, shared
decisions, suggest young people are granted progressively more responsibility and decision-
making power. Moving up the rungs implies changing power relations and a more equal
distribution of rights between adults and young people [33].

A recent OECD Future of Education and Skills 2030 project offered that the “Sun Model
of Co-Agency” has modified this ladder schema yet further. In this useful reformulation,
the emphasis is placed on developing fruitful collaborations with adults across degrees
of “co-agency” (except the newly added degree of zero or silence where neither young
people nor adults believe that young people can contribute and adults lead all activities
and make decisions) [35]. This reformulation is particularly helpful because it implies a
shift towards joint action and decision-making from young people working with adults,
while also recognizing young people can be experts in some areas, especially in youth-
related matters [36]. In suggesting the potential for collaborative partnership while also
underlining the promise for youth agency and expertise, the Sun Model aligns well with the
trends in sustainability processes that began this section. More concretely, it suggests that
young people can be active participants and valuable partners in efforts to institutionalize
initiatives such as the aforementioned “Youth 2030”, as well as to develop specific SDG-
related policies where they have strong relevance and interests. Some examples include
but are not limited to health and well-being (SDG 3) [37,38], education (SDG 4) [39],
employment (SDG 8) [40], and climate change (SDG 13) [41].

Though the Sun Model and some similarly motivated antecedents [42–44] represent
breakthroughs for classifying different forms of partnership and participation, one possible
drawback is they may not be easy to use for a comparative assessment as the flexibility in the
terms used in the model makes comparisons challenging. Simply stated, it can be difficult
to employ a co-agency framework for comparatively assessing how meaningfully youth
engage in SDG processes. In this connection, several studies offer some insights into the core
elements of meaningful youth participation [3,13,37,45,46] or combine several approaches
toward that end [7]. Though it is not possible to bring in insights from all of this above work,
distilling four elements that can be compared across countries as they encourage and empower
young people to participate in mechanisms related to the SDGs: (1) aims and justifications;
(2) power-sharing; (3) transparency and accountability; and (4) support.

1. Aims and Justifications: A clear presentation of aims and justification underlying
youth engagement is arguably essential for meaningful participation. The need for
such a clear presentation stems from the fact that young people have the right to
participate and express their views and opinions freely in all matters affecting them
(rights justification). In so doing, they can offer suggestions that can help to im-
prove policies and services (efficiency justification). Furthermore, young people can
develop knowledge and skills (development justification) and enhance self-esteem
through involvement (empowerment justification). It also merits noting that there
may be several aims and justifications and these could be combined within a single
participatory activity [3,13,47,48].

2. Power-sharing: Another critical dimension of meaningful engagement involves ef-
forts to create balanced power-sharing arrangements. Young people can initiate
activities and make decisions on their own. It is also arguably their choice to work
together and share decisions with adults—provided that different responsibilities and
competencies are clearly stated. It may similarly be important that young people
are considered capable and competent and their views are respected. Under these
conditions, young people can establish partnerships among other relevant stake-
holders, including decision and policy makers. In this context, it merits noting that
engagement mechanisms may aim to position young people as equal partners to
improve the situation—a sentiment that aligns well with the partnership principle of
Agenda 2030 [33,35,42,43,45,46,49,50].
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3. Transparency and Accountability: A third important element of meaningful engage-
ment involves whether the processes involving the SDGs are transparent and clear
to young people and other stakeholders. With open communication channels, young
people can be well-informed on all matters affecting them. For example, they can
know what roles they are expected to play along with other stakeholders and what
competencies are required to move forward. A possible desirable side effect of trans-
parency is strengthening accountability. That is, transparency around the SDGs
will help to allow decision-makers (as well as young people) to be held account-
able for their commitments and actions. Similar to the previous elements, there are
many references to calls for transparency and accountability in an effort to drive
forward implementation [13,14,38,45,46].

4. Support: Last but not least is the issue of support. As noted previously in the article,
young people may need support to safely and continuously participate regardless
of background, status, or identity. Support may be particularly important for young
people from less privileged backgrounds, enabling them to participate with confi-
dence. Such support includes, but is not limited to, financial assistance for travel and
accommodations, economic incentives, psychological and mentorship assistance, as
well as providing learning and capacity development opportunities. The above needs
are embedded in the SDGs No One Left Behind principles, which calls for support to
be provided to those who are vulnerable and excluded [7,10,11,13,14,37,45,51].

The above four key elements are selected because they are viewed as core components
of meaningful youth participation while aligning with principles underpinning the SDGs.
The analytical framework based on these four elements makes it possible to bridging
the theoretical question with the empirical analysis [52]. The next part of this paper
uses this framework to offer an initial assessment of youth engagement mechanisms or
activities related to SDGs’ implementation in Finland and Japan. The four aforementioned
elements will be helpful in comparing engagement mechanisms between two countries:
Japan and Finland.

3. Case Selection and Methods

3.1. Selection of Countries

The four elements described above will be used for a small-n comparison of youth
engagement in Japan and Finland. The selection of the two countries follows assumptions
in comparative case study research that are frequently used in the social sciences to offer
practical policy recommendations. These assumptions highlight the desirability of selecting
cases that are similar across most key dimensions while varying in one or more limited sets
of areas of interest. The reason for selecting cases with many similarities is to control for
the possible confounding effects of issues that may influence a particular policy, program,
or process (including engagement mechanisms) but are not the focus of the research. For
example, if the two cases selected for this study were from countries of different levels
of development and/or had different political systems, one might reasonably argue that
inferences drawn about the variation in the engagement mechanisms are really related to
the development levels or political systems [53].

As such, Finland and Japan were selected because there are many similarities between
the two countries that limit concerns about confounding effects and make them useful
for comparative policy-relevant case study research. In fact, there are at least five general
similarities. First, both Finland and Japan are developed high-income countries [54]. Sec-
ond, both countries are parliamentary democracies. Third, both countries have formulated
and implemented policies to address environmental challenges, mitigate climate change,
and promote sustainable development. Fourth, Finland and Japan are renowned for high-
quality education systems that nurture future generations and consistently perform well in
international assessments such as the Programme for International Student Assessment
(PISA). Fifth, the two countries are recognized for promoting environmental education and
Education for Sustainable Development (ESD).
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In addition to the five more general similarities, both countries share more specific sets
of traits related to engaging young people in implementing the SDGs. For example, Japan
established the “Japan Next-Generation Platform” in 2018 under the initiative of the Prime
Minister, creating a space for those interested in sustainable development. Similarly, Finland
set up “The 2030 Agenda Youth Group” in 2017 under the Finnish National Commission
on Sustainable Development, led by the Prime Minister. Both initiatives were referred to as
good practices in the Voluntary National Reviews (VNR) shared at the High-level Political
Forum (HLPF) to summarize the progress and achievements in implementing SDGs [55,56].

In addition to these general characteristics and specific traits, there are also similarities
in the kinds of policy documents that have been developed. Table 1 shows the SDGs’
plans and related policy documents that will be used to inform the comparative analysis in
this study. In Japan, the SDGs’ Implementation Guiding Principles (launched in 2016 and
revised in 2019 and 2023) provide an overview of the status of the SDGs as well as its visions,
priorities, institutions, and processes in promoting the SDGs. The guiding principles
are used to develop an annual SDGs Action Plan in Japan. To some extent paralleling
Japan, Finland developed a national 2030 Agenda Roadmap in 2021. That roadmap is a
medium-term plan detailing the actions Finland needs to take to achieve the goals of the
2030 Agenda. The most recent version of the roadmap, adopted in 2022, is used in the
comparative analysis to follow.

Table 1. SDGs-related documents included in the analysis.

Country Document Title

Finland

• The 2030 Agenda Roadmap of the Finnish National Commission on
Sustainable Development (2022) [57]

• Strategy of the National Commission on Sustainable Development
2022–2030 (2022) [58]

• Report on the Implementation of the 2030 Agenda for Sustainable
Development (2020) [55]

Japan
• SDGs Implementation Guiding Principles Revised Edition (2019) [59]

• SDGs Action Plan (2023) * [60]

• Report on the implementation of 2030 Agenda ~Toward achieving the
SDGs in the post-COVID-19 era~ (2021) [56]

* Only available in Japanese.

As seen above, Finland and Japan demonstrate a shared commitment to engaging
young people in the national SDGs’ implementation by, for instance, establishing institu-
tionalized mechanisms for these purposes. While there are general similarities, there may
be particular differences in how much they facilitate or support meaningful engagement.
Further, although a rigorous check of causal claims goes beyond the scope of this article,
those differences may also have implications for performance on the SDGs (see also the con-
clusion of the article). On this point, it should be noted that Japan ranks lower (21st in 2023)
than Finland (1st in 2023) in SDG performance (based on the Sustainable Development
Report from the Sustainable Development Solutions Network (SDSN)) [61].

The next subsection describes how to draw out those differences and answer the
aforementioned research questions: How do countries compare in terms of meaningful
youth engagement in sustainability processes?
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3.2. Three Approaches

The paper relies on three different but complementary approaches to compare how
meaningful youth engagement is in sustainability processes in Finland and Japan (see
Figure 1). It merits noting that the approaches build off each other, starting with a rather
general text mining of key words that is then complemented by descriptions of formal
institutions and key informant interviews organized around the four categories in the
literature review. In addition, as is also discussed in the conclusion, these methods can
offer a “preliminary” assessment of engagement and could be further complemented by
a larger sample of survey data or an expanded number of country case studies (see also
Section 6, the Conclusions).

Figure 1. Three research methods.

It is also critical to highlight that, with the exception of the text mining, the data used
for this research are qualitative. The use of qualitative as opposed to quantitative data is
commonly practiced in comparative institutional analysis as a subfield of social science
research. Though not perfect, qualitative data allow for insights into the design of policies
and institutions that might not be visible from a quantitative analysis of key features of
youth engagement mechanisms. It is also arguably more appropriate to use a qualitative
lens for a two-country comparison as it can offer a richer and more nuanced understanding
of the design of policies and institutions.

The first approach used for this comparative assessment involved the text mining of
key words related to youth engagement in the documents in Table 1. The text mining aimed
to gain a first-glance indication of how much youth engage in SDGs and other sustainability
processes. Text mining can offer a useful perspective of whether and to what extent the
formal mechanisms for engagement are meaningful as it can help to illuminate patterns
in language that might not be discernible from a description of institutions. To obtain
these initial insights, the authors went through an iterative process of re-reading key SDG
documents to determine what words might be associated with youth engagement in the
case studies’ countries. After repeated re-readings (and the realization that the coverage of
youth-related issues was a small part of the key documents), it was decided that the key
word list should include a select number of the following admittedly general key words:

• Finland: youth; young people; adolescent(s); education
• Japan: youth; young people; adolescent(s); education; next-generation; wakamono

(youth, adolescent); jisedai (next generation); kyoiku (education)

The key words were then counted based on a simple automated keyword search procedure
with manual coding to check whether the word was used in a way that was relevant to the
scope and substance of the article. This was important because there were some instances
where key terms applied to statements about youth and initiatives taken outside the countries
(e.g., international aid). In most cases, it was possible to conduct the text mining in English. For
Japan’s Action Plan, this was not feasible, and translation from Japanese to English was needed.
Following the text analysis, the article turned to the two additional methods to obtain an
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additional perspective on the meaningfulness of that participation that is more closely aligned
with core elements in the literature: institutional analysis and key informant interviews.

The second approach therefore involved a careful desk study of formal institutions
and policies. Much of the material for this review came from official government and
youth organization websites and/or other publication channels. During the desk study, the
authors aimed to assess how the engagement mechanisms performed on the four analytical
categories detailed in the previous section.

The third and final approach aimed to address concerns that looking only at formal
institutions and policies may miss how they actually work in practice. To address this concern,
key informant interviews were conducted with young people who are members of the Finnish
Agenda 2030 Youth Group and Japan Youth Platform for Sustainability (JYPS), one of Japan’s
Steering Committee Organizations of the Next-Generation Platform. The interviews sought
to obtain perceptions about youth engagement mechanisms and validate or refine some of
the inferences drawn from the desk study. To accommodate the needs of the interviewees, the
discussions consisted of one group interview and three one-to-one interviews.

The interviews were semi-structured, with questions covering themes including the
motivation to participate in the respective platforms and suggestions for better youth
engagement mechanisms. Each interview took around one hour. The interviews were
conducted mostly online, and every interview was recorded with the interviewee’s consent.
Rather than being presented as a standalone section, the results of the interviews are woven
into the desk study description of the formal institutions and policies (see the following
Results Section). Though each of the above approaches has flaws, the combination of
different approaches offers a useful way to obtain some preliminary comparative insights
into the meaningfulness of engagement.

4. Results

As noted in the previous section, the study used three different techniques to determine
whether youth could meaningfully engage in sustainability processes in Finland and Japan.
The first part of this subsection brings in text mining and frequency counts of keywords.
The latter two parts of this subsection draw upon the desk study and complementary
interviews for Finland and Japan, respectively.

4.1. Results of the Text Mining

The text analysis provides an initial indication on how much youth engage in SDG
processes. As illustrated in Table 2, Finland’s key documents generally have more references to
the keywords highlighted in Section 3. This contrast is most apparent when comparing Japan’s
SDG principles and Finland’s roadmap. The former includes 25 references to youth-related
terms, while the latter includes 188 such references. It nonetheless merits noting that much of
the difference is due to references to “education”. In addition, the differences in the number of
references are smaller in the other two sets of analyzed documents, including both country’s
VNRs. To look more closely at whether these first-glance inferences are supported by other
evidence, the study reviews the formal institutions and policies for each country.

Table 2. Frequency counts of key words in the reviewed documents.

Japan Related Terms Finland Related Terms

SDGs Principles (2019) youth (1), young people (2),
education (14), next-generation (8) Roadmap (2022) youth (9), young people (5), education (168),

adolescent (6; all come along with “children”)

Action Plan (2023) Wakamono (11), jisedai (9) *,
kyoiku (104) Strategy (2022) youth (8), young people (5), education (165),

adolescent (6, all come along “children”)

VNR (2021)
youth (13), young people (20),

next generation (15), education (127),
adolescent (1)

VNR (2020) youth (35), young people (28), education (118)

* There were 24 references, but 9 were only used in the way this research intends.
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4.2. Desk Study and Interviews on Finland’s Youth Participation in Sustainability Processes

To understand how youth engagement works in Finland, it is important to provide
background on sustainable development institutions. That background begins with the
National Commission on Sustainable Development and Development Policy Committee
(hereafter: National Commission). The National Commission has been chaired by the Prime
Minister since 1993 and actively encourages participation. For instance, the National Com-
mission has encouraged a participatory approach to follow-up and review in Finland that
is held in high regard for strengthening stakeholder engagement and policy coherence [62].
The national follow-up and review system also includes innovative participatory elements,
such as a Citizen Panel that assesses the state of sustainable development and provides
information and citizen views to policymakers. Importantly, the citizen panel also reaches
out to and integrates inputs from young people.

There are also other measures taken to expand the involvement of young people in
SDGs’ implementation in Finland. These measures can be divided into two main areas.
One involves promoting forms of education that extend beyond formal schooling to lifelong
learning in an effort to empower young people to contribute to sustainable development.
Initiatives promoting education utilize existing mechanisms to support young people, such
as youth work [58] (p. 30 and p. 70).

While there are several mechanisms that promote engagement generally, the article
focuses chiefly on the Agenda 2030 Youth Group as a mechanism that enables youth
engagement specifically. The Agenda 2030 Youth Group is an institutionalized mechanism
for young representatives to participate in the decision-making process on sustainable
development. The Agenda 2030 Youth Group was established at the initiative of the
then Vice-Chair of the National Commission (Figure 2). It is composed of 12 people
and 2 equal-status chairs aged 15 to 28 years from diverse backgrounds across Finland.
It is intended to expand the involvement of a wide cross-section of young people. The
decision to include multiple youth representatives was based on the belief that appointing
a single youth delegate for sustainable development was not enough to capture the diverse
range of sentiments from young people in different places and stations in life [55] (p. 26).
Table 3 shows the summarized references on the group within the reviewed documents
categorized into four analytical categories.

Figure 2. Illustration of National 2030 Agenda structure in Finland [42] (p. 91).
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Table 3. References to areas in the analytical categories for the 2030 Agenda Youth Group.

Analytical
Categories

Relevant References (Summarized)

Aims and
Justifications

• Aim to expand young people’s involvement in SD policy to address
the issues (VNR, p. 14)

• Two expected roles: (1) to spur the Finnish National Commission
and bring young people’s voices to SD policy processes and public
debate; (2) to inform other young people of SDGs in their networks,
schools, and leisure activities (VNR, p. 27)

Power-sharing

• Sufficient autonomy on what they will do and what matters they
will promote (VNR, p. 27)

• Members’ recognition of a mechanism that brought them to the
center of SD decision-making processes, placing them on equal
footing with other parties as contributors to SD (VNR, p. 27)

• Members participated in the discussion on roadmap development,
and the individual section was developed within (Roadmap, p. 83)

Transparency and
Accountability

• The group is an institutionalized mechanism in the national SDGs
implementation process (VNR, p. 14)

• The member selection is conducted with the support of Finnish
Youth Cooperation, Alliansi (VNR, p. 27)

• The expected roles to play are clear (VNR, p. 27), and opportunities
for participation (both mandatory and voluntary) are listed (VNR,
p. 27/Roadmap, p. 83)

• The members’ evaluating comments on SDG processes are
integrated into VNR as part of follow-up and review
(VNR, p. 27, 97)

Support • Finish Youth Cooperation supports the engagement processes,
trying to make better representation within the group (VNR, p. 27)

Regarding the aims and justifications, Finland explicitly aims to establish the Agenda
2030 Youth Group to expand opportunities for young people to express their views in the
sustainable development policy process. The main justifications for creating this mechanism
are that it provides a guarantee on the fundamental right for young people to participate
and thereby improve sustainable development-related policies and services. Having this
justification and their expected roles made explicit is helpful because it firmly established that
young people can contribute substantively to national SDG processes (Group Interview, 2024).

In addition to having a well-defined role, the activities in which young people engage
are based on balanced power-sharing. This balance is achieved in several ways. For
example, it is mandated that the Agenda 2030 Youth Group regularly attends the National
Commission’s meetings to bring messages from different youth perspectives. They are also
invited to participate in critical SDG processes, such as the central government’s policy
development, budgeting, and follow-up and review. While the desk study highlighted these
more formal channels, interviewees further indicated that there are even more opportunities
called by the national government than they attend (Group Interview, 2024).

At the same time, there are guarantees of their autonomy or freedom from political
interference in SDG processes, thereby encouraging participation in public discussions and
dialogue around the SDGs. Some of these signs of balanced power-sharing are evident
in the active participation of young people as panelists or organizers of the stakeholders’
events, posting on social media, and media interviews. Young people also organize events
by themselves to reach a wider range of young people (Group Interview, 2024). Although it
is difficult to pinpoint precisely how an input influences a decision, there are several signs
that young people’s views are respected in critical decision-making processes. There is also
evidence that the effort to share power helps to energize young people to engage in public
discussions on sustainable development in partnership with other stakeholders.

The review of publicly available information suggests that youth engagement in
Finland is supported by relatively high levels of transparency and accountability. For
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instance, an open application process facilitated by the Finish Youth Cooperation called
Allianssi is used to determine who can join the 2030 Agenda Youth Group. The members
are selected to represent diverse backgrounds across Finland, including their interests in
the SDGs. This representativeness, when combined with the ability to participate in the
key processes mentioned above, may also help to increase transparency and accountability.
That is, policymakers may feel the need to share more information with different segments
of the youth population and feel more beholden to the interests of this diverse mix of young
people. While the documents imply this potential on paper, some members “do not feel
that they represent Finnish youth as a whole [55] (p. 28)”. It was also indicated that the
information about this mechanism was easily reachable to those who are in the “circle”,
who were already active and interested, but not “regular youth” (Group Interview, 2024).

The one area where Finland appears to perform less well compared to the other
elements in the framework is support. For this dimension, the allocated government
budget covers the travel, accommodation, and food expenses for the members, although
their work is on a voluntary basis; in other words, they do not receive financial incentives
for activities (Group Interview, 2024). Based on a review of the available documents, most
of the non-material support comes from the aforementioned group, Allianssi. Allianssi
serves as an advocacy organization for the youth sector with over 140 national youth and
education sector organizations. Funded by the Ministry of Education and Culture, Allianssi
endeavors to prevent the exclusion of young people and help young people to develop
into responsible members of society and participate in decision-making [63]. According
to interviews, Allianssi plays a secretariat function in this mechanism, supporting annual
recruitment processes and providing some technical support and advice to their own
initiated activities. Though Allianssi helps to a certain degree, some youth raised the
necessity of capacity development, especially technical and professional knowledge of
sustainability issues. Although potential youth representatives indicate their areas of
interest upon their selection, they still need to be knowledgeable about the field to make
a substantive contribution (Group Interview, 2024). There might be such a space for
improvement to enable their participation with confidence. There are nonetheless limited
details of the type of support provided for youth participation in SDG processes—though
one might presume that this assistance comes from other mechanisms reviewed herein.

In sum, Finland has created relatively well-established mechanisms aimed at enabling
meaningful youth participation in SDG processes. These mechanisms have clear aims and
justification, balanced power-sharing, and relatively high transparency and accountability
(though there may be scope for work in this area). The amount of support provided may
need to be increased.

4.3. Desk Study and Interviews on Japan’s Youth Participation in Sustainability Processes

Since its establishment in 2016, the SDGs Promotion Headquarters (hereafter Head-
quarters), composed of all Cabinet Ministers and led by the Prime Minister, has coordinated
SDGs’ implementation in Japan. As illustrated in Figure 3, the Headquarters promotes
stakeholder consultations through “SDGs Promotion Roundtable Meetings”, including
representatives from related government agencies, civil society, academia, the private sector,
and international organizations. This mechanism also reviews SDG progress, provides
inputs into the SDGs Implementation Guiding Principles (hereafter Principles), and deter-
mines recipients of the “Japan SDGs Award” to recognize best practices. The Headquarters
is responsible for monitoring the progress of measures taken in line with the Principles,
as well as raising awareness of the SDGs to increase public understanding and support
for engagement with the SDGs [64]. To help achieve the SDGs, the Principles set out three
pillars underpinning Japan’s “SDGs Model”: (1) “Promotion of Society 5.0 that corresponds
to the SDGs”, (2) “Regional Revitalization driven by the SDGs”, and (3) “Empowerment of
the next generation and women” [59] (p. 2). Japan has created two main channels to enable
young people with various backgrounds to contribute to achieving the SDGs: enhancement
of education policies and systems and the “Next-Generation Platform”.
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Figure 3. Illustration of the SDG implementation structure in Japan (Source: Authors).

Given the thematic scope of the article, most of the focus is placed on the
“Next-Generation Platform”. The Next-Generation Platform was established in 2018 under
the initiatives of the then Prime Minister. The Platform comprises seven Steering Commit-
tee Organizations: AISEC Japan, ETIC, G7/G20 Youth Japan, Junior Chamber International
Japan (JCI), Japan Disability Forum (JDF), Japan Model United Nations (JMUN), and Japan
Youth Platform for Sustainability (JYPS). These organizations have varied aims and activi-
ties and members. Among them, JYPS is the only organization led by young people under
30 years old to advocate youth engagement in the sustainability field [65]. The Platform
aims to “deepen the involvement of the next generation, who will play a leading role in pro-
moting the SDGs after 2030 [56] (p. 36)”. Table 4 summarizes the Platform’s performance
based on the four key elements in the analytical framework and the reviewed documents.

Table 4. References to areas in the analytical categories in Japan’s Next-Generation Platform.

Analytical
Categories

Relevant References (Summarized)

Aims and
Justifications

• “Empowerment of the next generation and women” as one of the
three pillars of Japan’s “SDGs Model” (Principles, p. 2)

• Work to accelerate the proactive promotion of SDGs by the next
generation and disseminate Japan’s SDGs Model regarding SDGs’
promotion by the next generation (Principles, p. 2)

Power-sharing • One youth from the Platform became a member of the “SDGs
Promotion Roundtable” (VNR, p. 5)

Transparency and
Accountability

• The platform is the institutionalized framework for the promotion of
the SDGs (Principles, p. 11)

• The activities conducted are showcased, also embedded in the national
governmental mechanism related to the SDGs process (VNR, p. 14)

• There was a discussion opportunity with the young generation in the
VNR preparation (VNR p. 5)

Support • No description was found related to the support given to the Platform

Regarding the aims and justification, the empowerment of the next generation and
women is listed as one of the key elements to support Japan’s SDGs Model and to achieve
the SDGs. While the importance of young people is recognized, the launch of Japan’s Next-
Generation Platform is offered as a good example of the government’s effort to concretize
that vision. However, there is no apparent justification for this initiative. According to
the Principles, the Platform is intended to let young people “think about how to promote
the SDGs and how to transform society when they become the main players [59] (p. 10)”.
Despite the stated goal of empowering younger generations, the Platform does not seem to
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offer an equally explicit justification for engagement—such as guaranteeing rights, utilizing
ideas for better policies and services, and developing knowledge, skills, and self-esteem.

For some of the same reasons, it is challenging to assess aims and justifications, and it
was also difficult to evaluate power-sharing. The Platform members are likely working on
the activities of each representative organization, but there is no reference to the activities
initiated by the Platform itself. As mentioned previously, one youth representative from
the Platform became a member of the roundtable in December 2021. Their involvement
in the roundtable started after the submission of the latest VNR, to discuss issues related
to the subsequent follow-up and review processes with other stakeholders. According to
the interviews, youth representatives are invited to consultation meetings twice a year to
discuss revising the Principles and Action Plan and are given the same mandate as other
adult members. However, youth stakeholders also find it difficult to influence the decision-
making process. This is because the meetings primarily aim to exchange views between the
Headquarters (government) and the non-government stakeholders, with decision-making
to be made by the government (Individual Interview, 2023). While they enjoy the same
mandate as other adult members, several interviewees suggested that they felt as if they
were less of a priority during consultations with lower-ranked government personnel
compared to other adult stakeholders. Despite the efforts to hear stakeholders’ opinions,
including young people, no information was available about the activities initiated by the
Platform or the extent of its influence on decision-making processes.

Similarly, there are almost no references to transparency and accountability. Although
all the meeting notes of the roundtable discussion are publicly available online, there is no
publicly available information about the Platform’s mechanisms or activities. The lack of
such references is apparent in the limited details on the member selection process: simply
stated, the reasons why some organizations were selected as the Steering Committee are
not laid out clearly, and references to which organizations act as members of the Platform
are also murky. The appointment of one youth representative mentioned may also provide
a relatively narrow base for holding decision-makers accountable to different groups of
young people. Combined with the limited clarity under the power-sharing category, there
may be a need for greater transparency and broader accountability.

Lastly, there is almost no description of the Platform initiatives in terms of support.
According to the one related reference found in the SDGs Action Plan, there is no specific
budget allocation for operating this initiative for the years 2022 and 2023 [60] (p. 94, 95).
The interviews underlined the same point: there is a lack of financial compensation for
their activities. The youth representatives invited to the roundtable meetings receive
compensation with a daily allowance; however, they do not receive any financial support
for their activities. Furthermore, the meetings are often held on weekdays in Tokyo in
an in-person format only, which is preferable for business persons; on the other hand, it
makes it difficult for youth representatives, especially if they live far from the capital. Of
course, financial support is not only a way of enabling young people’s participation but
it also strongly influences their continuous engagement. Another difficulty in sustaining
their activities is member recruitment and capacity development. The vast majority of the
members of the Steering Committee Organizations are college students, who mostly stay
active for two to three years only. For a similar reason, many young people leave their
activities to pursue studies and career development or give up for economic reasons—and
this could prevent the involvement of diverse young people. Informally, one of the steering
committee organizations, the Junior Chamber, consisting of young working professionals
below 40 years old, offered to serve as a quasi-secretariat of the Platform to assist activities
(Individual Interview, 2023). However, more formal and structural support, including
financial assistance or incentives, is likely needed. Otherwise, it may limit the Platform’s
effectiveness, potentially excluding less socially and economically privileged youth.

Though the above review suggests there exists scope for improvement, it merits
highlighting that it was a significant step for Japan to create a mechanism to engage young
people in SDGs’ implementation. Importantly, the review suggests areas in which Japan
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may want to take additional steps. These include making clearer links between aims and
justifications and concrete activities. This would entail going beyond simply “think[ing]
about how to promote SDGs and how to transform society when they become the main
players” to have a right and role to influencing activities now—and into the future. In
a similar vein, though awareness-raising is important, it is arguably just as vital to have
more balance in power dynamics so that people’s views have a discernible impact in the
matters affecting them. A clearer understanding of young people’s competencies and
responsibilities would further lead to more equitable power-sharing while also boosting
transparency and accountability. Last but not least, support, particularly clear budget
lines, and continuous assistance, including secretariat functions and providing capacity
development opportunities, could increase the involvement of young people from more
diverse backgrounds.

4.4. Preliminary Comparative Assessment

Though the picture painted in this section is based chiefly on text mining and descrip-
tions of institutions and complementary interviews, they nonetheless shed some useful
initial light on how meaningful youth engagement is in Japan and Finland. More concretely,
the results suggest that there are differences in how much Finland and Japan support
youth engagement in sustainability processes. Those differences are succinctly summarized
in Table 5 that breaks down the comparison by the analytical categories distilled from
the literature review. Table 5 shows that, by and large, Finland’s aims and justifications,
power-sharing, and transparency and accountability tend be clearer and stronger than
Japan’s. Meanwhile, both countries could do better in offering support for young people.
The next section discusses these findings and their broader implications.

Table 5. Comparison of Finland and Japan.

Analytical Categories Finland Japan

Aims and
Justifications

There are clear aims and justifications for
establishment. They aim to expand opportunities

for young people to express their views in SD
policy processes, guarantee their fundamental
right to participate, and improve SD-related

policies and services.

Despite its intention to empower the next
generation, the Platform lacks a clear justification.
The platform encourages young people to think

about promoting SDGs but does not provide
justifications such as guaranteeing their rights or

utilizing their ideas for policy improvement.

Power-sharing

Group members actively participate in national SDG
processes, attend government meetings, and engage
in policy development and budgeting. Autonomy in

their activities is guaranteed, and they engage in
public dialogue, social media, and media interviews

to inform young people about SDGs.

The activities conducted by the Platform are not
well-described in the documents, making it difficult
to assess shared power. Although the representatives
sent to the roundtable are given the same mandate as
other adult stakeholders, structurally, they have no

power in the decision-making.

Transparency and
Accountability

Finland’s member selection process for group
members is relatively open, although there is room

for improvement in extending representation. Youth
engagement contributes to government

accountability, especially in follow-up and
review processes.

Japan’s reviewed documents lack transparency and
accountability, especially in the selection process and

representation of the Platform’s members. In
addition, the Platform’s activities are unclear, as well
as how influential it is in decision-making processes.

Support

Finland provides some material and non-material
support for youth activities in SDG processes

through the Youth Council. Their necessary expenses
are well-covered, but not for their work.

Little assistance is provided with Platform activities.
Some non-material support is provided on a
voluntary basis; the lack of financial support,

especially, may limit the effectiveness of
Platform activities.

5. Discussion

Young people’s involvement in SDG processes is important, as it is gaining recognition
at the highest levels in Finland and Japan. This realization has paid some dividends;
there has been progress in involving youth in the SDGs and related processes through the
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creation of the 2030 Agenda Youth Group and the Next-Generation Platform in Japan in
Finland. However, there is arguably a need to dig deeper into the actual operations of these
mechanisms and determine whether they truly facilitate meaningful youth engagement.

In considering ways to dig deeper, it should be noted that analyzing stakeholder
engagement in SDG-related documents such as VNRs is an imperfect science; these docu-
ments do not always fully articulate their goals or outline relevant activities [66]. These
limitations notwithstanding, Finland’s approach appears to cover more of the criteria asso-
ciated with meaningful engagement than Japan’s. While recognizing the four analytical
categories are interrelated and difficult to disentangle, the following discussion divides the
comparison into those categories for ease of presentation.

1. Aims and Justifications: For engagement to be truly meaningful, defining the relevant
aims and supporting justifications for participation is essential. In Japan, the aims and
justification for including youth are short on details and tend to rest chiefly on the
need for information-sharing and awareness—a finding that is not unique to Japan as
many countries tend to focus on information-sharing and SDG promotion. In the case
of Finland, there tends to be not only a more varied set of aims and activities but also
more clearly explicated underlining justifications. The clearer aims and justification
would help to identify the appropriate youth to hear their opinions, especially to make
progress on youth-related SDGs. In doing so, there would be a more deliberate effort
to engage youth from different locations and social segments so as not to simply cater
to, for example, socially advantaged groups [44,67,68].

2. Power-sharing: Similar to the first element, Finland appears to have made greater
efforts to balance power dynamics. To illustrate, young people are regularly invited
to participate in high-level sustainable development meetings while enjoying the
autonomy to conduct pertinent activities. Further, this balance has arguably helped
to build the confidence needed to launch related activities, such as the formation
of a climate-focused sub-group within the Agenda 2030 Youth Group in Finland in
2023 [69]. In Japan, the youth representatives are equally responsible with the adult
stakeholders in the roundtable; they are structurally limited to influencing and shaping
the trajectory of the decisions. Despite the existence of the Platform, Japan has tended
to limit the power and autonomy offered to young people, keeping the scope of those
activities circumscribed within their respective organizations.

3. Transparency and Accountability: As noted previously, transparency and accountabil-
ity are also critical elements to ensuring that young people are meaningfully engaging
in the SDG process. In this case, Finland also tends to demonstrate a clearer commit-
ment to these principles and related practices. This is evident in both the relatively
open selection of multiple youth representatives as well as the role in important pro-
cesses that can boost accountability, such as the follow-up and review. In the case of
Japan, there is more scope for improvement in explaining how youth representatives
are selected and how the mechanism operates, moving from informal agreements to
transparent long-term contracts and arrangements [38].

4. Support: Perhaps more so than other forms of engagement, youth engagement neces-
sitates support. Both countries could improve their engagement mechanisms in this
regard, ensuring varied participation channels to communicate with a wider youth
segment and providing adequate compensation, capacity building, and empowerment,
especially for underrepresented and vulnerable youth. In Finland, the continuous
backing of youth-led initiatives through official platforms, like Alliansi or National
Youth Councils, may offer some forms of support. On the contrary, Japan should take
specific measures to support its activities; otherwise, this could eventually engage the
limited segment of young people who are already capable and socio-economically priv-
ileged. This might inadvertently keep young people who are vulnerable as recipients
of “care” rather than as participants to be empowered.
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6. Conclusions

At the most general level, participation requires a well-designed set of institutions—that
is, a set of rules and structures that continually encourage diverse voices to engage in the
public sphere. Creating these institutions to foster the meaningful participation of young
people in sustainability processes is increasingly viewed as integral to accelerating progress
on the SDGs. Not only can it help to build intergenerational trust and social cohesion, but
it also ensures fresh and forward-looking ideas that inform the policies where youth have
strong interests, including education, clean energy, and climate change.

Many governments have therefore made commendable efforts to engage young people
in these decisions. Some research has developed heuristics to determine the degree to
which engagement matters or is meaningful. There have nonetheless been few efforts to
use insights from that research to compare youth engagement across countries.

This article employs a novel approach to address this gap in understanding and answer
a critical question: how do countries compare in terms of meaningful youth engagement
in sustainability processes? That approach uses a framework based on four analytical
categories that have been argued to underpin meaningful youth engagement: aims and
justification, power-sharing, transparency and accountability, and support. It then employs
the framework to assess how Japan and Finland perform in each of these areas. The
comparison suggests that Finland’s effort to engage youth exhibits greater attention to the
areas highlighted in this framework. This is particularly apparent in the first three elements
of the framework, where there is a clearer presentation of aims and justifications, more
balanced power-sharing, and greater transparency and accountability. Both countries, the
article suggests, may need to do more to extend support to young people.

Expanding upon the conclusion, it warrants highlighting that the article also opens
channels for future inquiry. As previously mentioned, comparative analysis of relevant
policy documents may offer an incomplete picture of how formal institutions actually
operate and how young people actually engage. The article addresses this issue to some
degree by noting that the conclusions drawn herein are still preliminary. In addition, it
also brings in key informant interviews to supplement inferences; however, a clear way
forward is expanding the group of interviewees to include not only youth stakeholders
but also other relevant stakeholders, such as policy and decision-makers, researchers, and
other civil society members.

Another avenue for future exploration lies in examining the influence of demographic
differences on participation. For instance, Finland’s population is approximately 5.5 million,
significantly smaller than Japan’s 122 million. Given these demographic disparities, it may
be beneficial to compare mechanisms across smaller countries like Finland. It may also
be possible to examine differences and similarities with local-level mechanisms in bigger
countries like Japan to discern variations in youth engagement mechanisms/strategies and
their effectiveness. In addition, it may be useful to examine the influence of the regional
level. Not limited to UN initiatives, the Finnish case indicates there might also be some
influences from regional frameworks and cooperation, such as the European Union, the
Council of Europe, and the Nordic Councils.

Another important consideration that has thus far been underemphasized is socio-
cultural differences. Differences in underlying traditions and belief systems may play a
significant role in participation and power-sharing. For instance, the Finnish documents
highlight a strong tradition of participation, whereas social science studies on values
indicate varying preferences for political participation among people across cultures. Com-
paring the approaches of various countries in involving youth can help to shed light on the
reasons for the diverse pathways and effective strategies to enhance youth participation
within different cultural contexts.

Further, it may be necessary to revisit the framework employed in this analysis. This
research has suggested that Finland may place greater emphasis on downstream partic-
ipation opportunities. Instead, Japan’s emphasis appears to lean towards strengthening
upstream formal school education for sustainable development, which was not featured in
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the framework. The framework’s key elements were originally designed to incorporate
various ways of contributing to youth engagement in SDG processes, but it admittedly
downplays the crucial role of education.

Finally, there may be scope to use the analyses offered herein to better understand how
more meaningful youth engagement translates into performance on key SDGs. In this connec-
tion, additional work could look at whether there is a correlation between youth engagement
on SDGs where there are clear benefits for young people such as SDG 4 (education) and areas
where there are clear opportunities to trigger real-world changes such as SDGs 7 (clean
energy) and 13 (climate change). In carrying out this research, one might hypothesize that
more meaningful engagement is correlated with, for instance, quality education (SDG 4)
and a willingness to take concrete actions that conserve energy (SDG 7) and address the
climate crisis (SDG 13). Conducting this kind of study would ideally require expanding the
number of cases and related assessments of youth engagement mechanisms. Importantly,
this study offers a feasible approach for making that comparison.

In sum, there is ample room to delve deeper into the dynamics of youth engagement,
accounting for reporting gaps, demographic influences, and cultural nuances, ultimately
advancing understandings of how to foster effective youth participation in the SDGs in
various contexts. It is also clear that looking more closely at the links between youth
engagement and SDG performance would be mutually beneficial for young people and the
sustainability of the planet.
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Abstract: This paper addresses a pragmatic and well-articulated qualitative methodology for the
identification, prioritization, and consultation of stakeholder groups for a higher education institution
as a key element for the organization in the context of digital transformation and Industry 5.0. First,
the identification phase required technological surveillance and competitive intelligence, which
allowed for defining the organization’s stakeholders and their characteristics. Then, the prioritization
phase was performed to determine the stakeholders that potentially will have the greatest impact
on achieving the institution’s strategic objectives to the targets of the Sustainable Development
Goals prioritized by the institution, and those who will be most affected (positively or negatively)
by the HEI activities. Finally, different methods and technological tools were used for consulting
internal and external stakeholders, according to the type of relationship with each group, which
allowed the understanding of the perceptions of different stakeholder groups on issues such as
gender equity, mental health, regenerative economy, and diversity training. The results are then
presented in terms of organizational context, where the concept of stakeholder group was defined by
the dynamics of the selected HEI; the prioritized stakeholders include students, employees, academic
and research sector, public sector, business sector, social sector, community, archdiocese and diocese,
alumni, donors, and benefactors. This approach enabled the identification of issues that became a
priority in the university’s actions towards the future. Although the presented methodology is mainly
qualitative, which can represent a high degree of subjectivity, the stakeholder prioritization exercise
provides organizations with inputs for decision making aligned with their needs and expectations.
Using such a methodology can help the organization to experience structural changes reflected in
improved strategic alignment, understanding, and satisfaction of stakeholders’ expectations and
needs, enhancement of reputation, risk and conflict mitigation, and the consolidation of long-term
healthy and trustworthy relationships, in the context of Society 5.0, where human-centered solutions
are expected.

Keywords: stakeholders prioritization; sustainable corporate governance; corporate strategy;
stakeholder responsibility; Industry 5.0; Society 5.0

1. Introduction

In 2015, all the member states of the United Nations (UN) approved the 2030 Agenda
for Sustainable Development [1]. The 2030 Agenda aims to end poverty, protect the planet,
and ensure prosperity and peace for all human beings [2,3]. The 2030 Agenda, as a global
purpose, has required the construction and modeling of different mechanisms that link
scenarios of environmental and social order to be more precise in fulfilling its objectives and
set goals. The main backbone of the UN Sustainable Development Program is constituted
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by 17 main Sustainable Development Goals (SDGs), which aim to address current global
issues in the areas of economic, social, environmental, and political security [4,5]. In these
guidelines generated by the UN through the 2030 Agenda for transforming the world, there
is a specific call for the education sector, mainly higher education institutions (HEIs), as
they play a key role in increasing students’ knowledge about sustainability, transforming
their attitudes, and motivating them to promote or participate in sustainable behaviors [6].

The accelerated pace of the world’s growth due to business models, digital trans-
formation (DT), process innovation, and other deployed forms of social, economic, and
environmental dimensions of sustainability, has generated a temporal and functional cate-
gorization of each stage. The term “Industry 5.0” has been included in such sustainable
development dialogue as a concept complementing the well-known term “Industry 4.0”,
since this concept has recently emerged to portray the vision of a future that uses modern
technologies for the benefit of society [7,8]. Advocates of Industry 5.0 believe that Industry
4.0 is not the appropriate framework for achieving sustainable development [9], and the
European Commission has presented a vision for the future of the European industry in
its policy report, named Industry 5.0, which has three central concepts: human-centricity,
sustainability, and resilience. The purpose of such central concepts is to integrate a com-
plementary vision between the digital industry and society. Hence, the concept of Society
5.0 also emerges, which aims to balance economic advancement with the resolution of
social problems [10,11]. The goal of Society 5.0 is to contribute to the development of an
intelligent and human-centric society, allowing all citizens to access a high-quality life, full
of comfort and vitality, providing the necessary goods and services for people through the
fusion of cyberspace and the physical world.

The integration of humanity into different sectoral environments has required trans-
formations that directly impact the conditions of the economy, markets, digital scenarios,
and other structures of social development [12–14]. From here, precise needs arise regard-
ing the effective linkage of new transformation pathways, focusing on the benefits and
possibilities of improving human and natural environments [15]. To achieve this, it is
necessary to transcend the mere adaptation of organizations to present changes and to
generate ecosystems based on a culture of promoting innovation, dynamics of leveraging
the digitization of things, and disruptive leadership focused on human capital. As Khairy
et al. [16] point out, “In today’s accelerated and constantly changing business environment,
characterized by rapid technological advancements, unpredictable market conditions, and
changing customer expectations, organizational agility has become a critical factor for
long-term success”.

The transformation from the Fourth Industrial Revolution (Industry 4.0) to 5.0 is cur-
rently an ongoing process and is characterized by the integration of advanced technologies
such as artificial intelligence, virtual and augmented reality, and advanced robotics, among
others [17]. Industry 5.0 opens a scenario of inclusion in issues that directly contribute to
environmental sustainability, such as efficient waste management, the use of alternative
energies, and the optimization of resource use [18]. Furthermore, it focuses on promoting
the formulation of industrial systems that directly impact improving human conditions in
their individual and collective forms, such as social well-being, the inclusion of governance
principles such as transparency and participation, social appropriation of knowledge, and
the creation of standards for social and environmental development [19]. Hence, Industry
5.0 represents a historical moment where it is essential to ensure that technology is used for
social welfare purposes [20].

Consequently, skills encompassing emotional intelligence, resilience, empathy, cre-
ativity, and critical thinking will emerge as crucial competencies to cultivate a productive
and skilled workforce, prepared to meet future demands that include human–machine
interactions [21]. Humans excel in areas such as interpersonal interactions, intuition, and
complex decision making. Nonetheless, although humans and machines can arrive at the
same answer, their different thinking processes result in different paths to conclusions.
Building on the aforementioned, it is important to identify those stakeholders who have
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direct or indirect links to the actions undertaken in line with the integration between in-
dustry, its innovations, and developments with the fulfillment of the 2030 Agenda [22].
Therefore, identifying expectations and demands of stakeholders, and integrating them
into the strategy of organizations, is a powerful tool for the success of socially responsible
positioning [23–25].

As mentioned by Colle [26], stakeholders are all those identifiable groups or individu-
als on whom an organization depends for its survival, sometimes referred to as primary
stakeholders: shareholders, employees, customers, suppliers, and key government agencies.
However, on a broader level, a stakeholder is any identifiable group or individual who
can affect or be affected by the organization’s performance in terms of products, policies,
and work [27]. Colle [26] argues that stakeholder marketing is slowly merging with the
broader thinking that has emerged in stakeholder management and ethics literature over
the past quarter century. However, the prevailing view of stakeholders advocated by many
marketing specialists remains primarily pragmatic and company-centered. The position
advocated here is that stronger forms of stakeholder marketing are needed to reflect more
normative, macro/social, and network-centered orientations [28].

The process of stakeholder prioritization holds pivotal importance in sustainable
development, particularly within the context of digital transformation and the advent of
Society 5.0. Some recent works show how this prioritization process has been conducted
within different contexts, including environmental management [29], circular bioecon-
omy [30], textile industry [31], electric vehicle industry, [32], and research and innovation
projects [33], among others. To understand the needs and expectations of stakeholders in
institutions, it is necessary to establish, according to the dynamics of each organization, the
concept of stakeholder groups and to compile a list of those who are impacted directly or
indirectly by the institution. In the case of HEIs, universities have several stakeholders, and
it is impossible to manage them all in the same way, making stakeholder management a
complex issue to apply in practice [34,35]. After identifying the stakeholder groups, they
should be classified to define consultation strategies and actions.

In this way, this work presents a methodology to show the direct relationship that
exists between Industry 5.0 and the strategies of identification, prioritization, consultation,
and dynamism of stakeholder groups to contribute to the fulfillment of the objectives
and goals proposed in the 2030 Agenda. The proposed methodology has the following
contributions: (i) it allows organizations to prioritize their stakeholders about the fulfillment
of the 2030 Agenda for Sustainable Development, (ii) it recognizes organizational strategic
goals according to their stakeholders, (iii) it is adaptable and flexible to various needs
and expectations in different spatial and temporal contexts, and (iv) it is a consultative
methodology that is easy to adopt for stakeholders, incorporating Industry 5.0 into decision
making. The hypothesis of this work is that organizations that prioritize stakeholder
groups using a pragmatic and well-articulated methodology experience structural changes
reflected in improved strategic alignment, understanding, and satisfaction of stakeholders’
expectations and needs, enhancement of reputation, risk and conflict mitigation, and
the consolidation of long-term healthy and trustworthy relationships, in the context of
Society 5.0, where human-centered solutions are expected. The organization of the paper
is as follows: Section 2 contains the process for identifying, prioritizing, and consulting
stakeholders. Section 3 shows the results for a higher education institution. Then, Section 4
contains the discussion, and finally, conclusions are presented in Section 6.

2. Materials and Methods

The process of identifying, prioritizing, and consulting stakeholders of an institution
involves a series of steps that can be consolidated into three phases.

2.1. Phase I. Identification

The identification phase comprises three main components, which are described
as follows.
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• Technological Surveillance and Competitive Intelligence Study. The aim of this study
is to analyze quantitative and qualitative valorization methodologies and identify
the best models for stakeholder identification [36]. Databases, scientific articles, and
company experiences serve as inputs for the first phase.

• Definition of Stakeholders. Based on the results of the technological surveillance and
competitive intelligence study, the institution defines the concept of stakeholders and
describes their characteristics and purpose. The study provides tools and context
for the institution, but the institution formulates the actual concept to describe its
stakeholder relationships [37].

• Stakeholder List. The final outcome of this phase is to create the preliminary stake-
holder list. This list should contain stakeholders impacted by the institution [37]. It is
important that this list includes the institution’s mission and strategic plan, especially
the strategic lines, programs, and plans.

2.2. Phase II. Prioritization

The prioritization of stakeholders is performed by identifying those who potentially
will have the greatest impact on achieving the institution’s strategic objectives and those
who will be most affected—positively or negatively—by its activities.

Understanding stakeholders as counterparts with whom there must be assertive rela-
tionships in favor of a dynamic exchange of ideas and issues to address at the institution,
an analysis exercise must be carried out for each of the prioritized stakeholder groups,
based on two key variables for the identification and validation of their participation in the
institution: contribution and impact. Contribution is the criterion that allows for measuring
how much a stakeholder group influences the strategic lines [38], the relationship, and
the contribution to achieving the prioritized Sustainable Development Goals’ (SDGs) tar-
gets [39]; on the other hand, the second variable, impact, allows for identifying the benefit
or the impact that stakeholders obtain in the same proposed scope [40].

The stakeholder groups described in the first phase are evaluated based on the vari-
ables: contribution and impact, applied to the strategic lines, the relationship, and the
prioritization of SDGs and their targets. The rating will range from 0 to 1, with 0 being the
value assigned when the criteria have no relationship with the evaluated variables, and
the number 1 is assigned to the stakeholder groups that do have some relationship with
these variables.

The scoring that allows for obtaining the final result of the stakeholder analysis is
defined based on the following percentages:

• Contribution 50%: this percentage corresponds to 20% in strategic lines, 15% in
effectiveness in strategic communication, and 15% in contributions to the targets of
the prioritized SDGs.

• Impact 50%: this percentage corresponds to 20% in strategic lines, 15% in consulta-
tion and relationship, and 15% in incidence of the goals of the prioritized SDGs on
stakeholder groups.

The results of the prioritization of stakeholder groups are visualized through a scatter
plot, which allows for identifying the degree of contribution and the impact of each one by
quadrant. Those groups located in the upper-right quadrant will be selected.

2.3. Phase III. Consultation

To promote the participation of stakeholders, different strategies for internal and
external consultation must be designed. Such strategies include workshops, surveys, focus
groups, meetings, among others; the use of social networks as a communication channel
needs to be promoted to achieve a broader interaction where people can express their ideas
and contributions more dynamically [41].

The definition of stakeholders is a joint construction, in which it is important to
establish a common definition route, where different areas of the institution participate
in all stages of prioritization, from identification and consultation tools to appropriate
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mechanisms for collecting and analyzing results [37]. In line with this, a consultation
exercise needs to be conducted with units that lead relationship matters and that have a
direct impact on stakeholders. In the case of an HEI, for instance, these internal stakeholders
can include Alumni, Institutional Welfare, Extension, Planning, Teaching, Communications,
Marketing, Advanced Training, Research, and Internationalization, among others [42,43];
their opinion on existing stakeholder groups and the consultation methods should be
consulted in this process.

3. Results

The methodology for the identification, prioritization, and consultation of stakeholder
groups was applied by conducting a case study for the Universidad Pontificia Bolivari-
ana (UPB), which is a private non-profit multicampus HEI, with headquarters located at
Medellín, Colombia [44]. Such institution has been promoting the sustainability culture, by
creating the Sustainability Office in 2017, and became the first carbon-neutral university in
Latin America by 2018 [45].

3.1. Phase I. Identification
3.1.1. Technological Surveillance and Competitive Intelligence Study

The surveillance study carried out by the UPB’s Analytics and Context Studies Office
was developed in two stages: in the first one, the methods and criteria for prioritizing
stakeholder groups were addressed, including the qualitative and quantitative assessment
of the criteria and some general guidelines for the analysis of the resulting matrices. The
second stage focused on the identification of processes for prioritizing stakeholder groups in
national and international HEIs in the context of sustainability strategy; the methodologies
of four HEIs were consulted: University of Antioquia [46] (local context), Simón Bolívar
University [47] and EAN University [48] (national context), and Royal Melbourne Institute
of Technology University [49] (international context).

The identification study yielded the following points for the first stage:

(i) Five sets of criteria for prioritizing stakeholder groups were identified: Power/Interest,
Opportunity/Interest, Affectation/Influence, Power/Legitimacy/Urgency (Promi-
nence Matrix), and a criterion integration method.

(ii) The Affectation/Influence matrix was implemented as in [50].
(iii) The criterion integration methodology was applied to the prioritization of stakeholder

groups for environmental management in Sharpe’s study [29], considering 10 criteria:
Level of Interest, Level of Influence, Magnitude of Impact, Probability of Impact,
Urgency/Temporal Immediacy, Proximity, Economic Interest, Rights, Equity, and
Underrepresented/Underserved Populations.

(iv) The quantitative assessment of prioritization factors/criteria varies depending on
the source.

(v) The resulting classification from the assessment process will indicate the level of
appropriate treatment for the stakeholder or stakeholder group, and in general, the
points of their treatment are addressed in this report.

These results represent an outcome aligned with the central proposal of Industry 5.0,
where the inclusion of the human component is prioritized through the identification and
prioritization of stakeholder groups, contributing to the theme of human centrality, which
is one of the three main concepts of Industry 5.0. The human focus, a central value of
Industry 5.0, places humans at the center of production, leading to the prioritization of
human needs, ranging from health and safety to self-realization and personal growth [51].

The second stage of the identification phase yielded the following:

(i) The University of Antioquia [46] applies the Affectation/Influence matrix in its stake-
holder group prioritization process in the sustainability strategy in the way reported
in [50].
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(ii) Simón Bolívar University [47], with the support of ARCO Consultores (a consulting
company), carried out the identification and prioritization of the university’s stake-
holder groups in the context of materiality analysis. The work methodology included
the following steps: (a) identification of university stakeholder groups, (b) validation
of stakeholder groups, and (c) stakeholder group prioritization process.

(iii) The matrix proposed by EAN University [48] considers five criteria: decision making,
income generation, business operation, organizational strategy, and reputation.

(iv) The Royal Melbourne Institute of Technology [49] includes the following criteria in its
annual sustainability report: representation, dependency, responsibility, and influence.

The attributes related to the effect and influence of stakeholder groups are drivers
of an inclusion strategy that takes into account all the components identified in the envi-
ronment. In this way, resilience patterns were identified, one of the three central concepts
of Industry 5.0, thus integrating the human component and the impacts of the industry
and the various economic sectors. The main argument of the stakeholder theory is that an
organization has relationships with various constituent groups (both internal and external)
and can generate and maintain their support by considering and balancing their relevant
interests [52].

3.1.2. Sectoral Analysis

An analysis of management and sustainability reports was conducted on various
companies and universities to identify the most representative stakeholder groups and the
most used prioritization methodologies, supplementing the results of the technological
surveillance study. The selected companies are recognized for their sustainability reputation
and their national leadership in stakeholders’ engagement. The chosen universities were
the top 5 of the QS “Universities for Environmental and Social Sustainability” ranking for
2023 [53]. The analyzed organizations and universities include Argos, Bavaria, Enka, AES,
Cerrejón, Nutresa, ISA, Postobón, XM, and Uniban, University of California, University
of Toronto, University of British Columbia, University of Edinburgh, and University of
New South Wales (UNSW). The details of this review and analysis exercise are presented
as follows.

The analysis of companies allows for the identification of various strategies they apply
to characterize their stakeholder groups. These strategies include the incorporation of Envi-
ronmental, Social, and Governance (ESG) criteria; the establishment of internal committees;
and the creation of strategic maps from sustainable value perspectives, including share-
holder value, social and environmental impact, and corporate validity. These companies
periodically produce sustainability reports and validate the stakeholder groups every 3
years through materiality analysis.

• Argos: it uses specialized software to monitor external risks and opportunities related
to ESG issues across different industries and peers in the construction sector. Through
this process, priority stakeholder groups were identified [54].

• AES Colombia: in 2013, AES Colombia identified the most relevant stakeholder groups
for the organization through a strategic work session with the AES Colombia Manage-
ment Committee. During this session, each stakeholder was analyzed, focusing on
the impact of the company’s operations on them and their impact on the company’s
operations. This prioritization of stakeholder groups is validated every 3 years by
conducting a materiality analysis, during which it is assessed whether there is a need
to add or remove any specific group due to the impact of the company’s operations
and the impact these groups have on the operations [55].

• Cerrejón: it does not specify how stakeholder groups are prioritized. They have
identified the following groups: employees and contractors, union members, sup-
pliers, shareholders, customers, governmental and regulatory entities, communities,
traditional authorities, non-governmental organizations, trade associations, opinion
leaders, civil society, and the media. Annually, they conduct a corporate reputation
study [56].
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• ISA: for ISA companies, stakeholder groups consist of individuals, organizations, and
institutions with whom they build and share common interests and who could be
affected by the company’s services or activities. The relationship between these groups
and the companies is clear, visible, and legitimate [57].

• XM: their direction is based on the company’s strategic map, which outlines the
organization’s objectives from the perspectives of sustainable value: shareholder value,
social and environmental impact, and corporate validity. This is achieved through
the pillars of its VIDA strategy, which stands (in Spanish) for Green, Innovation,
Development, and Articulation. The impacted stakeholder groups include customers,
employees, the state, suppliers, and society [58].

• Bavaria: in 2020, the parent company AB InBev conducted a materiality analysis in
which they identified key social, environmental, and economic themes prioritized by
their stakeholder groups. These were classified in a materiality matrix according to the
degree of interest and the potential impact on the business. Civil organizations, non-
governmental organizations (NGOs), buyers (retailers), and consumers, regulators,
suppliers, investors, and partners are among the external actors considered in the
global-level analysis. Bavaria recognizes the importance of working hand in hand
with its internal and external stakeholder groups to create high-impact and sustainable
projects over time. Currently, they are developing a specific materiality analysis for the
operation in Colombia, which will precisely understand the interests and expectations
of the stakeholder groups [59].

• Enka: the last update of the Materiality Matrix was carried out in 2021, when the most
important issues for our stakeholder groups and the company were defined, which
remain valid. It will be reviewed again in 2023, with the aim of including not only the
issues that impact the company in its current environment but also those that could
affect its future financial performance, in accordance with the new requirements of the
Financial Superintendence of Colombia [60].

• Nutresa: the Corporate Governance, Risk Management, and Compliance models of
Grupo Nutresa are constantly challenged by the social, political, and economic dy-
namics of the countries where the organization operates. Therefore, it is fundamental
to have an appropriate definition and implementation of controls for the identified
risks that, given the environment, could materialize and result in ethical breaches or
inappropriate behaviors by third parties and the organization’s personnel. This can
impact the reputation, the relationship with stakeholder groups, market loss, and legal
sanctions [61].

• Postobón: it understands stakeholder groups as representative sets of individuals,
groups, or organizations with whom it maintains relationships of trust and credibility,
in addition to commitments, in order to achieve its strategic goal of being a sustainable
company [62].

• Uniban: for the consultation process, they took a sample of 509 contacts from different
stakeholders and received 445 responses, representing an overall participation rate
of 87%. Twenty-four percent of the surveys were conducted via email, and 76% by
telephone. In these latter cases, some stakeholder groups, such as the community and
banana workers, appreciated that Uniban included them in these processes [63].

The analysis of the universities reveals the positioning of the sustainability offices and
the integrated work with teaching and research, and highlights the real need to produce
reports using international methodologies or, alternatively, prioritize goals with a short-
and medium-term scope, in line with global objectives.

• The University of California, Berkeley (UCB), has a sustainability office. The report is
available on the website (it is not GRI standard) and does not present a methodology
for the identification, consultation, and prioritization of stakeholder groups [64].

• The University of Toronto has a sustainability office and a 10-year strategic plan.
It does not produce sustainability reports and lacks a methodology for prioritizing
stakeholder groups [65].
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• The University of British Columbia has a sustainability strategy based on academic
offerings and research. There is a dedicated sustainability team, but they do not
produce reports [66].

• The University of Edinburgh has a strategy up to 2030 and a plan that includes 32 com-
mitments to impact the surrounding communities. They do not have a sustainability
report or a differentiated strategy for stakeholder groups [67].

• The University of New South Wales (UNSW) has an environmental plan for the period
2022–2024 focused on climate change, physical infrastructure, and efficient use of
resources. They have prioritized 9 of the 17 Sustainable Development Goals (SDGs).
There is no information related to stakeholder groups provided [68].

3.1.3. Definition of Stakeholders

In accordance with the results of the technological surveillance and sector analysis
study, the UPB consolidated the definition of its stakeholder groups; such definition was
provided by the Sustainability Office, as follows: “For the University, stakeholders are the
actors in the ecosystem of which the UPB is part, with whom it must relate and attend in a
strategic and differentiated way through the development and transfer of its value offer,
aiming to contribute to transformation, sustainability, and the achievement of everyone’s
purposes”. This redefinition allows for considering individuals and organizations with
which the UPB has a direct relationship, in accordance with its mission axes and macro-
processes outlined in the Institutional Development Plan.

3.1.4. Stakeholder´s List

The university has been developing for 87 years with the work of those who have
made their contributions from different and relevant roles. For this reason, the identification
of UPB’s stakeholders has been an exercise valued from the methodology and recognized
by its role in the university. Stakeholders have been categorized as internal or external
(Figure 1). In this way, a bidirectional relationship of participation has been generated, and
different alternatives of communication and consultation methods have been used to allow
a continuous, effective, and close dialogue.

STAKEHOLDERS

Students

Employees and
Executives

Academic
and research

sector

Public
sector

Business
sector

Social sectorInternational
Organizations

Media,
Valuable

content generators
and influencers.

Archdiocese
and dioceses

Alumni

Donors and
benefactors

Community

Union

Figure 1. University stakeholders.
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3.2. Phase II. Prioritization

As mentioned in the previous chapter, to prioritize stakeholder groups, evaluation
criteria were specified. First, the concept of contribution and impact was defined. Following
this, the university’s four strategic lines were identified, and finally, the goals contributing
to the sustainable SDGs prioritized by the UPB were established.

3.2.1. Contribution and Impact

Contribution is the criterion that allows for measuring how much a stakeholder group
influences the strategic lines, the relationship, and the contribution to achieving the goals
of the prioritized Sustainable Development Goals. On the other hand, the second variable,
impact, identifies the benefit or detriment that stakeholder groups receive within the same
proposed scopes.

The concept of sustainable development has been adopted by governments worldwide
and has deeply rooted itself in the public psyche since its introduction in the report “Our
Common Future”, proposed by the United Nations World Commission on Environment
and Development, often referred to as the Brundtland Commission, over 30 years ago [69].

The incorporation of criteria for achieving the SDGs’ targets, based on the identification
of stakeholder impacts and contributions, is a strategic mechanism that boosts sustainability
as one of the central concepts of Industry 5.0. This is achieved through the actual analysis
of contexts in the development of innovation and technological growth, pillars of human
centrality and resilience. Although sustainable development is a global cause and society
is becoming increasingly sensitive to it, there are many complex challenges, such as the
need to align the expectations of various stakeholders, the growing need for innovations in
sustainability, implementing social responsibility strategies, and defining and assessing
sustainability performance. Furthermore, sustainable development requires collaboration
in the form of integrative thinking and action [70,71].

3.2.2. Strategic Lines

The UPB has four strategic lines that were evaluated to identify how they impact
and are impacted by different stakeholder groups. First, Institutional Identity strengthens
the identity by developing human capabilities and competencies that inspire and guide
its actions towards its purpose of social and human transformation. Second, Integral
Formation achieves human development based on the values and principles of Christian
humanism, covering life’s dimensions, ethics, and aesthetics; it promotes scientific train-
ing with autonomous, reflective, and critical thinking for integrating care with the world.
Third, Creation of Value and Social Impact generates, applies, transfers, and appropriates
scientific and social knowledge in a co-creative manner with various actors to effectively
contribute to solving contextual problems from local to global levels. Lastly, Sustainabil-
ity ensures institutional performance based on governance and the value expectations of
stakeholder groups in economic, social, and environmental fields, securing the institu-
tion’s permanence through management founded on the principles of an intelligent and
original organization.

3.2.3. SDG Prioritization

As it has been defined by the United Nations [72], “the Sustainable Development Goals
(SDGs) represent the universally agreed roadmap to overcome economic and geopolitical
divisions, restore trust, and rebuild solidarity. Many proposals are aimed at facilitating the
achievement of these goals, such as reforming the international architecture, developing pa-
rameters different from Gross Domestic Product (GDP), strengthening digital cooperation,
encouraging youth participation in decision-making, transforming education, creating an
emergency platform, and promoting a new peace agenda”.
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To fulfill this roadmap, the UPB carried out a prioritization exercise in 2019 that
precisely identified which of the 17 Sustainable Development Goals it impacts directly, in
line with its status as a HEI (Figure 2). In this exercise, SDGs 3, 4, 6, 7, 9, 13, 16, and 17 were
prioritized. For each SDG prioritized by the university, an exhaustive evaluation of the
goals to which it directly contributes was carried out. For example, it was identified that,
for SDG 3, the university directly contributes to 6 out of the 13 targets declared in the 2030
Agenda, contributing 46 % towards its fulfillment. Following this prioritization, in 2022, an
approach was made to the targets of the prioritized SDGs to determine the institution’s
contributions to the fulfillment of the 2030 Agenda for Sustainable Development.

46%

70%

50%

80%

80%

42%

21%

48%

UPB Targets / SDG Targets % Contribution to the SDG targets prioritized by the UPB

Figure 2. SDG targets prioritized by the UPB.

3.2.4. Internal Consultation

The definition of stakeholder groups is a joint construction in which it is important
to establish a common route of definition, where different areas of the university partic-
ipate in all the prioritization stages, from identification, through consultation tools, to
the appropriate mechanisms for the collection and analysis of results. In line with this, a
consultation exercise was conducted with the leading units in relationship matters and
with a direct impact on stakeholder groups, such as Alumni, Institutional Well-Being,
Extension, Planning, Teaching, Communications, Marketing, Advanced Training, Center
for the Development of Research and Innovation (CIDI), and Internationalization Office,
with the goal of knowing their opinion about the existing stakeholder groups and the
consultation methods implemented with them. From this consultation exercise, six re-
sponses were obtained to the question, would you add any other stakeholder group? The
consulted leaders unanimously responded no. For the other two questions about removing
any stakeholder group, responses are shown in Figure 3, and responses on proposals for
consultation methods to implement are shown in Figure 4. This last figure shows that the
most appropriate consultation mechanisms for the stakeholders are consultation surveys
and workshops, followed by a relevance validation exercise, with digital media and focus
groups being the last option.
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Would you eliminate any of the prioritized groups of interest?

Students UnionNo

Figure 3. Results of proposal to eliminate interest groups.

Would you eliminate any of the prioritized groups of interest?

Consultation and workshops

Digital media Focus groups

Validate according to relevance 
of stakeholders

Figure 4. Results with different consultation mechanisms.

3.2.5. Scatter Chart and Interest Groups

With the results obtained from the contribution and impact analysis, using the per-
centages defined in the methodology, and the questions asked to the units described in
the previous section, a scatter plot was generated (Figure 5). The stakeholder groups that
were positioned in the upper-right quadrant were selected as priorities. Likewise, a final
grouping process was carried out, resulting in the definitive list of stakeholder groups for
the UPB.

• Students (undergraduate, graduate, initial education, basic and secondary education,
continuing education, and technical and technological training);

• Employees (faculty, administrative staff, and associations);
• Academic and research sector (HEIs, universities, international institutes and academies,

research centers and agencies, academic and scientific associations, innovation centers,
and public sector);

• Public sector (international governments, national government, and departmental and
local governments);

• Business sector (business groups and associations, multilatinas, business groups,
companies and international companies, clusters, suppliers, and concessionaires);

• Social sector (NGOs, community organizations, charitable organizations, and media);
• Community (parents of students and applicants, professionals, and professional asso-

ciations);
• Archdiocese and diocese;
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• Alumni;
• Donors and benefactors.

Figure 5. Groups of interest for the UPB.

3.3. Phase III. Consulting

Once the stakeholder groups were identified, different methods and technological
tools were defined for consulting them, according to the type of relationship with each
group. To establish a bidirectional relationship with the stakeholder groups identified and
prioritized by the university, the following roadmap was created:

1. Definition of questions related to the Sustainable Development Goals (SDGs) priori-
tized by the university;

2. Identification of communication channels, methods, and technological tools for con-
sultation;

3. Systematization of the results.

For the student stakeholder group, the consultation was carried out through the
university’s banner system during the pre-registration process. For employees, a Microsoft
Forms questionnaire was created and distributed through all institutional channels. For
the other stakeholder groups, mass emails were sent, and targeted approaches were made
using Microsoft Forms questionnaires and QR codes.

The result of the systematization provided a broad overview of issues that impact the
dimensions of sustainability and become actions of the university. Issues related to gender
equity, mental health, regenerative economy, social impact, infrastructure, and safety are
highly relevant for stakeholder groups.

4. Discussion

Regarding the fulfillment of the 2030 Agenda, the results evidenced the key role of
educational institutions in achieving the SGD’s targets, not only in terms of the global
challenges in the utilization, demand, and use of natural resources, but also in the consoli-
dation of a critical mass that reflects on its role in society. This supports the idea reported
by Filho [73], who stated that universities have a great opportunity to “support the im-
plementation of the SDGs agenda” through teaching, research, and transfer. In his study,
Filho points out that universities have revised their curricula and research topics, among
other reasons, due to the “increasing demand from students to research and learn about
sustainability”, making higher education “a key player in promoting engagement on the
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SDGs across different sectors and in training students to practice sustainability in their
personal and professional lives” [73].

The results obtained with the methodology for the identification, prioritization, and
consultation of stakeholder groups for a higher education institution have impacts on
sustainable education toward sustainable community development [14,21] as opening a
permanent communication channel not only makes them feel relevant and important for
the organization’s decision making but also ensures that they demand appropriate training
in these topics. This allows their positions and initiatives to be considered, creating a long-
term critical mass based on global sustainability challenges. For example, students, who
are consulted annually, request training through the United Nations Educational, Scientific
and Cultural Organization (UNESCO) Chair of Sustainability to have solid arguments
and participate in all conversation scenarios. This allows the methodology to serve as
an example of how the adoption of new communication forms ensures the success of
its implementation.

We conducted a benchmarking exercise on the most representative universities in
sustainability worldwide, as per the QS Sustainability Ranking. However, we noticed
that these universities do not have any stakeholder definition methodology in their com-
munication channels. This presents an opportunity for our presented methodology to
establish long-term strategies that align with stakeholders’ needs and expectations. Our
approach aligns with the concept of collective intelligence, as defined by Longoria et al. [74],
which emphasizes “collaboration and competition among individuals to gather commu-
nity insights and stimulate designers’ creativity. The combination of collective human
brain power and modern information technology can be a useful tool for developing
sustainable projects”.

The presented work emphasizes the importance of establishing reference models
with tactical and strategic criteria that allow for the delimitation and consolidation of the
definition of stakeholder groups and their long-term impact on the sustainable development
of higher education institutions. As mentioned by Srivastava et al. [75], “to maintain
sustainability, organizations need to integrate the efforts of all the stakeholders and drive
them towards one direction to ensure effective implementation of practices and policies.
Since in academic institutions, teachers are key players, the authorities need to focus on their
understanding of brand values and commitment towards organizational sustainability”.

Defining and prioritizing stakeholder groups is crucial for the development of the
idea of human-centricity, which has become a focus in the transition from Industry 4.0 to
Industry/Society 5.0. This concept should take into account the organizational, regional,
and strategic contexts, and should promote a model where stakeholder groups are central
to decision making. In this way, the concept of Industry 5.0 can be integrated into orga-
nizational decisions, enhancing transparency and participation. This approach is in line
with Srivastava’s statement [75]: “Proper training and leadership opportunities can enable
employees to participate in decision-making. This can provide more clarity to employees
regarding organizational goals and the background behind decisions. Additionally, it can
direct their activities towards a common purpose”.

Finally, the results obtained by using the stakeholder’s prioritization methodology are
aligned with the findings the reported by Ghobakhloo et al. [7], which stated, “Scholars
believe that the newly introduced Industry 5.0 has the potential to move beyond the profit-
centered productivity of Industry 4.0 and to promote sustainable development goals such
as human-centricity, socioenvironmental sustainability, and resilience. However, little
has been done to understand how this ill-defined phenomenon may deliver its indented
sustainability values despite these speculative promises”.

5. Limitations and Future Research

Among the most relevant limitations presented by the methodology, it is noteworthy
that the results are mainly qualitative and the importance rating has a high degree of sub-
jectivity, depending on the evaluator. This represents a challenge that involves conducting
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a consultation with hyper-segmented results to a representative sample of the organization,
along with a quantitative analysis to facilitate decision making.

The stakeholder prioritization exercise provides organizations with inputs for decision
making aligned with their needs and expectations. However, the methodology does not
address historical or underlying issues related to information access. To design relevant
offers that ensure the closing of gaps, this exercise is consolidated as a starting point for the
collection and analysis of information in the digital era.

The methodology has limitations in terms of context and temporality, which requires
organizations to update it based on new goals and strategies. Likewise, the prioritiza-
tion exercise must be accompanied by an analysis of the environment, trends, strengths,
and weaknesses, as organizations learn, act, and co-evolve through interaction with
their stakeholders.

Although several advantages were identified when prioritizing stakeholders at the
UPB, risks must also be considered in future studies, since stakeholders are heterogeneous
and changing, which forces the organization to establish expeditious and structured com-
munication routes and to make prioritizations in short periods. Furthermore, it is feasible
that, in the long term, value judgments about the importance of one group or another will
be involved; hence, quantitative measures are required in future studies. If prioritization
does not align with the organization’s objectives and strategies, there may be a mismatch
between what is prioritized and what is needed to achieve the objectives. Assessing the
impact and importance of each stakeholder quantitatively can be complicated, making it
difficult to make informed decisions.

6. Conclusions

The prioritization of stakeholders in organizations, and in particular in universities,
is a strategic approach that recognizes the importance of identifying and addressing the
needs and expectations of the various stakeholders involved in the academic institution.
These stakeholders include, but are not limited to, students, faculty, administrative staff,
alumni, donors, the local community, governmental bodies, and the industry.

Gathering information and data at universities can be a fundamental task, but it can
also present a series of challenges. Some of the most common difficulties organizations
face when collecting information and data are related to the lack of access to adequate data
sources, as well as the availability and accessibility of the necessary data sources. In many
cases, higher education institutions (HEIs) may have difficulty accessing external or internal
data, making it challenging to collect verifiable and measurable information. Additionally,
the typology of stakeholders determines the difficulty in accessing information, as it is
evident that, with some of them, a sensitization and cultural effort is necessary regard-
ing the collection of relevant data and information. For example, efficient consultation
mechanisms exist for students, thanks to permanent interaction tools. However, with a
stakeholder group like suppliers, the mechanisms are specific and inefficient, often limited
to a commercial relationship in some cases.

The relationship between stakeholders and the 2030 Agenda mainly concerns how
various interested parties, such as governments, companies, non-governmental organiza-
tions (NGOs), civil society, and individual citizens, contribute to the implementation of the
Sustainable Development Goals (SDGs) set out in the 2030 Agenda. In this regard, there
are several ways in which stakeholders are linked to this agenda, such as participation
and collaboration in defining those material issues relevant to HEIs. Stakeholders play
a fundamental role in the implementation of the 2030 Agenda by collaborating in the
formulation of policies, programs, and projects that promote sustainable development.
Governments, for example, can involve businesses, NGOs, and other actors in the planning
and execution of initiatives related to the SDGs.

With the exercise of prioritizing and consulting stakeholders, a direct contribution
is made to SDG 17 “Partnerships to achieve the SDG”, recognizing the importance of
collaborative work, dialogue, and participation; the consolidation of partnerships; shared
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responsibility; joint learning; and the fulfillment of the central and transformative promise
of the 2030 Agenda: “Leave No One Behind” (LNOB).

The humanization of stakeholders, in the context of Industry 5.0, refers to the trend
of treating the interested parties in the business and technological environment in a more
people-centered manner, taking into account not only economic and technical aspects
but also social, ethical, and human ones. Industry 5.0, as an evolution of Industry 4.0, is
characterized by the integration of cutting-edge technologies such as artificial intelligence,
advanced robotics, the Internet of Things, and cybersecurity into industrial processes. The
humanization of stakeholders in Industry 5.0 involves aspects such as ethics and social
responsibility, from which organizations and companies strive to adopt ethical and socially
responsible practices in their decision making and operations. They consider not only the
economic benefit but also the social and environmental impact of their actions.

The commitments that must be undertaken with stakeholders are related to open
and transparent communication, providing relevant information regularly, and ensuring
that the interested parties are informed about important decisions and developments.
The most relevant aspects of the relationship between the institution and stakeholders, in
light of what is proposed by Industry 5.0, are related to listening to and understanding
needs, including them in decision making, fulfilling the commitments made, and being
very precise in accountability and transparency in the material matters presented to the
interest groups.

Prioritizing interest groups within organizations can lead to significant long-term
advantages. This involves focusing efforts on building strong relationships, practicing
assertive communication, and allocating resources more effectively. Moreover, understand-
ing the influence or dependence of these groups enables us to anticipate and proactively
manage potential risks associated with them. This can help mitigate potential conflicts,
address concerns promptly, and gain valuable insights into market trends, customer needs,
and innovation opportunities.
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22. Pactwa, K.; Woźniak, J.; Jach, K.; Brdulak, A. Including the social responsibility of universities and sustainable development
goals in the strategic plans of universities in Europe. Sustain. Dev. 2024 . [CrossRef]

23. Castaño-Quintero, C.A.; Díaz-Cáceres, N.; Lozano-Correa, J. Manual para la Gestión del Relacionamiento con los Grupos de Interés;
Universidad EAN: Bogotá, Colombia, 2012.

24. Taghian, M.; D’Souza, C.; Polonsky, M. A stakeholder approach to corporate social responsibility, reputation and business
performance. Soc. Responsib. J. 2015, 11, 340–363. [CrossRef]

25. ElAlfy, A.; Palaschuk, N.; El-Bassiouny, D.; Wilson, J.; Weber, O. Scoping the Evolution of Corporate Social Responsibility (CSR)
Research in the Sustainable Development Goals (SDGs) Era. Sustainability 2020, 12, 5544. [CrossRef]

26. Colle, S.D. A stakeholder management model for ethical decision making. Int. J. Manag. Decis. Mak. 2005, 6, 299. [CrossRef]

160



Sustainability 2024, 16, 5317

27. Mu, H.L.; Xu, J.; Chen, S. The impact of corporate social responsibility types on happiness management: A stakeholder theory
perspective. Manag. Decis. 2024, 62, 591–613. [CrossRef]

28. Laczniak, G.R.; Murphy, P.E. Stakeholder Theory and Marketing: Moving from a Firm-Centric to a Societal Perspective. J. Public
Policy Mark. 2012, 31, 284–292. [CrossRef]

29. Sharpe, L.M.; Harwell, M.C.; Jackson, C.A. Integrated stakeholder prioritization criteria for environmental management. J.
Environ. Manag. 2021, 282, 111719. [CrossRef] [PubMed]

30. Santos, J.M.; Fernandes, G. Prioritizing stakeholders to boost collaborative R&I projects benefits: An analytic network process
approach. Procedia Comput. Sci. 2023, 219, 1660–1669 [CrossRef]

31. Singhal, N. Stakeholders sustainable development goals (SDGs) prioritization. Bus. Strategy Dev. 2023, 6, 986–990. [CrossRef]
32. van der Koogh, M.; Chappin, E.; Heller, R.; Lukszo, Z. Stakeholder prioritizations for electric vehicle charging across time periods.

Transp. Policy 2023, 142, 173–189. [CrossRef]
33. Santos, J.M.R.C.A.; Fernandes, G. Prioritizing Stakeholders in Collaborative Research and Innovation Projects Toward Sustain-

ability. Proj. Manag. J. 2024, 87569728241231266. [CrossRef]
34. Aerts, G.; Cauwelier, K.; de Pape, S.; Jacobs, S.; Vanhondeghem, S. An inside-out perspective on stakeholder management in

university technology transfer offices. Technol. Forecast. Soc. Change 2022, 175, 121291. [CrossRef]
35. Brdulak, A.; Stec, B. Concept of sustainable development at Wrocław University of Science and Technology based on the

perspective of selected stakeholder groups. Oper. Res. Decis. 2024, 34, 61–89. [CrossRef]
36. López-Robles, J.R.; Otegi-Olaso, J.R.; Porto-Gomez, I.; Gamboa-Rosales, H.; Gamboa-Rosales, N.K. Understanding the intellectual

structure and evolution of Competitive Intelligence: A bibliometric analysis from 1984 to 2017. Technol. Anal. Strateg. Manag.
2020, 32, 604–619. [CrossRef]

37. Dmytriyev, S.D.; Freeman, R.E. (Eds.) R. Edward Freeman’s Selected Works on Stakeholder Theory and Business Ethics; Springer Nature:
Berlin/Heidelberg, Germany, 2023. [CrossRef]

38. Falqueto, J.M.Z.; Hoffmann, V.E.; Gomes, R.C.; Onoyama Mori, S.S. Strategic planning in higher education institutions: What are
the stakeholders’ roles in the process? High. Educ. 2020, 79, 1039–1056. [CrossRef]

39. Silva, S. Corporate contributions to the Sustainable Development Goals: An empirical analysis informed by legitimacy theory. J.
Clean. Prod. 2021, 292, 125962. [CrossRef]

40. Pedro, E.d.M.; Leitão, J.; Alves, H. Stakeholders’ perceptions of sustainable development of higher education institutions: An
intellectual capital approach. Int. J. Sustain. High. Educ. 2020, 21, 911–942. [CrossRef]

41. Talbot, D.; Raineri, N.; Daou, A. Implementation of sustainability management tools: The contribution of awareness, external
pressures, and stakeholder consultation. Corp. Soc. Responsib. Environ. Manag. 2021, 28, 71–81. [CrossRef]

42. Caeiro, S.; Sandoval Hamón, L.A.; Martins, R.; Bayas Aldaz, C.E. Sustainability Assessment and Benchmarking in Higher
Education Institutions—A Critical Reflection. Sustainability 2020, 12, 543. [CrossRef]

43. Núnez Chicharro, M.; Mangena, M.; Alonso Carrillo, M.I.; Priego De La Cruz, A.M. The effects of stakeholder power, strategic
posture and slack financial resources on sustainability performance in UK higher education institutions. Sustain. Accounting,
Manag. Policy J. 2024, 15, 171–206. [CrossRef]

44. Osorio, A.M.; Úsuga, L.F.; Vásquez, R.E.; Nieto-Londoño, C.; Rinaudo, M.E.; Martínez, J.A.; Leal Filho, W. Towards Carbon
Neutrality in Higher Education Institutions: Case of Two Private Universities in Colombia. Sustainability 2022, 14, 1774. [CrossRef]

45. Universidad Pontificia Bolivariana. Sostenibilidad UPB. 2024. Available online: https://www.upb.edu.co/es/sostenibilidad
(accessed on 30 April 2024).

46. Universidad de Antioquia. UdeA Sostenible. 2023. Available online: https://www.udea.edu.co/wps/portal/udea/web/inicio/
institucional/udea-sostenible (accessed on 15 December 2023).

47. Universidad Simón Bolívar. Planeación. 2023. Available online: https://www.unisimon.edu.co/servicios/planeacion/848/3185
(accessed on 15 December 2023).

48. Universidad EAN. EAN Sostenibilidad. 2023. Available online: https://universidadean.edu.co/politica-de-sostenibilidad-y-
emprendimiento-sostenible (accessed on 15 December 2023).

49. Royal Melbourne Institute of Technology. Sustainability RMIT. 2023. Available online: https://www.rmit.edu.au/about/our-
values/sustainability (accessed on 15 December 2023).

50. Espinal-Ospina, L. Orientaciones Hacia la Formulación de la Estrategia de Sostenibilidad de la Empresa INTEINSA: Gobernanza
y Grupos de Interés. Master’s Thesis, Master’s Program in Sustainability, Universidad Pontificia Bolivariana, Medellín, Colombia,
2023.

51. Wang, B.; Zhou, H.; Li, X.; Yang, G.; Zheng, P.; Song, C.; Yuan, Y.; Wuest, T.; Yang, H.; Wang, L. Human Digital Twin in the context
of Industry 5.0. Robot. Comput.-Integr. Manuf. 2024, 85, 102626. [CrossRef]

52. Morkan, B.; Bertels, H.M.; Sheth, A.; Holahan, P.J. Building megaproject resilience with stakeholders: The roles of citizenship
behavior and critical transition mechanisms. Int. J. Proj. Manag. 2023, 41, 102485. [CrossRef]

53. QS Top Universities. Top Universities for Environmental and Social Sustainability 2023. 2023. Available online:
https://www.topuniversities.com/university-rankings/qs-sustainability-ranking/top-universities-environmental-social-
sustainability-2023 (accessed on 30 April 2024).

54. Argos. Reporte Integrado 2022. Cementos Argos. 2023. Available online: https://argos.co/reporte-integrado/ (accessed on 30
October 2023).

161



Sustainability 2024, 16, 5317

55. AES. Informe de Sostenibilidad 2022. 2023. Available online: https://www.aescol.com/es/sostenibilidad (accessed on 30
September 2023).

56. Cerrejón. Informe de Sostenibilidad 2022. Cerrejón 2023. Available online: https://www.cerrejon.com/sostenibilidad/informes-
de-sostenibilidad (accessed on 30 March 2023).

57. ISA. Reporte Integrado de Gestión 2022. 2023. Available online: https://www.isa.co/es/grupo-isa/reporte-integrado-de-
gestion-isa-2022/ (accessed on 30 October 2023).

58. XM. Reporte Integral de Sostenibilidad, Operación y Mercado 2021. 2022. Available online: https://informeanual.xm.com.co/
informe/pages/xm/05-grupos-de-interes-impactados.html (accessed on 30 September 2023).

59. Bavaria. Informe Desarrollo Sostenible 2022. 2023. Available online: https://www.bavaria.co/desarrollo-sostenible/informes-
de-desarrollo-sostenible-bavaria (accessed on 30 October 2023).

60. ENKA. Informe de Sostenibilidad 2021. 2022. Available online: https://www.enka.com.co/informe-de-sostenibilidad/ (accessed
on 30 October 2023).

61. Nutresa. Informe Integrado 2022. 2023. Available online: https://gruponutresa.com/sostenibilidad/nuestra-gestion-en-
sostenibilidad/informes-de-sostenibilidad/ (accessed on 30 October 2023).

62. Postobon. Informe de Sostenibilidad 2022. Available online: https://informe2022.postobon.com/ (accessed on 30 October 2023).
63. Uniban. Informe de Sostenibilidad 2021. 2022. Available online: https://uniban.com/wp-content/uploads/Uniban_informe_

GRI_2021.pdf (accessed on 30 October 2023).
64. University of California, Berkeley. Berkeley Annual Sustainability Report. 2022. Available online: https://sustainability.berkeley.

edu/plans-reports/sustainability-reports (accessed on 30 September 2023).
65. University of Toronto. Sustainability Strategic Plan. 2021. Available online: https://www.utm.utoronto.ca/green/sustainability-

progress-report (accessed on 30 September 2023).
66. University of British Columbia. Climate & Sustainability Report. 2021. Available online: https://sustain.ok.ubc.ca/reports/

(accessed on 30 September 2023).
67. University of Edinburgh. Community Plan 2020–2025. 2020. Available online: https://www.ed.ac.uk/local/our-community-plan

(accessed on 30 September 2023).
68. University of New South Wales. Environmental Sustainability Plan 2022–2024. 2022. Available online: https://www.sustainability.

unsw.edu.au/our-plan (accessed on 30 September 2023).
69. Huang, R. SDG-oriented sustainability assessment for Central and Eastern European countries. Environ. Sustain. Indic. 2023,

19, 100268. [CrossRef]
70. d Keeys, L.A.; Huemann, M. Project benefits co-creation: Shaping sustainable development benefits. Int. J. Proj. Manag. 2017,

35, 1196–1212. [CrossRef]
71. D’Adamo, I.; Gastaldi, M. Monitoring the Performance of Sustainable Development Goals in the Italian Regions. Sustainability

2023, 15, 14094. [CrossRef]
72. United Nations. The Sustainable Development Goals Report 2023; Department of Economic and Social Affairs: New York, NY, USA,

2023. Available online: https://unstats.un.org/sdgs/report/2023/ (accessed on 15 December 2023).
73. Filho, W.L.; Salvia, A.L.; Eustachio, J.H.P.P. An overview of the engagement of higher education institutions in the implementation

of the UN Sustainable Development Goals. J. Clean. Prod. 2023, 386, 135694. [CrossRef]
74. Longoria, L.C.; López-Forniés, I.; Sáenz, D.C.; Sierra-Pérez, J. Promoting sustainable consumption in Higher Education Institutions

through integrative co-creative processes involving relevant stakeholders. Sustain. Prod. Consum. 2021, 28, 445–458. [CrossRef]
75. Srivastava, A.P.; Mani, V.; Yadav, M. Evaluating the implications of STAKEHOLDER’S role towards sustainability of higher

education. J. Clean. Prod. 2019, 240, 118270. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

162



Citation: Perevoznic, F.M.; Dragomir,

V.D. Achieving the 2030 Agenda:

Mapping the Landscape of Corporate

Sustainability Goals and Policies in

the European Union. Sustainability

2024, 16, 2971. https://doi.org/

10.3390/su16072971

Academic Editors: Idiano D’Adamo,

Massimo Gastaldi and Manoj

Kumar Nallapaneni

Received: 4 February 2024

Revised: 17 March 2024

Accepted: 25 March 2024

Published: 2 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Achieving the 2030 Agenda: Mapping the Landscape of
Corporate Sustainability Goals and Policies in the
European Union

Florentina Madalina Perevoznic and Voicu D. Dragomir *

Faculty of Accounting and Management Information Systems, Bucharest University of Economic Studies,
010374 Bucharest, Romania; perevoznicflorentina17@stud.ase.ro
* Correspondence: voicu.dragomir@cig.ase.ro

Abstract: The United Nations Sustainable Development Goals (UN SDGs) were introduced in 2015
to advance the 2030 Agenda of sustainable development in all supporting countries. The SDGs are
applicable to countries, non-governmental organizations, industries, and companies. In this article,
we focus on the contribution of listed companies headquartered in the European Union (EU) to
the SDGs. The EU intends to be the front-runner in the race for sustainable development and has
adopted comprehensive strategies that mirror the UN SDGs. For this reason, we collected relevant
data points from the Refinitiv Eikon database for 1156 companies headquartered in EU countries for
the financial year 2022. The data collected refer to contributions to each SDG and the adoption of
corporate sustainability policies. Data were statistically analyzed per country and sector to generate
a comprehensive image of industry contributions to the SDGs in the EU. By applying a comparative
analysis of country-level achievements and policies, the results point to four EU countries that are
significant contributors to the SDGs through their economic activities. At the same time, other EU
countries are still facing significant challenges in this domain. The socioeconomic considerations for
these cases are laid out in the Discussion section. The present article offers a snapshot of corporate
contributions to the SDGs as climate and geopolitical challenges become more prominent.

Keywords: sustainable development goals; European Union; corporate policy; Agenda 2030;
sustainability goals

1. Introduction

The 2030 Agenda for Sustainable Development was adopted by the United Nations
(UN) in late September 2015 and became effective in January 2016 [1]. However, the Sustain-
able Development Goals (SDGs) had been proposed in 2012. The adoption year represents
a milestone as 13% of policies issued by 71 countries as of 2016 were linked to the SDGs.
By 2021, the percentage increased to 52% in 84 countries [2]. The commitment to the 2030
Agenda was undertaken by 193 UN member countries dedicated to transforming and
addressing global challenges for a more sustainable and equitable future [2,3]. The 2030
Agenda encompasses 17 SDGs and 169 specific targets providing guidance across environ-
mental, social, and governance (ESG) dimensions for nations seeking a more sustainable
development.

The SDGs represent a universal call to action, recognizing five concepts referred
to as the 5Ps: people, planet, prosperity, peace, and partnerships [4]. This call requires
collective efforts to eradicate poverty and hunger, promote prosperity for all, ensure good
health and well-being, provide quality education, achieve gender equality, and protect
the planet through climate action. The SDGs were created as a result of negotiations
between stakeholders and governmental entities [5], and there may be overlaps or potential
contradictions between some of the targets associated with the SDGs. However, mappings
between the SDGs and economic, social and environmental (ESG) factors demonstrate
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the relevance and urgency of the SDGs [6]. Organizations are important actors in the
implementation of sustainable business practices to create value for investors, but also
stakeholders, with the aim of limiting the effects of climate change and facilitating the
transition to a greener economy [7].

The European Union (EU) has sought the position of the frontrunner in the sustain-
ability race. The European Commission and the European Parliament adopted a series of
strategies in several domains of sustainable development. Some of these strategies include
the European Green Deal [8,9], aiming to make the EU climate-neutral by 2050 through
policies across industries that support the Farm to Fork strategy [10]; the Circular Economy
Action Plan [11,12] that focuses on promoting sustainable practices in waste management;
and the Biodiversity Strategy for 2030 [13], outlining actions to protect nature and restore
biodiversity. These strategies are closely coordinated with the corresponding SDGs and are
significant for various industries.

The most recent literature (2021–2023) comprises various topics such as sustainability
during the COVID-19 pandemic and how this affected the pursuit of the SDGs [14,15];
the analysis of a limited number of SDGs in and outside the European Union [16,17]; and
the sustainability-related impacts of specific industries [18]. Our article responds to the
call [19] for research to clarify the responsibilities of large multinationals in the domain of
energy transition, decarbonization, and environmental protection, as well as in the social
realm, in areas such as gender equality and education. We have identified a research gap
in the specificity of SDG adoption in each industrial sector in relation to country-specific
conditions. This research gap represents a challenge, prompting us to explore the dynamics
and corporate behaviors associated with SDG adoption.

While there is a growing recognition of the importance of achieving the SDGs [20,21],
a more granular analysis is required to discern the specific factors that influence the
successful implementation of sustainable practices. Sector-specific research facilitates the
understanding of different development strategies and policies linked to the characteristics
of each industry, taking into consideration factors such as available resources and the
complexity of the industry in connection to the regulatory frameworks at the national level.

The present research analyzes the applicability of the SDGs and sustainability policies
among companies headquartered in each EU member country. The article uses a dual
framework that encompasses both country- and industry-based perspectives. The investi-
gation aims to determine to what extent the SDGs align with the various socioeconomic
contexts within the EU states. The paper provides insights into national and sectoral
dynamics, observing the challenges and opportunities associated with the integration of
SDGs and sustainability policies. This granularity allows for the analysis of the different
roles of industries in supporting sustainable development. By identifying the countries
that significantly contribute to the SDGs, we envisage a wider dissemination of knowledge
and an adaptation of effective business models, leading to progress among all nations. The
present article enriches academic understanding of SDG implementation by providing an
analysis of the national and industry contexts within the European Union.

The structure of the present article is as follows. The literature review is divided
between studies approaching SDG implementation at the country level and those focusing
on implementation at the industry level, also identifying general research questions. The
Materials and Methods section presents the process of collecting data from the Refinitiv
Eikon database representative of the 2022 financial year for 1156 companies. The binary
data collected represent the status of adherence of EU companies to each of the 17 SDGs,
as well as 24 sustainability policies. The analytical questions are discussed in the Results
section of the article. Furthermore, in the Discussion section, we adopt a comparative
perspective and highlight the best practices of the top countries contributing to the SDGs,
versus the situation of the least-contributing countries. The final section identifies the
limitations of the research and proposes avenues for future investigation.
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2. Literature Review and Research Questions

2.1. SDGs at the Country Level

The UN’s 2030 Agenda serves as a common language for all the participating nations
and presents a roadmap for companies and non-governmental organizations [22]. To
monitor the progress on sustainability aspects, the UN Department of Economic and Social
Affairs (UNDESA) proposed sustainable development (SD) indicators based on the 17
SDGs [23]: no poverty; zero hunger; good health and well-being; quality education; gender
equality; clean water and sanitation; affordable and clean energy; decent work and economic
growth; industry, innovation, and infrastructure; reduced inequalities; sustainable cities and
communities; responsible consumption and production; climate action; life underwater and
life on land; peace, justice, and strong institutions; and partnership for the goals.

Most countries have already begun the implementation of the SDGs and are monitored
through an SDG progress index grouped by regional dimension [24]. In this regard, social
inclusion represents a global challenge. Based on this premise, social inclusion extends
beyond interpersonal relations, having implications at the macro level in the form of decreased
poverty and positive ecological impacts. As observed by Mosse [25], adversities in the field of
sustainable development are not isolated events but rather outcomes of strategic decisions.
Within the framework of the SDGs, addressing these challenges is critical for sustainable and
inclusive development. Poverty, insufficient education, and ecological concerns underscore
the pressing need to adjust corporate strategies to achieve the SDGs.

Initial reviews showed slow progress at the national level in setting targets and evalu-
ating policies as there was limited experience of national governments in this domain [26].
The positive impact lies in the integration of the SDGs into national policies that align with
one of the 169 specified targets [27]. The previous literature [28] revealed that of the 169
targets, 49 targets (29%) were well-developed, 91 targets (54%) could benefit from increased
specificity, and 29 targets (17%) required substantial improvement. The main weaknesses
included the inadequate alignment of targets and goals with existing international agree-
ments and political processes, ineffective implementation, and potential conflicts between
goals and targets.

In Europe, North America, and Asia, the SDG scores trended toward high and ex-
tremely high levels [6]. Before the implementation of the 2030 Agenda, in 2017, the
European Commission created a reference framework to monitor the applicability of the
SDGs in the European context. The SDG indicator set was created in alignment with the
UN’s list of global sustainability indicators [23]. Based on the SDG index [24], Finland,
Sweden, Denmark, Germany, Austria, France, Norway, Czechia, Poland, and Estonia are
the ten most developed countries. Due to the danger posed by climate change [29], Finland
set ambitious climate targets, with significant progress [30]. Sweden has a rich history of
sustainable development, such as being the frontrunner of Agenda 21 [31], and acted as a
role model for the Arctic countries, including Norway, in order to reach the UN goals by
2030 together [32]. Czechia also has a vast knowledge of sustainable development, being a
model for other Central and Eastern European countries in achieving the SDGs [33].

Previous results point to the fact that the level of SDG implementation varies widely:
higher sustainability is observed in the Nordic and Baltic states, the Netherlands, and Aus-
tria, and lower goal achievement is present in southern and eastern countries, especially
Romania, Bulgaria, and Greece [34,35]. Researchers have completed country-level sustain-
ability assessments for Romania [36], the Czech Republic, Hungary, Poland, Slovakia, and
other countries within the European Union [37,38]. The Czech Republic, Hungary, Poland,
and Slovakia, referred to as the V4 (Visegrád Group) countries, have implemented sustain-
able development strategies and are significantly improving their domestic environmental
policies—for example, the Strategy for Responsible Development was implemented by
Poland as a response to the 2030 Agenda [39]. For Central and Eastern Europe, an aggregate
sustainability index was created as a comparison tool, using multiple methods and various
indexes that measure sustainability performance in several areas [40].
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2.2. SDGs at the Company Level

Sustainability reporting involves the public disclosure of companies’ economic, en-
vironmental, and social impacts, along with their adherence to the SDGs and related
policies [41]. The Non-financial Reporting Directive (2014/95/EU) [42] required the prepa-
ration of non-financial statements in conjunction with the annual reports of EU companies.
The non-financial statements must present companies’ policies on environmental and social
impacts, alongside information on the respect for human rights, diversity on the company’s
board, anti-corruption, and bribery prevention. The updated Corporate Sustainability
Reporting Directive (2022/2464) [43] extended the scope of existing legislation and made
reference to the UN SDGs. The newer directive introduces stronger disclosure requirements,
with quantitative indicators on progress towards sustainability targets and clear policies
on environmental, social, and governance (ESG) aspects. On the other hand, companies
are aware that the reporting of sustainability policies, programs, and projects can generate
negative feedback from the community due to increased transparency and comparabil-
ity [44]. For this reason, sustainability reporting is often accused of greenwashing [45] or
pinkwashing [46].

Companies that contribute to the SDGs consider that this process is supported by
good governance practices such as the presence of independent directors and experts in
non-financial reporting [47]. Organizations align with SDG targets that are directly related
to their activities in the value chain and tend to focus on those that minimize negative
impacts [48,49]. For greater coverage of the SDGs, it is important that researchers observe
them beyond the industry-specific objectives [50]. The potential of sustainable supply
chain management (SSCM) to contribute to the adoption of the SDGs is realized through
optimized processes, the reduction of environmental impacts, the lowering of operational
costs, and the promotion of responsible consumption and production.

Previous research on factors that influence non-financial disclosure refers to voluntary
disclosure theory, legitimacy theory, and stakeholder theory to elucidate the voluntary
non-financial reporting behavior of companies [51]. SDG indicators were identified to
monitor existing policies and forecast trends until 2030 based on a data set available for
the period 2007–2018 [52]. For the period 2015–2018, the SDG disclosure increased to
58% in Europe for a population of 1732 companies. A sample of 652 enterprises provided
information on the SDGs, with a great proportion represented by France and the United
Kingdom (UK) [53]. The UK was excluded in the present research as it has not been part
of the European Union since 2020. The goals most often prioritized were SDGs 3, 8, 9, 12,
and 13 [53]. At the European level, there is no country on track to achieve all the targets and
SDGs related to well-being and health, but achieving half of the proposed targets within
the 2030 Agenda is feasible if the current level of engagement is maintained [52].

2.3. SDGs at the Industry Level

In 2018, it was difficult for companies to identify the SDGs to which they contributed
directly and indirectly. Most companies in the utilities (58%), automotive (58%), retail (57%),
and technology (56%) sectors were more likely to report on the SDGs, with the healthcare
industry (47%) in the top five contributing industries. In contrast, the financial services
(37%), industrials (30%), and oil and gas (28%) industries were less likely to report on the
SDGs [54]. The significance of SDG reporting in environmentally sensitive industries (e.g.,
oil and gas, heavy metals, paper, chemicals, and utilities) has become more pronounced
as these industries face increased stakeholder and social pressure and might use SDG
reporting as a strategy to repair their reputation [55].

Regarding the metals and mining industry, the most pursued goals are SDGs 3, 8, and
12, which are directly linked to the activities of the companies [56]. As an energy-intensive
sector, it is important to understand how companies in this industry reduce costs and
increase energy efficiency. In addition to the 2030 Agenda, companies in this sector should
consider that the global steel demand will increase by 2050, together with greenhouse
gas (GHG) emissions [57]. The researchers found that only 26% of companies in the steel
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industry based in China made the connection between the company’s activity and SDG
compliance [56].

Another important actor is the automotive industry, which can easily reach certain
goals but at the same time is responsible for severe environmental issues such as air
pollution and greenhouse gas emissions, mainly downstream in the value chain [58].
Automotive manufacturers face increasing challenges as the European Parliament approved
a strategy to phase out combustion engines in new passenger vehicles starting in 2035 [59].
This approach demands technological advancement in battery production for electric
vehicles to make them competitive in the market.

The construction industry is of great importance for the achievement of the SDGs
in the EU [60] because it generates large amounts of greenhouse gas emissions from the
processing of raw materials [61]. Regarding the construction industry, specific policies have
been developed to promote sustainable business models in this sector, namely the European
Commission’s Construction Products Regulation (CPR) [62]. As indicated in the literature,
the construction sector can contribute to SDGs 6, 8, 9, 11, and 12 [60]. The procurement
process for non-renewable resources during construction projects has an impact on the
achievement of the SDGs, especially SDG 12 [63,64].

SDGs 1, 2, 5, 8, 13, and 15 are extremely relevant to the food industry, especially
“eradicating poverty” and “zero hunger” [65,66]. Researchers have observed that, for
the social dimension, there is high employment for women in the agricultural industry,
especially in regions with low food security. On the contrary, in regions that have sufficient
food security, women can work outside the agriculture industry and increase their income.
On the other hand, in terms of sustainability, food security does not pose a threat to
biodiversity [65]. Together with the food industry, the agriculture sector aims to satisfy the
demand for food in a sustainable way, to enhance resource allocation and promote equal
access [67]. Sustainable agriculture constructs the base for SDGs 3 and 13 [68] but also for
the most relevant SDGs identified by the Food and Agriculture Organization of the UN
(FAO): SDGs 2, 6, 8, 12, 14, and 15 [67].

The financial sector has focused on SDG 3 through partnerships with companies in the
healthcare industry; SDG 7 through investments related to environmental challenges; SDG 8
through creating space for career and skill development; SDG 9 through the digitalization of
internal processes and the development of sustainable services; and SDG 13 by supporting
climate research and clients willing to change their business models towards sustainable
and eco-friendly activities [69].

As the previous literature has not focused sufficiently on the overall adoption of the
SDGs in specific industries, we propose the following research questions, which will be
operationalized in more detail:

Q1. How many companies headquartered in the EU apply each SDG and related
sustainability policies?

Q2. How many companies in each EU country follow the SDGs and implement
sustainability policies?

Q3. Which SDGs and corporate sustainability policies are applied in each industry
and EU country?

Q4. What is the relationship between the SDGs and the corresponding policies as
applied by the sample companies?

3. Materials and Methods

The research sample for the study comprises publicly traded companies in the
27 European member states. The member states are characterized by the geographic
scope and diversity inherent in the European Union, which ensures a comprehensive
representation of various economic, cultural, and regulatory environments [70]. The data
set was compiled from the Refinitiv Eikon database, which is part of the London Stock Ex-
change Group (LSEG). Refinitiv is known for its detailed ESG data set, which contains over
450 metrics with a high level of granularity on various dimensions of sustainability [71].
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This includes coverage of dimensions such as environmental strategies, resource use effi-
ciency, pollution abatement, waste reduction, environmental innovation, human rights, and
product responsibility, among others. Data availability over more than a decade facilitates
longitudinal studies and has become an important tool for researchers [71–73]. Refinitiv
applies a transparent methodology to collect and verify ESG metrics, with frequent updates
that ensure access to the latest and most relevant information. Furthermore, the data set is
suitable for conducting cross-country and cross-industry comparative analyses.

The collected data set is cross-sectional for the 2022 financial year, which is the most
recent period for analysis at the time of download (end of November 2023). This creates
a very recent background for our research. The database comprises 7015 companies, as
observed in Table 1, allowing a better understanding of trends and patterns within the
European Union business landscape. The results presented in Table 1 are an overview
of the availability of data on listed companies in European countries. The sample data
complement the series of research papers investigating the role of European companies in
advancing SDG adherence within the EU [74,75]. Our study analyzes companies operating
within the EU, which, as members of the UN, play an important role in global sustainability
efforts. Through our analysis, we provide an enhanced perspective on the contributions
made by EU-based companies towards the 2030 Agenda. The focus of data collection
was to identify and analyze Boolean data (TRUE or FALSE) representing the adherence or
nonadherence of each company to the 17 Sustainable Development Goals (SDGs), as well
as information on 24 distinct policies conceptually related to the SDGs.

Table 1. The number and proportion of sample companies with data available in the Refinitiv
database, as of November 2023.

Country
Total Number of

Listed Companies

Total Number of
Companies with
Available Data

Percentage of
Companies with
Available Data

Austria 91 29 31.87%
Belgium 206 44 21.36%
Bulgaria 253 1 0.40%
Croatia 86 0 -
Cyprus 108 0 -

Czech Republic 28 2 7.14%
Denmark 164 61 37.20%
Estonia 32 0 -
Finland 184 69 37.50%
France 950 149 15.68%

Germany 1291 226 17.51%
Greece 154 12 7.79%

Hungary 120 5 4.17%
Ireland 23 12 52.17%

Italy 459 107 23.31%
Latvia 13 0 -

Lithuania 31 0 -
Luxembourg 24 2 8.33%

Malta 33 0 -
Netherlands 149 48 32.21%

Poland 775 26 3.35%
Portugal 53 11 20.75%
Romania 359 5 1.39%

Slovak Republic 43 2 4.65%
Slovenia 116 3 2.59%

Spain 253 45 17.79%
Sweden 1017 297 29.20%

Total 7015 1156 100%
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During data collection, we implemented a screening process to safeguard the integrity
of data and the validity of our research. Two types of data that were considered not valid for
further analysis were: (a) 761 companies lacking industry classification, as this information
was absent from the Refinitiv Eikon database, resulting in a sample of 6254 valid records;
and (b) “missing” information, i.e., data that were not collected by Refinitiv analysts at the
end of November 2023—the timestamp for exporting data for our research.

Consequently, a final sample of 1156 listed companies with valid data was further
analyzed. Valid data incorporate companies for which the Boolean data were collected
from Refinitiv, fulfilling our objective of comprehensive data collection, including industry
classification, total assets of the companies, and data collected for all 17 SDGs and 24 policies
relevant to the SDGs. This approach was essential to enhance the reliability and precision
of our findings by eliminating potential sources of bias and ensuring that the analyzed data
set was representative of companies with available financial and sustainability information.

Additional data collected for analysis incorporate fundamental information such as
the names of the companies and their TRBC (Thomson Reuters Business Classification)
industry classifications, which were subsequently correlated with NACE [76] industry
codes (rev. 2.0) to streamline and enhance the categorization process. This approach aims
to create a more compact and coherent framework for analysis. Additionally, the data set
includes the total assets reported by the companies, providing the financial context. This set
of variables facilitates a detailed exploration of their commitment to sustainability through
the lens of both specific SDGs and policies [77,78].

To address research questions Q1–Q4, data transformations and statistical procedures
were applied in SPSS. Specifically, we transformed the data downloaded as “TRUE” or
“FALSE” into 1 and 0 values to perform different calculations. We created another variable
that computes the number of SDGs applied per company and a check variable to mark
which company applies at least one SDG. This is also a Boolean value where 1 means the
company applies at least one SDG and 0 means the company does not apply any SDG.
Subsequently, we created a correspondence table between the SDGs and sustainability poli-
cies. To answer the research objectives, we used frequencies and correlations. Frequencies
were calculated to observe policy and SDG adherence. Furthermore, descriptive statistics
were generated in relation to minimum and maximum values, as well as mean and median
values, to provide insights into the applied SDGs and policies. The calculations were car-
ried out considering industry- and country-specific contexts, facilitating the comparative
analysis to better understand corporate policies and sustainability goals.

Relevant corporate policies, along with their descriptions, were extracted from the
Refinitiv Eikon database. The mapping between the 24 distinct policies and the 17 SDGs
is presented in Table A1 (Appendix A). The identification of policies from the Refinitiv
database was carried out in response to the research question, based on the assumption that
companies are pursuing a specific SDG or the corresponding policy. During the mapping
process, key terms and formulations in the policy description were identified and used
to create the “word search” column in Table A1. This column served as a tool to identify
specific words and concepts within the context of specific targets pertaining to each SDG,
thereby establishing an effective mapping process. As a result, the cross-check of policies
with the SDGs is based on the identifiers of specific targets. For example, the policies linked
to SDG 3 are summarized as p_SDG3 and can be any of the following: p_PER (product
environmental responsible use), p_WEF (policy water efficiency), p_EHS (employee health
safety policy), and p_SHS (supply chain health and safety).

The mapping approach was introduced to analyze the correlations between the adher-
ence to the SDGs and the policy implementation of the sample companies. This multifaceted
data set is a representative instrument of analysis of the intersection between sustainable
practices and company self-regulation within the complex setting of the EU economic
environment.

To enhance data visualization and pursue a comparative analysis, we created two
types of figures. The first type represents the geographical map of the number of companies
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that apply at least one SDG and one sustainability policy, respectively. The geographical
maps were created using the R software environment (version 4.3.2). Specifically, we used
the ggplot2 library (version 3.5.0) in conjunction with the Natural Earth database [79].
For the second type of figure, we present heatmaps for the number of companies in each
country that apply each SDG and each sustainability policy, respectively. In this regard, we
constructed tables in Excel, as presented in the figures, and used the tool named “Conditional
Formatting”, keeping the main settings for the “Green-Yellow-Red color scale”.

4. Results

4.1. Statistical Results on the Application of Each SDG and Sustainability Policy by
EU Companies

The present section explores research question Q1 in multiple facets. We start by
answering the following detailed questions on the application of SDGs:

• Q1a. How many companies in the EU apply each SDG?
• Q1b. What is the proportion of companies in the EU (in total) that apply each SDG?

In Table 2, we observe that the level of application of the SDGs varies between different
goals, with SDGs 3, 7, 8, 12, and 13 having the highest application percentages ranging
from 50.3% to 68.3%, with SDG 8 regarding decent work and economic growth at the top
of the list. These are the dimensions that are incorporated into most of the companies’
operations. The percentages indicate a strong commitment of the companies in our sample
to health and safety at work, clean energy, responsible consumption, and climate action. At
the opposite pole, SDGs 1, 2, and 14 have the lowest number of companies pursuing these
goals, meaning 13.7%, 11.0%, and 14.4%, respectively, of the 1156 companies. The results
for SDGs 1 and 2 are similar as there are few companies that pursue these goals. This is
because the specific targets allocated to SDG 2—meaning T2.1., T2.2., and T2.3 (related to
access to food and nutritional needs for poor and vulnerable people, and the agricultural
productivity of small-scale producers)—are interlinked with T1.1., T1.2. and T1.3 (related to
reducing poverty, especially for vulnerable people, through social protection systems) [80].

Table 2. The number and proportion of sample companies applying each SDG.

SDG
Companies Applying Each SDG

Companies Not Applying the
Respective SDG

Count (N) Proportion Count (N) Proportion

SDG 1 158 13.7% 998 86.3%
SDG 2 127 11.0% 1029 89.0%
SDG 3 582 50.3% 574 49.7%
SDG 4 468 40.5% 688 59.5%
SDG 5 649 56.1% 507 43.9%
SDG 6 274 23.7% 882 76.3%
SDG 7 519 44.9% 637 55.1%
SDG 8 789 68.3% 367 31.7%
SDG 9 597 48.4% 559 51.6%

SDG 10 383 33.1% 773 66.9%
SDG 11 407 35.2% 749 64.8%
SDG 12 740 64.0% 416 36.0%
SDG 13 781 67.6% 375 32.4%
SDG 14 166 14.4% 990 85.6%
SDG 15 286 24.7% 870 75.3%
SDG 16 441 38.1% 714 61.9%
SDG 17 390 33.7% 766 66.3%

Note. Total sample N = 1156.

The data in Table 2 highlight the most pursued SDGs [81]. Our article builds on
previous results to highlight the various ways EU companies engage with each of the SDGs.
Unlike previous studies that evaluated national performance [82], our analysis represents a
more granular approach, identifying specific areas of underperformance within countries
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and empowering policymakers to incentivize the adoption of relevant and effective policies.
Furthermore, our study represents an overview of all 17 SDGs, rather than being restricted
to industry-specific goals, as observed in earlier literature [16,17,83,84]. There is room for
improvement in the pursuit of all goals for the 2030 Agenda, as even the goals with the
highest adoption rate do not reach 70% of the application within this sample.

The following two related questions refer to the adoption of relevant sustainability
policies by EU-based companies:

• Q1c. How many companies in the EU apply each type of sustainability policy?
• Q1d. What is the proportion of companies in the EU that apply each type of sustain-

ability policy?

Building on the existing literature [85], we identify relevant sustainability policies
and elucidate their relationship with the SDGs, thus improving our understanding of the
policy landscape in the context of sustainable development. Furthermore, our study goes
beyond identifying the presence of these policies by examining the level of commitment
and adherence to the SDGs among companies and providing valuable insights on the extent
to which policies translate into actions aligned with the SDGs. As shown in Table 3, several
policies show high adoption rates, indicating a strong commitment from a significant
proportion of companies. Such policies refer to resource reduction (p_ARR, 91.4%), mapped
in our research to targets 11.4, 12.2, 14.7, and 15.5; human rights (p_AHR, 90.2%), mapped
to targets 1.4, 8.7, and 16.2; energy efficiency (p_EEF, 84.9%). mapped to targets 7.3 and 13.2;
and waste reduction initiatives (p_WRI, 83.1%), mapped to targets 6.A, 11.6, 12.4, and 14.1.
The high percentages of policy adoption suggest that a substantial number of companies
are actively incorporating policies related to energy efficiency, human rights, and resource
reduction, linked to SDGs 1, 7, 8, 11, 12, 13, 14, 15, and 16.

Table 3. The number and proportion of sample companies applying each policy.

Policies

Sample Companies Applying Each
Policy

Sample Companies Not Applying the
Respective Policy

Count (N) Proportion Count (N) Proportion

p_ANT (animal testing) 90 7.8% 1066 92.2%
p_ARR (resource reduction) 1057 91.4% 99 8.6%
p_AWB (animal well-being) 65 5.6% 1091 94.4%

p_EEF (energy efficiency) 981 84.9% 175 15.1%
p_EMS (emissions) 994 86.0% 162 14.0%

p_ESC (environmental supply chain) 864 74.7% 292 25.3%
p_FFD (fossil fuel divestment) 29 2.5% 1127 97.5%

p_GBD (green buildings) 283 24.5% 873 75.5%
p_LBW (labeled wood) 54 4.7% 1102 95.3%

p_PER (product environmental
responsible use) 727 62.9% 429 37.1%

p_PNS (nuclear safety) 8 0.7% 1148 99.3%
p_SPK (sustainable packaging) 320 27.7% 836 72.3%
p_TRI (takeback and recycling) 151 13.1% 1005 86.9%

p_WEF (water efficiency) 642 55.5% 514 44.5%
p_WRI (waste reduction) 961 83.1% 195 16.9%
p_AHR (human rights) 1043 90.2% 113 9.8%

p_CDL (child labor) 918 79.4% 238 20.6%
p_CDV (career development) 974 84.3% 182 15.7%

p_DOP (diversity and opportunity) 1104 95.5% 52 4.5%
p_EHS (employee health and safety) 1071 92.6% 85 7.4%

p_FAS (freedom of association) 719 62.2% 437 37.8%
p_FLB (forced labor) 900 77.9% 256 22.1%

p_SHS (supply chain health and safety) 610 52.8% 546 47.2%
p_STR (skills training) 987 85.4% 169 14.6%

Note. Total sample N = 1156.
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Low application percentages are notable for the fossil fuel divestment policy (p_FFD,
2.5%), nuclear safety policy (p_PNS, 0.7%), and take-back and recycling initiatives (p_TRI,
13.1%) as companies may find these policies less relevant to their operations or there may
be challenges in implementing and adhering to these specific types of policies. These policy
areas may be relevant to companies that want to improve their commitment to certain
goals. In summary, companies prioritize and apply policies differently depending on their
industry, size, and strategies.

• Q1e. Is there a relationship between company size and the number of SDGs applied or
if a company applies the SDGs?

In our study, we performed a correlation analysis to understand the relationship
between adherence to SDGs and company size. This analytical approach can provide
valuable insights for stakeholders and policymakers seeking to navigate the interaction
between sustainability actions and the economic impact of sample companies. Furthermore,
the correlation analysis builds upon previous research [86–88] by offering an examination
within the specific context of our sample. The results in Table 4 suggest that there is a
positive relationship between company size (total assets) and the number of SDGs applied
or if the company applies the SDGs. The correlation coefficient between total assets and the
number of SDGs applied is 0.259. This correlation suggests a weak positive relationship
between the total assets of a company and the number of SDGs pursued by the sample
companies.

Table 4. Correlation between company size (total assets) and the number of applied SDGs or if the
company applies any SDGs.

Pearson Correlations Total Assets Number of Applied SDGs Company Applies SDGs

Total Assets 1 0.259 ** 0.132 **
Number of Applied SDGs 0.259 ** 1 0.730 **
Company Applies SDGs 0.132 ** 0.730 ** 1

Note. ** p < 0.01. N = 997.

The correlation coefficient between total assets and the binary variable indicating
whether the SDGs are applied is 0.132. This very weak positive correlation suggests a
slight positive relationship between the total assets of a company and whether it pursues
any SDGs. Larger companies are slightly more likely to apply some SDGs. Other factors
not considered in the analysis can influence the observed relationships. The conclusion
is that companies, regardless of size, can choose to apply the SDGs or not based on their
sustainable development strategies and business models. While larger companies may be
under more peer pressure and stakeholder scrutiny, their public visibility is not enough to
convince the board of directors to pursue the relevant SDGs.

• Q1f. Is there a relationship between company size and the number of policies applied,
or if the company applies any sustainability policy?

In parallel with our previous correlation analysis that examined the relationship be-
tween SDG adherence and company size, we extended our inquiry to explore the correlation
between the economic contribution of a company and the application of sustainability
policies. This approach allows us to investigate the impact of policy implementation on
financial outcomes independently of SDG alignment. Our research builds on the existing
literature [89–92] by uncovering patterns or associations between policy implementation
and financial outcomes, thus enriching the understanding of the mechanism that drives
sustainable development and economic success.

The correlation coefficient of 0.171 between total assets and the number of policies
applied indicates a weak positive association (see Table 5). This implies that there is a
tendency for companies with higher total assets to have a greater number of applied
policies, but the relationship is weak. The coefficient of 0.171 signifies a positive but
relatively low correlation (very small statistical effect). As the total assets increase, there
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is a slight motivation for company boards to adopt multiple policies to deal with higher
operational complexity. However, the correlation coefficient of 0.024 suggests that there is
no relationship between sustainability commitment and company size. In conclusion, larger
companies tend to have more sustainability policies in place, but increased operational
complexity is not a sufficient motivation for boards to implement sustainability policies.

Table 5. Correlation between company size (total assets) and the number of applied policies or if the
company applies any sustainability policy.

Pearson Correlations Total Assets Number of Applied Policies
Sustainability Policies Applied

(Binary Variable)

Total Assets 1 0.171 ** 0.024
Number of Applied Policies 0.171 ** 1 0.292 **

Policies Applied 0.024 0.292 ** 1

Note. ** p < 0.01. N = 1153.

4.2. Statistical Results on the Application of SDGs and Corporate Sustainability Policies in each
EU Country

In this section, we focus on countries of incorporation. We reformulate the analysis in
terms of how many companies in each country pursue the SDGs and apply sustainability
policies. This analysis addresses research question Q2. We start by investigating the
countries in which companies apply at least one SDG. The following question is relevant in
this regard:

• Q2a. How many companies in each EU country pursue at least one SDG?

The total number of companies with valid data in each country provides context for the
overall size of the business landscape in these nations (see Table 6). Companies incorporated
in several countries, such as Austria (93.11%), Czechia (100%), Denmark (90.16%), Ireland
(91.67%), the Netherlands (91.67%), Portugal (90.91%), Slovenia (100%), and Spain (91.11%),
have high application rates, indicating a significant commitment of most companies to
apply at least one SDG. On the other hand, companies from several countries (Bulgaria,
Romania, Luxembourg) have a less-pronounced interest in the SDGs. Variations may be
influenced by cultural and regulatory differences, even within the European Union, due
to distinct national policies and the level of awareness and engagement in sustainability
initiatives, influencing companies’ propensity to address the SDGs.

A visual representation of the results is provided in Figure 1. The map allows us
to understand the patterns of SDG contributions in different geographical regions [93]
within the European Union. The observed pattern is defined by a color spectrum from
red to green. Figure 1 confirms the results of previous studies on the limited adoption
of sustainability initiatives in Eastern Europe [94,95], as evidenced by the prevalence of
red or near-red hues on the map, which signal countries where SDG targets are applied
by fewer companies. Using color mapping can offer significant decision-making support
by fostering a comparative viewpoint across SDG indicators, pinpointing the geographies
requiring attention for sustainable development efforts and enabling the prioritization and
allocation of resources to specific EU regions in alignment with SDG objectives.

The following question focuses on the application of sustainability-related policies
by country:

• Q2b. How many companies in each EU country apply at least one sustainability policy?

Almost all companies in EU countries apply at least one sustainability policy. The
uniformity in policy adoption throughout the business landscape observed in Table 6 shows
the corporate commitment to responsible business practice. Sweden stands out with a
slightly lower application percentage (97.98%) compared to the 100% application rates
seen in several other countries. This indicates that a very small proportion of companies
in Sweden have not adopted any policy. However, Sweden has the highest proportion of
companies in the sample. The highest number of companies that do not apply any policy
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can be observed again in Sweden, meaning that 6 Swedish companies out of the 297 do not
apply any policy.

Table 6. The number and proportion of companies in each country that pursue at least one SDG and
adopt at least one sustainability-related policy (N = 1156 companies).

Country
Companies Applying at Least One SDG

Companies Adopting at Least One Sustainability
Policy

Count Proportion Count Proportion

Austria 27 93.11% 29 100.00%
Belgium 38 86.37% 43 97.73%
Bulgaria 0 0.00% 1 100%
Czechia 2 100.00% 2 100%

Denmark 55 90.16% 60 98.36%
Finland 57 82.61% 69 100%
France 111 74.5% 148 99.33%

Germany 145 64.16% 225 99.56%
Greece 8 66.67% 12 100%

Hungary 3 60.00% 5 100%
Ireland 11 91.67% 12 100%

Italy 92 85.98% 107 100%
Luxembourg 0 0.00% 2 100%
Netherlands 44 91.67% 48 100%

Poland 21 80.77% 26 100%
Portugal 10 90.91% 11 100%
Romania 1 20.00% 5 100%
Slovakia 1 50.00% 2 100%
Slovenia 3 100.00% 3 100%

Spain 41 91.11% 45 100%
Sweden 228 76.77% 291 97.98%

Total 898 77.68% 1146 99.13%

Figure 1. Geographical map of the number of companies in the European Union pursuing at least
one SDG. Source: Table 6.

A visual representation of these results is shown in Figure 2, facilitating an under-
standing of patterns in sustainability policies in diverse geographical regions within the
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EU. These policies are crucial to addressing the multifaceted challenges outlined in sustain-
ability agendas. Figure 2 reinforces previous research findings that highlight the varying
degrees of implementation of sustainability policies, particularly in certain regions (Eastern
Europe), indicated by red or near-red hues, where policy uptake may be lacking [96–98].
Sustainability policies are the internal mechanism by which companies implement the
SDGs and other requirements, such as the due diligence process mandated by the Corporate
Sustainability Reporting Directive [43]. In this respect, the adoption of sustainability poli-
cies is more relevant to the sustainability strategy of EU companies than the self-declared
contributions to the SDGs. Policies create a substantive obligation for company managers
to prevent harm or facilitate environmental protection and social welfare, as a reflection of
EU-level policies [99].

Figure 2. Geographical map of the number of companies in the European Union applying at least
one sustainability policy. Source: Table 6.

We continue the exploration of SDGs and policies by country by calculating the
descriptive statistics of the extent to which SDGs are applied in each EU country. We will
answer the following question:

• Q2c. What are the average and range of the number of SDGs applied per country?

The total number of companies (1156) considered in the analysis provides context
for the overall sample size and the breadth of the study (see Table 7). The mean number
of SDGs applied per country is calculated as the average number of SDGs adopted by
companies within each country. The overall mean across all countries is 6.68, indicating
that, on average, companies in EU countries apply approximately six or seven SDGs. There
is considerable variation between countries in the mean number of SDGs applied. The
means are found in the interval from 0 (e.g., Bulgaria, Luxembourg) to 11.50 (Czechia).
In countries with many companies containing valid data (France, Germany, Italy, and
Sweden), we can observe that the means lie between 5 and 9. Romania has a relatively low
mean (2.60), suggesting that, on average, companies in Romania apply a smaller number of
SDGs. This may be due to specific challenges or less emphasis on sustainability practices
within the business landscape [100].
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Table 7. The mean, median, and range of SDGs applied per country.

Country
SDGs Applied per Country Total Number

of CompaniesMin Max Mean Median Weighted Mean

Austria 0.00 17.00 9.17 10.00 0.23 29
Belgium 0.00 17.00 7.61 7.00 0.29 44
Bulgaria 0.00 0.00 0.00 0.00 0.00 1
Czechia 10.00 13.00 11.50 11.50 0.02 2

Denmark 0.00 15.00 6.61 6.00 0.35 61
Finland 0.00 17.00 5.70 6.00 0.34 69
France 0.00 17.00 8.05 9.00 1.04 149

Germany 0.00 17.00 5.52 6.00 1.08 226
Greece 0.00 17.00 8.50 10.50 0.09 12

Hungary 0.00 17.00 7.20 3.00 0.03 5
Ireland 0.00 17.00 7.34 7.00 0.08 12

Italy 0.00 17.00 8.89 9.00 0.82 107
Luxembourg 0.00 0.00 0.00 0.00 0.00 2
Netherlands 0.00 14.00 6.00 6.00 0.25 48

Poland 0.00 17.00 6.85 7.00 0.15 26
Portugal 0.00 15.00 8.91 9.00 0.08 11
Romania 0.00 13.00 2.60 0.00 0.01 5
Slovakia 0.00 7.00 3.50 3.50 0.01 2
Slovenia 5.00 13.00 10.34 13.00 0.03 3

Spain 0.00 17.00 10.20 11.00 0.40 45
Sweden 0.00 17.00 5.39 5.00 1.38 297

Total 0.00 17.00 6.68 7.00 - 1156

All EU countries have companies that do not apply any SDGs, except Czechia (with
two listed companies that apply at least ten SDGs) and Slovenia (with three listed companies
applying a minimum of five SDGs). The maximum number of SDGs applied is 17, for
most of the countries, while companies in Slovakia apply the least SDGs, with a maximum
of 7. The median value of the sample (seven) is close to the mean, indicating a relatively
symmetric distribution of the number of SDGs applied per country. Some countries, such as
Sweden, have means that are close to their respective medians, suggesting a more balanced
distribution of the SDG application. Other countries, such as Greece and Spain, have means
that are slightly higher than their medians, indicating a positively skewed distribution,
with prominent companies adopting a higher number of SDGs.

The weighted mean of each country is calculated by multiplying the mean number
of SDGs pursued by the proportion of companies in the total sample. This indicator
shows the contribution of the respective countries to the SDGs in the European Union. In
our sample, Sweden has the largest weighted mean, followed by France and Germany.
Not surprisingly, these countries also have many companies that pursue the SDGs and
contribute to sustainable development.

• Q2d. What are the average and range of the number of sustainability policies applied
by companies in each country?

The following analysis delves into the application of sustainability policies by com-
panies in each EU country, mirroring the previous analysis concerning the SDGs in each
country. The results are presented in Table 8. The overall mean across all countries is
13.45, indicating that, on average, companies in these countries apply approximately 13 to
14 policies out of the 24 analyzed. The mean values range from 7.00 (Bulgaria, Luxembourg)
to 15.91 (Spain). This indicates a considerable variation in the average number of policies
adopted by companies in different countries. In many cases, the mean values are close to
the median values, suggesting a relatively symmetric distribution of policy adoption.

176



Sustainability 2024, 16, 2971

Table 8. The mean, median, and range of the number of sustainability policies applied by sample
companies, per country.

Country
Policies Applied by Sample Companies Total Number of

CompaniesMin Max Mean Median Weighted Mean

Austria 11.00 18.00 15.00 15.00 0.38 29
Belgium 0.00 19.00 14.23 15.50 0.54 44
Bulgaria 7.00 7.00 7.00 7.00 0.01 1
Czechia 14.00 17.00 15.50 15.50 0.03 2

Denmark 0.00 21.00 14.21 15.00 0.75 61
Finland 2.00 19.00 14.52 15.00 0.87 69
France 0.00 21.00 14.54 16.00 1.87 149

Germany 0.00 20.00 13.71 15.00 2.68 226
Greece 3.00 17.00 13.17 15.50 0.14 12

Hungary 10.00 18.00 13.80 13.00 0.06 5
Ireland 12.00 18.00 14.42 14.00 0.15 12

Italy 3.00 19.00 14.22 15.00 1.32 107
Luxembourg 3.00 11.00 7.00 7.00 0.01 2
Netherlands 5.00 19.00 15.04 16.00 0.62 48

Poland 10.00 20.00 15.08 15.00 0.34 26
Portugal 7.00 18.00 15.18 16.00 0.14 11
Romania 8.00 16.00 11.40 11.00 0.05 5
Slovakia 3.00 17.00 10.00 10.00 0.02 2
Slovenia 10.00 15.00 13.00 14.00 0.03 3

Spain 5.00 21.00 15.91 16.00 0.62 45
Sweden 0.00 20.00 11.01 12.00 2.83 297

Total 0.00 21.00 13.45 15.00 - 1156

The minimum and maximum values represent the range of policy adoption within
each country. For example, in Belgium, the minimum is 0, indicating that some companies
have not adopted any policy, while the maximum is 19, indicating a high level of policy
adoption by some Belgian companies. Some countries, such as Bulgaria and Luxembourg,
have relatively lower mean values of 7.00, indicating a lower average level of policy
adoption with minimum and maximum ranging between 3 and 11. There are companies in
Belgium, Denmark, France, Germany, and Sweden that do not have any policy, according to
Refinitiv. However, these countries have several companies that apply a very large number
of policies, ranging from 19 to 21. Companies in Denmark, France, and Spain apply a
maximum of 21 out of the 24 policies analyzed.

For countries where the mean is lower than the median (e.g., Belgium, Hungary, Ro-
mania, Slovakia, and Sweden), there is a potential skewness toward lower policy adoption.
Policymakers may explore strategies to encourage wider policy adoption among companies
in these countries.

The weighted mean of each country is calculated by multiplying the mean number of
policies applied by the proportion of companies in the total sample. This indicator shows
the commitment of companies in each country to the implementation of sustainability
policies in the EU. In our sample, Sweden has the largest weighted mean, closely followed
by Germany. France and Italy occupy the third and fourth positions, respectively. Not
surprisingly, these countries also have numerous companies that implement sustainability
policies and contribute to sustainable development.

4.3. Statistical Results on the Application of Each SDG and Sustainability Policy per Industry

The following analysis discusses the application of SDGs and sustainability policies
per industry (classified using the NACE codes rev. 2.0). This is relevant to this investigation
because industries have different impacts, risks, and opportunities related to sustainabil-
ity [43]. The first point refers to the extent to which the SDGs are applied in each industry.
The following question is relevant to this analysis:

• Q3a. What are the average and range of the number of SDGs applied per industry?
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There is considerable variation in the mean number of SDGs applied in different
industries, ranging from 4.38 in the administrative and support services industry (N) to 12 in
the public administration and defense industry and the compulsory social security industry
(O). This variation suggests that industries differ in their commitment to and alignment
with the SDGs. Table 9 offers more details. Industries such as public administration and
defense, compulsory social security (O), and financial and insurance activities (K) have
relatively higher mean values of 12.00 and 7.91, respectively. This indicates that companies
within these industries, on average, adopt a larger number of SDGs. This may be attributed
to regulatory requirements, industry norms, and a strong emphasis on sustainability in
these sectors [101]. Industries such as professional, scientific, and technical activities (M)
and administrative and support services (N) have lower mean values of 4.50 and 4.38,
respectively. In many cases, the mean values are close to the median values, indicating a
relatively symmetric distribution of SDG applications within each industry.

Table 9. The mean, median, and range of SDGs applied per industry.

Industry
SDGs Applied per Industry Total Number

of CompaniesMin Max Mean Median Weighted Mean

A (Agriculture, Forestry and Fishing) 0.00 12.00 5.46 6.00 0.06 13
B (Mining and Quarrying) 0.00 14.00 6.24 7.00 0.11 21

C (Manufacturing) 0.00 17.00 6.81 6.00 2.49 422
D (Electricity, Gas, Steam and Air

Conditioning Supply) 0.00 17.00 8.49 8.00 0.35 47

E (Water Supply; Sewerage, Waste
Management and Remediation Activities) 0.00 0.00 0.00 0.00 0.00 0

F (Construction) 0.00 17.00 8.07 7.5 0.31 44
G (Wholesale and Retail Trade; Repair of

Motor Vehicles and Motorcycles) 0.00 17.00 5.78 6.00 0.73 146

H (Transportation and Storage) 0.00 17.00 6.90 7.00 0.24 40
I (Accommodation and Food Service

Activities) 0.00 17.00 6.19 7.00 0.17 32

J (Information and Communication) 0.00 17.00 6.63 7.00 0.45 79
K (Financial and Insurance Activities) 0.00 17.00 6.97 7.00 0.96 159

L (Real Estate Activities) 0.00 17.00 7.91 7.50 0.30 44
M (Professional, Scientific and Technical

Activities) 0.00 17.00 5.09 4.00 0.24 55

N (Administrative and Support Service
Activities) 0.00 9.00 4.50 4.50 0.02 6

O (Public Administration and Defense;
Compulsory Social Security) 0.00 13.00 4.37 4.50 0.06 16

P (Education) 7.00 17.00 12.00 12.00 0.02 2
Q (Human Health and Social Work

Activities) 0.00 16.00 6.10 5.50 0.05 10

R (Arts, Entertainment and Recreation) 0.00 14.00 6.50 6.50 0.11 20
S (Other Service Activities) 0.00 0.00 0.00 0.00 0.00 0

T (Activities of Households as Employers;
Undifferentiated Goods and Services

Producing Activities of Households for
Own Use)

0.00 0.00 0.00 0.00 0.00 0

U (Activities of Extraterritorial
Organizations and Bodies) 0.00 0.00 0.00 0.00 0.00 0

Total 0.33 12.62 5.43 5.38 0.32 1156

The maximum number of SDGs applied is 17, which is common in most indus-
tries. Companies in the professional, scientific, and technical activities sector (M) apply
a maximum of nine SDGs—the least number of SDGs in the present sample. The public
administration and defense industry (O) applies a minimum of seven SDGs, compared to
all other industries, where the minimum number of applied SDGs is zero.
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• Q3b. What are the average and range of the number of sustainability policies applied
per industry?

There is considerable variation in the mean number of policies applied across different
industries (see Table 10), ranging from 8.50 (education—P) to 14.51 (manufacturing—C).
Industries such as manufacturing (C), mining and quarrying (B) and construction (F) have
relatively higher mean values of policies applied, indicating a stronger commitment to
adopting a larger number of policies on average. Education (P), professional, scientific, and
technical activities (M), and administrative and support service activities (N) have lower
mean values, suggesting a comparatively weaker adoption of policies within these sectors.
Industries such as manufacturing (C), information and communication (J), financial and
insurance (K), professional, scientific, and technical activities (M), and arts, entertainment,
and recreation (R) include some companies that do not apply any policy. There is no
industry with at least 1 company that implemented all 24 policies.

Table 10. The mean, median, and range of policies applied per industry.

Industry
Policies Applied per Industry Total Number

of CompaniesMin Max Mean Median Weighted Mean

A (Agriculture, Forestry and Fishing) 10.00 17.00 14.38 15.00 0.1618 13
B (Mining and Quarrying) 3.00 18.00 14.48 15.00 0.2630 21

C (Manufacturing) 0.00 21.00 14.51 15.50 5.2976 422
D (Electricity, Gas, Steam and Air

Conditioning Supply) 1.00 18.00 13.43 16.00 0.5458 47

E (Water Supply; Sewerage, Waste
Management and Remediation Activities) 0.00 0.00 0.00 0.00 0.0000 0

F (Construction) 3.00 17.00 14.02 15.00 0.5337 44
G (Wholesale and Retail Trade; Repair of

Motor Vehicles and Motorcycles) 1.00 21.00 13.12 15.00 1.6566 146

H (Transportation and Storage) 3.00 18.00 13.47 14.00 0.4663 40
I (Accommodation and Food Service

Activities) 4.00 20.00 13.06 14.00 0.3616 32

J (Information and Communication) 0.00 19.00 12.63 14.00 0.8633 79
K (Financial and Insurance Activities) 0.00 19.00 12.65 14.00 1.7396 159

L (Real Estate Activities) 8.00 17.00 13.48 14.00 0.5130 44
M (Professional, Scientific and Technical

Activities) 0.00 18.00 9.84 11.00 0.4680 55

N (Administrative and Support Service
Activities) 5.00 15.00 9.67 10.00 0.0502 6

O (Public Administration and Defense;
Compulsory Social Security) 2.00 18.00 13.19 14.50 0.1825 16

P (Education) 8.00 9.00 8.50 8.50 0.0147 2
Q (Human Health and Social Work

Activities) 8.00 19.00 13.40 13.50 0.1159 10

R (Arts, Entertainment and Recreation) 0.00 18.00 12.70 13.50 0.2197 20
S (Other Service Activities) 0.00 0.00 0.00 0.00 0.00 0

T (Activities of Households as Employers;
Undifferentiated Goods and Services

Producing Activities of Households for
Own Use)

0.00 0.00 0.00 0.00 0.00 0

U (Activities of Extraterritorial
Organizations and Bodies) 0.00 0.00 0.00 0.00 0.00 0

Total 2.67 14.38 10.31 11.07 0.64 1156

In many cases, the mean values are close to the median values, indicating a relatively
symmetric distribution of policy adoption within each industry. Across all industries, the
overall mean number of policies applied is 12.74, suggesting that, on average, companies
across various industries have aligned their practices with an average of 13 policies out of
24 analyzed, with a minimum of 3 policies applied and a maximum of 18 policies applied.
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• Q3c. How many companies apply the SDGs in each industry and country (cross-
tabulation)?

In Table A2 (Appendix A), the last column on the right provides the overall count
of companies applying the SDGs, broken down by industry and EU country. Industries
with higher counts indicate a greater prevalence of companies adopting the SDGs. For
example, manufacturing (C) and wholesale and retail trade (G) have relatively high counts,
suggesting widespread adoption in these sectors. Industries with lower counts have fewer
companies actively applying SDGs. For example, mining and quarrying (B) and education
(P) have lower counts. The frequencies for each country provide insights into the level of
adoption of the SDGs. For instance, Germany (DEU) and Sweden (SWE) have relatively
higher counts compared to other countries. Low values for the adoption of SDGs can be
observed in Czechia, Hungary, Portugal, Romania, Slovakia, and Slovenia.

• Q3d. How many companies apply sustainability policies in each industry and country
(cross-tabulation)?

In Table A3 (Appendix A), each column represents a country, and the numbers indicate
the frequency with which companies in that country apply policies in each sector. Industries
with higher counts indicate a greater prevalence of companies adopting sustainability
policies. For instance, manufacturing (C) and wholesale and retail trade (G) have relatively
high counts, suggesting widespread adoption in these sectors. Some industries such
as agriculture (A) and mining and quarrying (B) have lower counts, indicating lower
adoption and/or fewer companies in these sectors applying policies. The frequencies for
each country provide insights into the level of adoption of sustainability policies. For
instance, Sweden (SWE) and Germany (DEU) have a relatively higher count compared to
other countries, considering that the most advanced industry in terms of sustainability
policies is manufacturing (C). The lowest counts on corporate policies between countries
are represented by Bulgaria, Czechia, Hungary, Italy, Romania, Slovakia, and Slovenia.

• Q3e. How many companies apply the SDGs in each industry?

In Table A4 (Appendix A), each row corresponds to a specific SDG, and the columns
represent different industries. For example, in manufacturing (C), there are 228 companies
applying SDG 3, which is related to good health and well-being. Industries such as
manufacturing (C), wholesale and retail trade (G), and financial and insurance activities (K)
have relatively high counts across multiple SDGs, indicating a comprehensive approach to
sustainability. The most pursued SDGs (8, 12, 13, 5, 3, 7, and 9, in descending frequency
of application) refer to job creation and economic development, inclusivity and social
responsibility, resource efficiency and waste reduction, regulatory compliance and risk
mitigation, environmental responsibility, and market demand and consumer preferences. A
survey conducted by KPMG in 2022 on 12 countries, territories, and jurisdictions observed
that the frequency of prioritized SDGs follows the same pattern; SDG 8 (72%), SDG 12
(58%), SDG 13 (63%), followed by SDG 5 (43%), SDG 3 (49%), SDG 7 (50%) and SDG 9
(50%) [102].

Some industries, like agriculture (A) and mining and quarrying (B), have lower counts
for certain SDGs, possibly reflecting the need to focus more on specific sustainability goals
within these sectors. Industry-specific challenges and characteristics are linked to resource-
intensive practices, economic dependence on the exploitation of natural resources, or the
fragmentation of the industry [103].

We analyzed the literature by searching Clarivate Web of Science and Scopus using
keywords from the industry’s name and “SDGs” (e.g., “Agriculture SDG”, “Mining SDGs,”
etc.). We performed textual analysis to identify the SDGs correlated with the results of the
present study. Table A5 (Appendix A) includes the correspondence between the previous
literature and the present results. We have identified common contributions to the SDGs
for each industry, except water supply, sewerage waste management, and remediation
activities (E), as the companies in this industry in our sample did not present adherence
to any of the 17 SDGs. Higher SDG matching is observed in agriculture (A), electricity
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and gas (D), financial (K), education (P), and arts and recreation (R). We identified less
SDG matching in wholesale and retail (G), transportation and storage (H), accommodation
and food service activities (I), real estate activities (L), professional (M), administrative
and support services (N), and human health and social work activities (Q). Table A5 also
indicates future research opportunities in the investigation of the SDGs by industry to
increase the matching between what companies consider relevant and what researchers
consider relevant in terms of corporate contributions to the SDGs.

• Q3f. How many companies apply sustainability policies in each industry?

In Table A6 (Appendix A), each row corresponds to a specific policy, and the columns
represent different industries. For example, in manufacturing (C), there are 402 compa-
nies applying the policy labeled p_ARR. Policies referring to resource reduction (p_ARR),
human rights (p_AHR), diversity and equal opportunity (p_DOP), and employee health
and safety (p_EHS) have relatively high frequencies across multiple industries. Similarly,
with the pursuit of SDGs across industries, there is a high degree of adoption of policies
in manufacturing (C), wholesale and retail trade (G), and financial services (K). In manu-
facturing (C) and wholesale and retail trade (G), there is a significant focus on the supply
chain, leading to a greater adoption of sustainability policies in the process of sourcing raw
materials, manufacturing, and distribution.

Integrating sustainable practices can be a competitive advantage in attracting envi-
ronmentally conscious consumers. On the other hand, financial institutions (K), including
banks and investment firms, recognize the financial risks associated with environmental,
social, and governance (ESG) factors [71]. As sustainability issues can pose risks to long-
term business viability, financial institutions are incorporating sustainability policies to
assess and manage these risks in their investment portfolios and help their clients achieve
the SDGs [104].

Some policies, like the fossil fuel divestment policy (p_FFD) and labeled wood
(p_LBW), are applied by fewer companies, possibly reflecting industry-specific require-
ments. The lowest value observed is related to nuclear safety policy (p_PNS), which is
applied in the electricity supply sector (D) and the construction sector (F) in relation to
facility construction or materials for nuclear facilities.

4.4. Statistical Results on the Relationship between SDGs and the Corresponding Policies

The final section of the results proposes an exploration of the relationship between the
SDGs and p_SDGs based on the SDG versus policies matrix (Table A1). The correlation
is based on mapping the SDGs to corporate policies related to the SDGs. This correlation
analysis answers Q4, which was formulated as:

• Q4. What is the relationship between the SDGs and the corresponding policies as
applied by the sample companies?

In Table A7 (Appendix A), each cell in the table contains a correlation coefficient be-
tween each SDG and its corresponding p_SDG composed of mapped policies (in Table A1).
For example, p_SDG1 is based on the occurrence of p_AHR (analytic human rights policy).
Based on the mapping in Table A1, correlation coefficients were calculated between the
SDG frequencies in columns and the aggregated p_SDG frequencies in rows. Specifically,
the correlation coefficient between SDG 1 and its corresponding policy (p_SDG1) is 0.122
(significant at the 0.05 threshold). The positive value (0.122) suggests a very weak positive
correlation between SDG 1 and p_SDG1.

The highest correlation can be observed between SDG 13 and the sustainability policies
associated with this SDG (p_SDG13). Many of the coefficients are positive and statistically
significant, indicating a general positive correlation between the implementation of SDGs
and their corresponding policies aggregated by the p_SDGs. However, for most relation-
ships, the statistical effect is either small or medium, but it is not strong. This indicates that
the policies adopted by the respective companies are not entirely aligned with the SDGs
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pursued and reported by the same companies. This is an important result, which will be
discussed in the next section.

5. Discussion

5.1. Comparative Perspective on SDG Adoption in the European Union Countries

The data collected from Refinitiv describe not only the parent company from the
country of origin but also the application of policies and SDGs to the entire group of com-
panies. Multinational corporations apply their SDGs and sustainability policies throughout
the consolidation perimeter, leading to various business behaviors and progress toward
the SDGs at various rates [105]. In other words, the sample companies—most of which are
multinational enterprises—disseminate their policies in all countries of operation and pursue
their underlying SDGs. The following discussion presents the notable contributions of the top
performers in our sample, according to the results summarized in the previous tables.

Figure 3 provides a quantitative overview of the engagement of different companies
in achieving specific SDGs using the number of companies applying each SDG. Red and
orange hues indicate little contribution to the SDGs. Green hues indicate a substantial
contribution to the SDGs. Sample companies from Bulgaria and Luxembourg had not re-
ported contributions to any SDG. Companies in Croatia, Cyprus, Estonia, Latvia, Lithuania,
and Malta did not have data collected by the Refinitiv analysts (as of November 2023), as
observed in Table 1. In this sense, they appear in Figure 3 as lacking participation.

 

Figure 3. Heatmap of the number of companies applying each SDG per country.

Swedish companies have outstanding participation in numerous SDGs; French and
German companies demonstrate substantial engagement across most SDGs; and Italian
companies engage significantly across multiple SDGs, approaching the level of sustainable
development in France and Germany. On the other hand, there is minimal participation of
companies in Romania and Bulgaria. More research is needed to understand the reasons
behind the lack of participation in these countries.
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On the same note, we observe in Figure 4 the heat map of the number of companies
that apply each policy per country. Red and orange hues indicate lower adoption of sus-
tainability policies. Green hues indicate a substantial adoption of corporate sustainability
policies in the respective countries. Similar to the contributions towards the SDGs, French,
German, Italian, and Swedish companies are the ones that engage more with sustainability
policies. Policies most frequently applied by the companies are p_PER (product environ-
mental responsible use), p_ARR (analytic resource reduction), p_WEF (water efficiency),
p_EEF (energy efficiency), p_ESC (environmental supply chain), p_EHS (employee health),
p_STR (skills training), p_CDV (career development), p_DOP (diversity and opportunity),
p_FAS (freedom of association), p_CDL (prevention of child labor), p_AHR (human rights
policy), and p_FLB (prevention of forced labor).

 

Figure 4. Heatmap of the number of companies applying each policy per country.

Based on our research, SDG 1 (“end poverty”) is approached mainly in the manufac-
turing (C) and financial (K) industries. The contribution of the manufacturing sector to
this SDG is characterized by high values due to the strong focus of companies on product
development for a low-income population [81]. Observing the heatmap in Figure 3, compa-
nies in France, Germany, Italy, and even Spain and Sweden are the ones that approach this
goal more. SDG 2 (“zero hunger”) has a similar scope in all sectors as it is closely linked to
SDG 1, with high values in the manufacturing sector (C). The most significant contribution
belongs to manufacturing companies that focus on their value chain. Other industries
could adhere to this SDG by supporting organizations such as the World Food Programme.

SDG 3 (“good health and well-being”) continues the interlinkage with SDG 2 since
hunger can cause diseases and affect the health of the population [81]. The manufacturing
sector (C) and the wholesale and retail industry (G) have a high interest in SDG 3, implicitly
seeking to attract and retain their personnel. Health should be a subject of interest for
all companies by ensuring a safe work environment. Companies investing in education
(SDG 4—“quality education”) could also target SDG 8 (“decent work”) by developing a
skilled workforce through their investment in education before hiring and on the job. We
observed that companies in sectors such as manufacturing (C), wholesale and retail (G),
and financial services (K) apply SDG 4 to a larger extent, but companies in other industries
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could be more engaged and implement appropriate training programs for their workforce
or participate in training partnerships [81].

SDG 5 (“gender equality”) creates benefits for the entire economy, as we observe
an increase in the country’s GDP when the employment gap is reduced [106]. SDG 5 is
highly applied by French, German, and Swedish companies, as shown in Figure 3. More
companies in various industries should be aware of the gender equality policies.

SDG 6 (“access to water”) is mainly applied by the manufacturing (C) industry as
water usage levels are higher in cooling and cleaning processes [107]. It is important for
companies to track their water consumption and discharge in business activities and in
providing sanitation to employees [81].

SDG 7 (“affordable and clean energy”) represents a new challenge for all companies as
fossil fuels are phased out in the EU [108]. This sustainability goal is relevant not only to the
manufacturing sector (C) but also to industries such as electricity and gas (D), construction
(F), wholesale and retail (G), information and communication (J), financial services (K), and
real estate (L). As in the case of SDG 6, companies should understand their energy usage
patterns, especially in the manufacturing industry. In recent years, the hospitality industry
(I) has demonstrated greater social and environmental responsibility as it seeks solutions
to provide green accommodation practices that could be used as a marketing instrument
toward the responsible consumer [109]. Organizations should seek to disseminate their
clean energy practices throughout the supply chain when selecting and auditing suppliers.

SDG 8 (“decent work and economic growth”) reflects more dimensions, combining
SDG 4, SDG 5, and access to finance [81], providing a specific link to SDGs 1 and 3. SDG
8 reflects the challenges related to unemployment and the risk of forced labor. During
our research, we observed the applicability of SDG 8 in manufacturing (C) and wholesale
and retail (G), as both industries are based on human labor. SDG 9 (“industry, innovation
and infrastructure”) was approached by the same sectors mentioned above, in addition to
information and communication (J), which deals mainly with the innovation side of this
specific goal. SDG 10 (“reduced inequalities”) is relevant for manufacturing (C), wholesale
and retail (G), and financial services (K), mainly as a consequence of their compliance
efforts [42,81]. The three mentioned industries also seek continuous innovation, and the
diversity of the workforce is a key factor in achieving SDG 10.

As the SDGs are interconnected [77], urban and rural life is supported by agriculture
(A), manufacturing (C), and transportation (H). In our research, we observed a high interest
in SDG 11 (“sustainable cities and communities”) in the manufacturing industry (C).
Agriculture (A) and transportation (H) are not significant contributors, although they
should diminish their negative effects by pursuing the targets associated with SDG 11. On
the other hand, SDG 12 (“responsible consumption and production”) is approached by the
same industries discussed above, with very high participation from the manufacturing
industry (C) as it seeks to become carbon neutral [81]. SDG 13 (“climate action”), based
on the Paris Agreement [110], puts pressure on revenue streams and relationships with
suppliers and distributors, as the Corporate Sustainability Reporting Directive demands
carbon accounting across the value chain [43].

SDG 14 (“life below water”) refers to the pollution of the seas directly or indirectly
generated by companies in any industry, with a direct impact on the health of the pop-
ulation (SDG 4). High polluters should seek to identify plastic use and toxic substances
in their production processes. Sustainable partnerships are needed to implement circular
solutions in different value chains [111]. SDG 15 (“life on land”) is of great relevance
to companies in the manufacturing industry (C) as they recognize “natural capital” as
scarce [81]. SDG 15 is considered a challenge for companies as biodiversity is threatened in
many parts of the world. SDG 16 (“peace and justice”) is linked to corporate transparency
that helps policymakers and the public understand firm behavior. Multinational companies
should disseminate their codes of conduct in the supply chain to ensure best practices
and transparency with respect to their sustainable actions. Finally, SDG 17 (“partnerships
for the goals”) has no homogenous applicability in the present sample, although it sup-
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ports partnerships between the private and public sectors to solve complex problems and
overcome challenges regarding funding, technology, or transition events.

Looking at the European Union as a whole in relation to the 17 SDGs, and under-
standing the role of the EU in setting the trend for all member states [52], researchers
have concluded that the implementation of the SDGs can be carried through a collective
approach, not limited to a particular industry. The following subsections analyze the
“leaders” and “laggers” in the sustainability landscape of the European Union, based on
the results discussed above. We seek to describe the socioeconomic context of the countries
where companies have the highest contribution to the SDGs versus the countries where
companies do not yet seem interested in applying the SDGs.

5.2. Contribution of Swedish Companies to the SDGs

In our study, we observed significant participation from Swedish companies; Sweden
was the country with the highest share of valid data, as detailed in Table 1. In 2022, the
services sector, including wholesale and retail trade (G), hotels and restaurants (I), transport
(H), government (N, O), financial services (K), professional services (M), education (P),
health care (Q), and real estate (L) contributed 63.5% to the total GDP. Industrial activity
contributed 24% to GDP, with manufacturing taking 13% and construction 11%, while
agriculture (A) contributed a share of 1.5%. According to the Sustainable Development
Report 2023 [112], Sweden scored 85.98%, ranking in the second position.

Swedish companies focus their efforts on achieving SDGs 7, 12, 13, and 14 [113], which
are primarily prevalent in the manufacturing (C), financial (K), and wholesale and trade
(G) industries. Table A2 indicates that Swedish companies focus their efforts on the SDGs
in these sectors. Sweden excels in domains such as the circular economy, eco-friendly
agriculture, green infrastructure, an eco-friendly lifestyle, and sustainable living, aiming to
become a fossil-fuel-free nation by 2050 through its commitment under the Roadmap 2050
initiative [114].

Currently, Sweden is recognized as an extensively documented innovator and con-
tributor with a high adaptive capacity to address climate change [115]. The ranking comes
as a result of environmental protection regulations and policies that are primarily applied
in the manufacturing industry (C), which has the highest contribution to SDG 7. Sweden
has already achieved the target for 2020 regarding 50% of energy from renewable sources
(SDG 7) [116] by investing in hydropower and biomass [117]. Due to its northern geograph-
ical location, companies and the population are large consumers of energy. In this regard,
Swedish companies have invested more in renewable energy sources than companies in
other countries, making a greater step toward clean energy [116,118–120]. Regarding air
pollution, the metropolitan population’s exposure to PM2.5 is below the WHO thresh-
old [121] and is continuously decreasing (SDG 11). Climate change vulnerabilities, such as
surface run-off and marine debris (SDG 14), consisting of industrial pellets, plastic, cigarettes,
and paraffin pieces [122], are observed in the Baltic Sea [123] and linked to various industries,
mainly manufacturing (C), retail and wholesale (G), and construction (F).

Companies headquartered in Sweden actively promote gender policies [124], bene-
fiting from the most comprehensive legal framework for gender equality (SDG 5) [112].
Women hold 47% of parliamentary seats, as well as more than 40% of management posi-
tions, and SDG 5 is generally observed in every industry analyzed, with more focus on
manufacturing (C) and financial services (K). Together with Sweden, European developed
countries that are part of the G7, including France, Germany, and Italy, maintain a strong
position regarding the applicability of SDGs [125].

5.3. Contribution of German Companies to the SDGs

Based on our research, in the list of countries with more than 100 companies with avail-
able data, Germany is the second country, as seen in Table 6. According to the Sustainable
Development Report [112], Germany holds the fourth position in terms of sustainability
performance, achieving an index of 83.36. In Germany, companies in the services sector
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account for 62.7% of GDP, which includes wholesale and retail trade (G), hotels and restau-
rants (I), transport (H), government services (N, O), financials (K), professional services (M),
education (P), health care (Q), and real estate (L) [126]. In Germany, services also include the
information and telecommunication sector (J) [127]. The second largest category is industry
(26.9% of the GDP), which is divided between manufacturing (C), with a proportion of
18%, and construction (F), with 8.9%. Agriculture (A) contributes 0.9% to Germany’s GDP.

The German labor market has excelled in effectively utilizing the skills of its workforce.
It is observed that SDG 8 is tackled in construction (F), wholesale and retail (G), information
and telecommunication (J), and agriculture (A)—industries that have a high contribution to
the GDP. In this regard, companies in these sectors provide substantial hourly wages, while
the unemployment rate is less than half of the OECD average. Although there is room
for enhancement, efforts have been made to improve educational results and significantly
increase childcare enrollment (SDG 4). There is a high level of proficiency, above the OECD
average, in functional skills such as numeracy, literacy, and digital skills (SDG 4) [128].
Engagement in lifelong learning surpasses the OECD average but has the potential for
further improvement (SDG 4). The vocational education and training system facilitates
the integration of young people into the labor market, with the majority of German youth
either employed, pursuing education, or undergoing training (SDG 8) [129]. However,
women are still underrepresented in decision-making positions, but there is a positive trend
in this regard [128,130]. Women spend more time in unpaid care and domestic work than
men, with a gap lower than the OECD average [128].

Germany has established ambitious sustainability goals for 2030 [129]. These goals
include a minimum reduction of 65% in GHG emissions and the goal of reaching carbon
neutrality by 2045 [129]. Although currently recognized by the OECD as a leader in waste
management, Germany is above the average in retail food waste (SDG 2). Manufacturing
(C), real estate (L), and agriculture (A) contribute to proficient waste management and
support Germany’s leading position in recycling (SDGs 11 and 12). However, around 80%
of freshwater, terrestrial, mountain, and marine areas, deemed crucial for biodiversity, lack
protection (SDGs 14 and 15), although German companies implement policies regarding
environmental and biodiversity protection.

5.4. Contribution of French Companies to the SDGs

In our study, France holds the third place as seen in Table 1. France holds the sixth
position according to the Sustainable Development Report 2023 with an overall SDG
adoption score of 82.05 [112]. It has a high standard of living and quality of life supported by
social security systems and access to healthcare, as well as essential goods and services [124].
In France, companies in the services sector account for 70.7% of GDP [131]. This sector
includes wholesale and retail trade (G), hotels and restaurants (I), transport (H), government
(N, O), financials (K), professional services (M), education (P), health care (Q), and real
estate (L). Industry accounts for 16.8% of the total GDP, specifically manufacturing (C) and
construction (F). We identified in Table 6 that, from a total of 149 companies that contained
valid data, 74.50% apply at least one SDG, especially in the two mentioned categories:
services and industry, which represent 82.88% of the total number of companies that apply
at least one SDG.

France is committed to implementing education policies within the curriculum (SDG 4).
However, certain challenges persist. Based on the OECD, French students’ proficiency in
reading and mathematics falls below the minimum target levels (SDG 4), registering an
indicator of 26.9 [128]. Labor market challenges (SDG 8) faced by France come as a result
of the situation in the construction, wholesale and retail, transport, education, and health-
care industries, due to the slow growth in labor productivity and high unemployment
rate [124]. The professions in these types of industries are considered difficult by 61% of
recruitment companies due to a lack of candidates, inadequate professional preparation of
candidates, work conditions, lack of financial motivation, or difficult access to the work-
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place [132]. Despite this fact, France maintains an income poverty rate below the OECD
average (SDG 1).

Gender inequality is also lower than the OECD average, supported by legal frame-
works that promote gender equality (SDG 5). However, concerns arise regarding the time
women spend on unpaid care and housework compared to men, although the gap is below
the OECD average [133]. Additionally, one-third of management positions are occupied by
women. SDG 5 is specifically addressed in government services (N, O), with an increase in
the indicator related to seats held by women in the national parliament [124].

France’s environmental performance is sustained by self-owned nuclear electricity,
leading to a decrease in GHG emissions (SDGs 9 and 13). In particular, in France, protected
areas cover one-third of terrestrial regions and half of territorial waters, surpassing the
2020 Aichi biodiversity targets [134]. Moreover, beyond 80% of freshwater, terrestrial, and
marine areas are considered protected areas (SDGs 14 and 15). However, companies in the
manufacturing industry (C) are significant contributors to domestic material use (SDG 12).
The manufacturing industry (C) contributes negatively to the SDGs by increasing marine
pollution, exceeding the OECD average in terms of marine debris and nutrient pollution
(SDG 14), as well as air pollution (SDGs 11 and 12).

5.5. Contribution of Italian Companies to the SDGs

As observed in Table 1, Italy is the fourth among the countries with over 100 com-
panies that had available ESG data in Refinitiv Eikon. Italy ranks 24th in the Sustainable
Development Report [112] with an index of 78.80. Since 3 February 2016, Italy has estab-
lished the Italian Alliance for Sustainable Development (ASviS), comprising 270 member
organizations [135]. This alliance plays a vital role in raising awareness and mobilizing
stakeholders to achieve the SDGs. Italian companies show positive trends toward achieving
SDGs 2, 5, 7, 9, 12, and 17, while SDGs 11, 13, 4, and 1 present worsening trends [136].

Companies in the services sector contribute to 64.3% of the Italian GDP. This sector
includes wholesale and retail trade (G), hotels and restaurants (I), transport (H), government
services (N, O), financial services (K), professional services (M), education (P), health
care (Q), and real estate (L) [126]. Industry accounts for 23.8% of Italy’s GDP, of which
manufacturing (C) represents 15% and construction (F) represents 8.8%. Agriculture
represents 1.8% of GDP.

The growth of GDP and labor productivity (SDG 8) have been low or negative in the
last 10 years [137], with a decrease in GDP for the year 2022 compared to 2021. Economic
recovery is attributed to the construction industry (F) and the manufacturing industry
(C), as well as certain services such as accommodation and food service activities (I) and
transport and storage (H), which increased the value added per person employed [136]. The
employment rate has increased, approaching the OECD average, but the unemployment
rate remains high [112,136]. The proportion of young people (between 15 and 29 years of
age) who are not engaged in any level of education or employment (SDG 8) is above the
OECD average and exceeds the values reported by Spain and Germany [128].

Italy excels in waste management, witnessing a decline in the share of municipal waste
sent to landfills in 2022 [112]. Italian companies lead in the OECD ranking on recycling
(SDGs 11 and 12) [128], especially in the manufacturing sector (C), as shown in Table A4
(Appendix A). Italy falls below the OECD average on food waste from households and
retailers (G), especially due to the COVID-19 pandemic period, making it comparable to
major European countries, but it is close to the OECD average when it comes to restaurants
(I) (SDG 12).

Approximately 25% of terrestrial, mountain, and marine areas, along with 15% of fresh-
water areas crucial to biodiversity, remain unprotected (SDGs 14 and 15), and the IUCN
Red List of Threatened Species [138] confirms a decline in biodiversity (SDG 15). While
air pollution is decreasing in general, emissions in large cities remain high
(SDG 11) due to industries such as transport (H), wholesale and retail (G), manufacturing (C),
construction (F), and agriculture (A) in the metropolitan area (Table A2). This poses a health
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threat to the population (SDG 3) [139] since Italy, similar to France and Germany, registers
high values of PM 2.5 pollution (SDG 11) [121,140]. Italy experiences lower mortality from
non-communicable diseases compared to the OECD average (SDG 3), reflecting an effective
healthcare system [112].

Social challenges in Italy are related to adults not having minimum proficiency in
numeracy and literacy (SDG 4), as well as low participation in learning, compared to the
OECD average and countries such as Spain and Sweden [128]. Low labor productivity
values and high unemployment rates are also linked to the deficiency in digital skills
of Italian adults and young people (SDG 4). Gender equality (SDG 5) in Italy is below
average [112], and women are underrepresented in the parliament and managerial positions.
The gender gap in unpaid work also exceeds the OECD average [112]. In summary, Italy’s
economic and social environment is characterized by contrasting aspects and uneven
contributions to the SDGs.

5.6. The Case of Romanian Companies Regarding the SDGs

Romania and Bulgaria (in the next section) are EU countries with valid data but with
very little contribution to the SDGs. They are ranked at the end of the scale of countries
whose companies issue sustainability reports (analyzed by Refinitiv) but have little progress
towards the SDGs and apply relatively few sustainability policies. According to the Sus-
tainable Development Report 2023, Romania ranks 35th with a percentage of progress of
77.5 [112]. In 2022, the GDP of Romania was shared between services (57.6%) including
hotels and restaurants (I), transport (H), government services (N, O), financials (K), profes-
sional services (M), education (P), health care (Q), and real estate (L), complemented by
industry (28.9%) and agriculture (4.5%) [141].

Romania has the potential to make significant contributions to SDG 1, as agriculture
(A) has well-developed supply chains [81]. This would also contribute to the fight against
poverty (SDG 1) outside the European Union as the United Nations considers agriculture to
be the best opportunity to reduce poverty. Improvements in food accessibility are necessary
to reduce poverty [142]. Romania has a high rate of poverty (16.2%) [143], with only
one more EU member—Bulgaria—registering a higher rate (16.5%). There is also a high
proportion of malnutrition (SDG 2). Companies’ indifference to SDG 2 is compensated by
the existence of the Romanian Food Bank [144], which helps food chain actors, specifically
in the wholesale and retail industry (G), to improve the economic value of different types
of products by minimizing their storage and disposal costs.

There is a significant link between agriculture (A) and SDG 2. Our sample includes
13 companies in agriculture (A), but none of them are in Romania. Agriculture (A) in Roma-
nia employs approximately 26.7% of the working population (SDG 8)—one of the highest
rates in Europe [145]—as Romania focuses on the promotion of sustainable agriculture.
Efforts towards SDG 3 are seen in high-polluter industries such as electricity and gas (D),
agriculture (A), wholesale and retail trade (G), the food industry (I), transport (H), and
construction (F) [146].

The education system ranks well below the EU average (SDG 4) due to school abandon-
ment, poor infrastructure, and lack of investment in sustainable education [147]. Variations
depend on the region and whether they are urban or rural [148]. In rural areas, the main
reasons for school dropout are linked to the lack of construction or modernization of educa-
tional buildings, purchase of IT equipment, free transportation to and from school, and the
existence of after-school programs.

Romania has a competitive position as energy-intensive companies benefit from a low
dependence on imported energy resources. Romania’s geographical position and natural
resources facilitate the use of wind and solar power, as well as hydropower [149]. Small
and medium enterprises (SMEs) in Romania face challenges in finding partners that share
sustainability values and actions.

Despite the existence of legal norms related to social protection expenditure, social
services, and poverty prevention, Romania is often found at the bottom of the EU charts,
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revealing substantial gaps in these areas [150]. While there are favorable results for several
key indicators, Romania still has a significant journey before reaching the level of achieve-
ment seen in the world’s most advanced nations [151]. In the corporate environment, SDG 4
is approached through training sessions for skills related to sustainable development [152].

5.7. The Case of Bulgarian Companies Regarding the SDGs

Bulgaria ranks 44th, with a percentage of progress of 74.6%, according to the Sus-
tainable Development Report 2023 [112]. Bulgaria’s GDP in 2022 was divided between
services (59.6%) including hotels and restaurants (I), transport (H), government services
(N, O), financial services (K), professional services (M), education (P), health care (Q), and
real estate (L) [153], followed by industry (25.5%) and agriculture (3.9%). In Bulgaria, the
private sector has the resources to contribute significantly to the SDGs through improved
access to quality education (SDG 4) [154].

A survey conducted by CSR AdviceBox observed that in a sample of 300 compa-
nies, two-thirds of companies are aware of the SDGs, and more than half are promoting
the SDGs through corporate events. The most relevant SDGs for these companies were
SDGs 4 and 13 [154]. Companies offering goods and services in a B2B transaction iden-
tified climate change as a greater risk, while companies offering products to end-users
are more accountable with regard to SDGs 1, 2, and 3. As a general matter, Bulgarian
companies focus on environmental actions linked to air quality (SDG 3 and 11), water man-
agement (SDG 6), marine protection (SDG 14), and the protection of nature and biodiversity
(SDG 15). Bulgarian companies observe progress related to SDGs 4, 8, and 10 [155].

Bulgaria stands out in Europe with a prominent presence of women in the information
and communication industry (J), reaching 27% [154]. Additionally, 53% of scientists and
engineers in Bulgaria are women. Efforts are underway to reduce the gender pay gap
(SDG 5), promote equality in decision-making processes, and combat gender-based violence.
The challenges related to poverty and inequality, both within and between regions, hinder
progress in the implementation of the SDGs [156]. Relatively poor performance in reading,
mathematics, and science [157] underscores the need to increase efforts to provide quality
education (SDG 4) to everyone [128].

Considering a different survey based on 30 Bulgarian companies, it is observed that
most companies are aware of the SDGs but implementation is lacking due to challenges
created by bureaucracy and insufficient financial resources in the company’s budget [158].
Lack of financial allocation and subsidies for sustainable development could be another
reason for Bulgaria and Romania lagging behind the EU cohort [154].

5.8. Comparing the Rankings of European Union Countries on SDG and Policy Adoption

In Table 11 we present a comparison of the rankings of European Union countries
regarding their SDGs and policy adoption. Weighted mean rankings are derived from the
present research, specifically from Tables 7 and 8. These are compared to the rankings
derived from the Sustainable Development Report 2023 [112] for this subsample of EU
countries only. In the cited report, the data on which the scoring methodology is based
are drawn from international organizations (OECD, UNICEF, WHO, etc.) and civil society
organizations and networks. The report data [112] are relevant at the country level and do
not directly reflect the contribution of (multinational) companies to the achievement of the
SDGs. However, it is relevant to compare these rankings to discover whether companies
headquartered in a certain country follow the national trend in pursuing the SDGs.

The impact of EU leader countries on progress toward the SDGs is significant, with
Sweden emerging as a consistent frontrunner, often ranking within the top three performers.
Table 11 confirms the prominence of Swedish companies in their commitment to the SDGs,
reflecting the nation’s proactive stance on sustainability initiatives. Furthermore, previous
research [159] has highlighted several other leading countries within the EU, such as
Denmark, Germany, Ireland, Luxembourg, the Netherlands, Slovenia, Belgium, Austria,
and Finland, each demonstrating notable contributions to SDG adherence. Our study
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contributes new insights to the existing literature by delving deeper into the behavior of
companies headquartered in the EU and validating the high rankings of Sweden, Germany,
France, Italy, and Spain. However, it should be noted that Luxembourg, while recognized
for its overall consistency in SDG adherence, does not rank as highly in our results, with
the difference being attributed to the dynamics of Luxembourg’s corporate landscape.
Despite the country’s efforts toward alignment with the SDGs, individual companies do
not consistently report or prioritize sustainability initiatives. As such, our study sheds light
on the relationship between national policy frameworks and corporate practices, offering
various perspectives to policymakers, stakeholders, and researchers.

Table 11. Comparison of the rankings of EU countries regarding their SDGs and policy adoption.

Country
Rank by Weighted

Mean on SDG
Adoption

Rank by Weighted
Mean on Policy

Adoption

Rank According to the
Sustainable Development

Report [112]

Austria 10 10 5
Belgium 8 9 19
Bulgaria 20 20 44
Croatia - - 12
Cyprus - - 59
Czech

Republic 17 17 8

Denmark 6 6 3
Estonia - - 10
Finland 7 5 1
France 3 3 6

Germany 2 2 4
Greece 12 13 28

Hungary 15 15 22
Ireland 13 12 17

Italy 4 4 24
Latvia - - 14

Lithuania - - 37
Luxembourg 21 21 33

Malta - - 41
Netherlands 9 7 20

Poland 11 11 9
Portugal 14 14 18
Romania 18 16 35

Slovak
Republic 19 19 23

Slovenia 16 18 13
Spain 5 8 16

Sweden 1 1 2

There is a strong correlation between the SDG adoption by companies and the SDG
rank of the country of incorporation (Spearman’s rho = 0.644, p < 0.01, based on the data
from Table 11). Similarly, there is a strong correlation between the companies’ policy
adoption and the SDG rank of the country of incorporation (Spearman’s rho = 0.642,
p < 0.01). The correlations between these ranks are not perfect, but they validate the
results of the present article. It is apparent that companies with headquarters in a certain
country largely follow government policies in terms of sustainable development and social
welfare. However, the European Union is based on the principle of economic integration,
so multinational companies disseminate their goals and policies in all countries in which
they are active, without restrictions. Therefore, there are positive spillover effects from
companies in high-ranking countries (such as Sweden) that disseminate their sustainability
policies and practices in other EU countries where they have subsidiaries and perform
economic activities. Multinational companies can contribute to the SDGs in any of the
countries in which they operate.
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6. Conclusions

This article makes several contributions to the scientific literature and EU policy. Our
research describes the business landscape of the European Union in relation to the appli-
cability of the SDGs. Relying on high-quality data from the Refinitiv Eikon database, we
analyzed the differences between EU countries with respect to the contribution of listed
companies to each SDG. The results are very relevant to national and supranational regu-
lators (like the European Commission). As observed in the macroeconomic reports from
Eurostat [23], the differences between EU member states are profound and far-reaching.
While it is true that multinational companies apply their sustainability practices and pursue
their goals in the value chain and multiple countries, it is also true that some countries have
an economic landscape that is actively engaged with the SDGs, while other countries are
lagging in the EU cohort. For example, Romania has 85 companies listed on the Bucharest
Stock Exchange [160] but only 5 are analyzed by Refinitiv (as of November 2023) and only
1 is reported to pursue any SDG. At the other end of the spectrum, Sweden has the largest
share of companies with valid ESG data in the Refinitiv database and makes the most
significant contribution to the SDGs at the EU level.

The present research has implications for companies but also governments and sectoral
organizations. By conducting a comparative analysis of policy commitments and alignment
with the SDGs, our research sheds light on the efficacy of existing policies in driving sustain-
able development outcomes. Our paper creates an avenue for policy frameworks that help
companies adhere to the SDGs. By identifying gaps in corporate policy implementation,
policymakers, corporate stakeholders, and NGOs can improve regulatory interventions
and promote sustainable development objectives. The pragmatic view of sustainability
encapsulates the current representation of adherence to the SDGs among companies in the
EU and creates an understanding of sustainable business models. Governments can put
pressure on companies (specifically large corporations and multinational enterprises) to
improve their corporate social responsibility (CSR) and environmental policies. The ESG
scores of companies should align with the SDGs to provide a tool for managers and boards
to measure their progress and facilitate the adoption of sustainable business models [161].
The pragmatic development of ESG scoring systems promotes a higher level of responsibil-
ity and encourages managers to better disclose information on how each company plans to
achieve the relevant SDGs.

Multinational corporations must adhere to sustainable development goals and policies,
as outlined in the OECD Guidelines, within the nations they operate [162]. These policies
emphasize crucial aspects of sustainability: economic, social, and environmental contribu-
tions. It is important for companies to uphold human rights, fulfill obligations to those
impacted by their operations, foster collaborations with communities by promoting local
capacity building and development, advocate for education and skill enhancement through
employment, raise awareness among employees, eliminate discriminatory practices, and
apply corporate governance principles [163]. The SDGs are explicitly mentioned in the
Corporate Sustainability Reporting Directive [43], which encourages large companies to
report their contribution to each SDG. This article offers a different perspective of the EU
landscape regarding sustainable development in the economic domain.

We observed the trend in the EU, illustrated in this paper in Figures 1 and 2, indicating
that companies in Eastern Europe exhibit lesser adherence to SDGs and sustainability
policies compared to leading contributors like Sweden, Germany, France, or Italy. To
achieve the common sustainability objectives among nations, the European Commission
created various tools to “leave no one behind”. The EU “Whole-of-Government” [164]
refers to legislative acts implemented by member states through their ministries, public
administrations, or other agencies to achieve the application of policies through better
regulation and engagement with stakeholders. Voluntary National Reviews (VNRs) of
SDGs represent how EU countries assess their progress and share their experience and
challenges faced in the implementation of SDGs [23]. The European Commission engages
numerous stakeholders in the process. In this regard, the European Commission encour-
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ages stakeholders to actively participate and submit their opinions, in line with SDG 16,
providing feedback to policymakers via an online portal. These reviews are used for VNRs,
and for the discussion in the present paper. The other relevant tool to understand the
contribution to each SDG is the statistics database published by Eurostat, which offers users
access to comprehensible data to monitor the SDGs and compare the evolution throughout
the European Union.

Several limitations must be highlighted. First, the analysis is limited to the sample of
companies reviewed by Refinitiv. The present results are not representative of other EU
companies that may contribute to the SDGs but have not been reviewed by Refinitiv. The
analysis captures the contribution of certain very large companies headquartered in each EU
country to achieving the SDGs. At the same time, the results do not capture the contribution
of large but unlisted companies or SMEs. At the same time, it is known that companies may
be supported by NGOs (foundations) and state institutions to contribute to the SDGs, but
this is not captured in this analysis. Second, the sample is cross-sectional for 2022, so it does
not capture an evolution of the phenomenon; it only presents a snapshot of the contribution
of EU companies to the SDGs in 2022. Third, the quantitative analysis describes the status
of a socioeconomic phenomenon but does not infer causalities. The causal links between
various factors and the contributions to the SDGs require the application of other methods
of investigation and longitudinal analysis over a longer period. Finally, the equivalence
matrix between the SDGs and sustainability policies does not suggest a perfect conceptual
equivalence between the SDGs and the respective policies. Also, it cannot be said that the
implementation of these policies within the analyzed companies contributes to achieving
the corresponding SDGs.

The present investigation opens several avenues for future studies. Researchers can
turn directly to sustainability reports, using automated data collection methods, to extract
and synthesize disclosures that relate to companies’ contributions to the SDGs. In this way,
a much larger sample of listed and unlisted companies compliant with the Corporate Sus-
tainability Reporting Directive can be covered. Using a different methodological approach,
a qualitative analysis of the link between sustainability policies and SDGs can be carried
out at the level of a sample of large companies. Researchers can investigate whether the
contribution to the SDGs is made by explicitly applying sustainability policies so that the
mapping of the SDGs to policies is explicit and relevant. The contribution of companies
can be determined on each SDG or on certain SDGs grouped thematically by analyzing
sustainability policies. This type of analysis should discuss the sectoral specificities and
corporate factors of the adoption of certain SDGs.

Country-level or regional analyses can provide insight into socioeconomic and reg-
ulatory factors for adopting SDGs and corporate sustainability policies. In this sense,
institutional theory [165] can provide a conceptual foundation on which to explain why cer-
tain sustainability concerns are more prevalent in some countries and sectors. Stakeholders
can monitor progress toward the SDGs using external indexes that would evaluate business
models, corporate strategies, and managerial behaviors under national circumstances and
within each industry.
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Abstract: The purpose of this study was to propose an interactive computer system that utilises the
MATLAB Fuzzy Logic Designer to measure the level of implementation of SDG 8, which focuses
on sustainable decent work (SDW) and economic growth. This study used policies and laws as
parameters to determine the presence or absence of SDW. The fuzzy method was implemented in
car windshield manufacturing in the auto parts industry as a case study to define and quantify
work conditions and to determine the level of sustainable decent work (SDWL). The study described
environmental conditions, such as noise, lighting, and heat stress; ergonomic factors, such as exposure
time, the mass of the object manipulated, and lifting frequency; and organisation at work, such as
workplace violence, salary, and workday, as linguistic variables. The level of the presence or absence
of SDW was defined as their membership functions. The resulting vectors determined the absence
of SDW with a score of 1.5 in two linguistic variables: environmental conditions and ergonomic
factors. Some features of SDW in the linguistic variable organisation at work had an SDW score
of 5. The SDWL vector determined a final score of 1.24, indicating the absence of decent work in
production areas. This study found that the workers suffer a lack of long and healthy lives and a
bad standard of living without economic growth due to work-related musculoskeletal disorders and
work illnesses, increasing their out-of-pocket spending and catastrophic health expenses. As a CSR
approach, assessing SDWLs helped managers improve policies and work conditions.

Keywords: corporate social responsibility; fuzzy logic; decent work; ergonomic risk evaluation;
work conditions

1. Introduction

Measuring the level of sustainable and decent work (SDW) in industrial processes can
be challenging due to several factors. Firstly, the concept of SDW is multifactorial, making
it difficult to measure. Secondly, the lack of information on the subject further complicates
the measurement. Finally, each industrial process has different work safety parameters,
which makes it difficult to establish universal standards for measuring SDW. Addressing
these issues, a method for measuring sustainable decent work levels (SDWLs) that utilises
fuzzy logic is proposed in this paper. The SDWL interactive computer system was built
using MATLAB Fuzzy Logic Designer. It was tested to validate its performance in a case
study to determine the level of SDW engaged in producing car windshields in the auto
parts industry. Many firms do not currently have formal Corporate Social Responsibility
(CSR) policies and programs implemented as a part of their value chain [1] because they
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contain features that require firms to have and maintain a sustainable production process
and that creates firstly external constraints (environmental government policies), which
influence their competition in the market trend, and secondly, domestic pressures, such
as excessive yields of manufacture and extra-economic support in measuring process and
operation improvements [2], thus the firms neglect their responsiveness about the work
conditions under which personnel perform their tasks.

In general, work is any activity, whether intellectual or material, that people do to
achieve a desired outcome, regardless of the level of technical expertise required for a
particular profession or trade [3]. Thus, a worker is an individual who provides personal
work to an entity in a subordinate position, and this employment normally is the means by
which society allocates and utilises limited resources for a better quality of life, reallocating
funds to meet present and future needs [4,5]. However, the concept of SDW does not apply
to this study in cases where resources are obtained through unemployment subsidies or
social subsidies for people who are unable to work because the subordinate position does
not exist. Besides protecting the planet, sustainable development promotes prosperity in
education, health, social protection, and job opportunities [6]. Protecting workers’ rights
and encouraging safe and secure working places and environments is part of economic
growth [7]. The United Nations (UN) proposed SGD 8 as part of their 2030 Agenda for
Sustainable Development [8], which focuses on “Decent Work and Economic Growth”. This
goal aims to promote sustainable decent work (SDW) by allowing individuals to engage in
productive activities that offer reasonable income, workplace security, and social protection
for their families. SDW also encourages personal development and social integration.
Employees of any workplace, including men and women, people with or without disabil-
ities, and minors, interact with the physical conditions of their workplace environment.
Therefore, measuring the absence or presence of SDW in workplaces must be essential
for guaranteeing families’ economic growth. Unsafe and insecure working places and
environments cause occupational illness, which reduces the economic growth of workers
and their families because they cannot work due to the consequences of disease or accident,
increasing out-of-pocket spending and catastrophic health expenses like outpatient care,
hearing equipment, wheelchairs, therapy for musculoskeletal disorders, and unsubsidised
medications, among others [9]. Unfortunately, many organisations and countries fail to
consider the impact of work conditions on health and the expenses associated with it as part
of SDW. Therefore, companies play a significant role in advancing sustainable development
if they adopt voluntary actions to implement the three sustainability dimensions (economic,
environmental, and social) in their organisations [10]. Voluntary sustainability standards
are crucial to ensure that fundamental human rights, worker health and safety, and environ-
mental impacts are considered. However, a clear governance framework must be in place
to enhance the credibility of voluntary efforts and promote coordination and alignment
across initiatives. Unfortunately, not all countries have established such a framework [11].

The evaluation of the presence or absence of SDW has been present in some way
in the research literature; the most representative works for this article are described as
follows: Barford et al. [12] focus on group surveys and statistics in low-income countries to
identify empirical and conceptual drivers of youth perspectives on SDW scarcity; however,
implications about the work were not considered. A qualitative approach to validate
the decent work scale (DWS) in French society was proposed by Vignoli et al. [13], but
only some components of SDW (life satisfaction, family–work conflict, and meaningful
work) were considered; nonetheless, job safety and health were not included in their study.
The links between three components of health (general health, symptoms, and healthy
behaviours) concerning work-generated fatigue were examined by Duffy et al. [14], i.e., they
determined the presence or absence of SDW through fatigue. One of the dimensions
established by Yildirim et al. [15] that adds value to SDW is safe working conditions,
which positively impact the motivation of workers; nevertheless, industrial conditions
were not defined. Lout et al. [16] establish safety at work as one of the main elements
in measuring the absence of SDW. Finally, Yan et al. [17] select a scale to measure the
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perception of decent work by measuring the well-being of workers in the workplace. The
International Labour Organization (ILO) has devised a global measurement of decent
work using questionnaires, but it does not include information about work conditions
or suggestions for improving them. As a result, the ILO recommended developing an
investigation into unsafe industrial work conditions [18]. Few works directly address
work conditions related to SDW and CSR. The three most relevant for this investigation
include the one developed by Raufflet et al. [19], who acquired and described the concept
of “regulatory scripts”, defined as the practices proportioned by a group of enterprises in
mining and oil in response to international CSR standards; their study includes an analysis
of work environmental systems and safety and health conditions from an index control
point of view. The other work, by Kwon and Park [20], proposed a quantitative method of
realising the responsible development of emerging technologies via text analysis of future-
oriented web data and scientific publication data; this technique allows developers of
emerging technologies to consider social concerns and human norms alongside more typical
engineering ideals. Finally, Hadj [21] analysed the role played by CSR in improving the
responsible innovation and the competitiveness of North African small and medium-sized
enterprises by focusing on the commitments toward internal and external stakeholders and
environmental management and formulating a sustainable development model based on
responsible innovation in small and medium-sized enterprises. The works in this section
considered the voices of stakeholders, and some considered CSR policies; they proposed
decision-making based on user requirements considering SDW with a CSR focus. Analysing
the information described above, it was possible to establish that previous investigations
have not addressed fuzzy logic methods in combination with labour environmental factors
to develop a new SDW evaluation method as a CSR approach. In their work, Ali S. et al. [22]
highlight the need to ensure the robustness of results obtained through alternative scenarios.
Therefore, this paper proposes new scenarios for SDG 8. Thus, this article sets a new
frame of reference in studying sustainable decent work. Considering that, through a solid
evaluation of data, fuzzy logic allows the incorporation of a technique that minimises
the differences in point of view during decision-making. Using the fuzzy method to
determine the level of SDW during the evaluation of work task conditions makes it possible
to define the level of a presence or absence of SDW. Consequently, it was possible to
determine whether the physical work environment complies with the sustainable decent
work concept. This article reports a proposed method for evaluating the presence or absence
of SDW inside workplaces by analysing three main groups of conditions: environmental
conditions, ergonomic factors, and organisation at work, which directly impact the quality
of the working lives and personal lives of occupationally exposed personnel (OEP). The
application was developed in the MATLAB Fuzzy Logic Toolbox (FLT) [23] and applied
to evaluate six areas in the production of car windshields in the auto parts industry. This
paper’s contribution and research’s novelty lie in:

1. The design of a fuzzy logic method to define and quantify work conditions to deter-
mine the level of sustainable decent work as a CSR approach.

2. The definition of the presence or absence of sustainable decent work using policies
and laws relating to sustainability and safety and health in work.

3. A proposed CSR approach tool that establishes a multivariable record for measuring
and monitoring the level of sustainable decent work in the workplace.

This hypothesis will demonstrate that the fuzzy logic tool is helpful as a CSR approach
in the results and discussion sections.

The rest of the paper is organised as follows: The materials and methods are described
in detail in Section 2. The results of this study are presented in Section 3. The discussion
and conclusion of the investigation are presented in Sections 4 and 5, respectively.

2. Materials and Methods

As was mentioned above, SDW and economic growth promote and allow individuals
to engage in productive activities that offer three features: reasonable income, workplace
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security, and social protection for their families. They also encourage personal development
and social integration [8]. Their definitions are extensive and multifactorial, so in this
research, the scope will be limited only to evaluations in industries that seek to comply
with SDG 8 guidelines. In this context, three variables representative of these features were
defined: environmental conditions, ergonomic factors, and organisation at work. To deeply
measure workplace security, environmental conditions and ergonomic factors were chosen
because they represent the characteristics of the process that directly affect the workers’
health and cause work-related illnesses and musculoskeletal disorders impacting their
standard of living and well-being, sometimes forever. Organisation at work measures
reasonable income and personal development through salary per day; social integration
was measured through hours per workday and violence at work. In the case of formal
work, all employees have social protection for their families; consequently, this feature was
not considered for measurement in this study.

In the language of sustainability, some concepts are imprecise or vague (fuzziness); for
example, how do we measure “responsibility” or the quality of being “decent”? Usually,
a company can be defined as highly responsible with their employees or not, or a work
can be decent or not; in both cases, the meaning depends on who expresses the sentence
and the expertise in the topic. Therefore, the main concern of fuzzy logic is representing,
manipulating, and drawing inferences from such imprecise statements [24]. For this study,
the term decent was defined as fuzzy in the sentence, so it cannot be determined with
absolute precision. However, it is used in SDW and CSR decision-making. Representing
the sentence “it is a sustainable decent work” was difficult to assert whether it was true
or false. Thus, SDW was defined as a function and its components as variables (Xs). The
relationship between SDW and Xs becomes a matter of degree and depends on policies
and laws relating to sustainability, safety, and health in work to create different subsets,
which can be represented as follows:

SubsetSDW(x) =

⎧⎨
⎩

1 i f x ∈ SDW presence
0.5 x ∈ SDW some presence

0 i f x /∈ SDW absence
(1)

The individual mathematical fuzzy models for the presence or absence of SDW were
determined by its components XSDW in Equations (2)–(11) during the fuzzification process.

The methodology proposed for the research is divided into two stages: Phase I defines
the fuzzy rules based on three groups of fuzzy sets. Phase II involves programming the
Fuzzy Logic Toolbox to determine the SDWL.

2.1. Problem Description

Recent research has focused on applying surveys and developing statistics to identify
perspectives on SDW and classify the relationship between components of health and
poor motivation. However, the relationship between environmental conditions, ergonomic
factors, and organisation at work to determine SDW level is often neglected. This study
has applied a fuzzy logic method as a socially responsible approach. This has resulted
in a significant problem: defining the degree of membership in a set of work conditions
to express the degree to which some condition exists (in our case, SDW), despite its
vagueness/fuzziness, in decision-making. To address this issue, we have developed a
fuzzy logic method that considers the relationship between safety and health risk levels and
workstation conditions. We first specify in advance parameters for the fuzzy variables that
define risks and hazards for workers in industrial workplaces. Then, we define membership
rules as elements of association and segmentation. Finally, an SDWL is introduced by
adding a socially responsible point of view. In subsequent sections, we describe this fuzzy
process to better understand how it works.
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2.2. Case Study

The case study was developed in a company in Mexico; therefore, the applicable
salaries and regulations correspond to this country. In manufacturing car windshields,
the production process imposes safety conditions and risks that can harm workers’ health;
therefore, direct labour workers were considered major internal stakeholders for this
study. To identify whether tasks were carried out in a socially responsible environment,
a fuzzy logic method for measuring sustainable decent work levels was developed and
implemented in six production departments (laminating, tempering, post glass, supply
chain, and quality control). For developing the evaluation, only a sample of 10% of workers
were interviewed due to the process involving a total of 3000 workers divided into three
work shifts. Tasks in all departments require manual material handled with a mass of
windshields from 11 kg to 26 kg and a quota of 2100 pieces per shift. The daily salary varies
from USD 12 to USD 18, depending on the work department. Tasks involve overtime and
high stress.

2.3. Phase I: Fuzzification

To apply fuzzy logic (FL) methods, it was necessary to declare the SDW variables
and safety and health parameters that should be measured. Next, the parameters for
measurement were converted into appropriate fuzzy sets to define their vagueness; this
step is called fuzzification [25]. FL is a mathematical formalism used in this investigation to
emulate the ability to correctly evaluate work conditions based on linguistic data. Therefore,
FL admits information regarding variables (environmental conditions, ergonomic factors,
and organisation at work) to build the fuzzy sets. The relationships between sets of variables
were combined to determine decisions [26]. Fuzzy degrees are membership percentages
in a fuzzy set. Vagueness/fuzziness expresses a degree of some condition that exists and
represents the “level” of presence or absence of SDW.

2.3.1. Defining Fuzzy Models and Fuzzy Sets

Levels of Risk in the Fuzzy Model: As fuzzy choices, the membership functions with three
levels of presence of SDW were determined in Equation (2) using the following parameters:

• Low level of risk—presence of SDW—environmental conditions, ergonomic factors,
and organisation at work in workplaces which generate minimum fatigue or stress
and lead to work-related illnesses in the long term—scored between 0 and 3;

• Medium level of risk—some presence of SDW—environmental conditions, ergonomic
factors, and organisation at work in workplaces which generate fatigue and stress and
lead to work-related illnesses in the medium term—scored between 2 and 7;

• High level of risk—absence of SDW—environmental conditions, ergonomic factors,
and organisation at work in workplaces which generate extreme fatigue and stress
and lead to work-related illnesses in the short term—scored between 6 and 10.

Level o f RiskSDW(x) =

⎧⎨
⎩

1 i f 6 points ≤ x ≤ 10 points
0.5 i f 2 points ≤ x ≤ 7 points
0 i f 0 points ≤ x ≤ 3 points

(2)

To define the parameters for the environmental conditions used as fuzzy sets, interna-
tional safety and health parameters were considered as follows:

Noise Fuzzy Model: The European, Asian, and Latin American legislation establishes
that for an 8 h workday, the levels of noise exposure without protection before damage
is produced must be less than 80 dB [27–29]. The ILO states that the levels workers are
exposed to in an 8 h workday should not exceed 90 dB and defines that the maximum
permissible exposure, in terms of average daily noise levels, can vary, depending on the
country, from 80 to 85 or 90 dBA, with accumulation factors of 3, 4, or 5 dBA [30]. In some
countries, such as Japan, permissible noise levels are set between 50 and 85 dBA, depending
on the type of work performed and considering the physical and mental workload [31]. In
the case of pregnant female workers, the protection of the unborn baby’s hearing organ
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must also be included; according to the Spanish Society of Gynaecology and Obstetrics
(SEGO), tasks should not be carried out in excessive-noise conditions (more than 80 dB)
after the 20th–22nd week of gestation [32]. Therefore, the fuzzy model was determined in
Equation (3) with the following parameters:

• Low level of risk—presence of SDW—noise less than 80 dB;
• Medium level of risk—some presence of SDW—noise between 80 dB and 90 dB;
• High level of risk—absence of SDW—noise higher than 90 dB.

NoiseSDW(x) =

⎧⎨
⎩

1 i f x < 80 dB
0.5 i f 80 dB ≤ x ≤ 90 dB

0 i f 90 dB ≤ x
(3)

Lighting Fuzzy Model: In some Latin American countries, it is established that a
minimum of 200 lux is required to perform a task with a simple vision [33]. The ILO has
established a comprehensive reference framework by defining lighting levels depending on
the type of task being performed: for example, for tasks with limited visual requirements:
from 200 lux to 300 lux; for tasks with normal visual requirements: from 500 lux to
1000 lux; and for special or high-precision work: from 1000 lux to 20,000 lux (for example,
surgeries) [34]. In Japan, the illuminance of working conditions was defined per the type
of work: for example, 300 lux or more for precision work, 150 lux for ordinary work, and
70 lux for rough work [35]. Therefore, the fuzzy parameters for the lighting of machinery,
office spaces, and inspection were set as follows:

• Low visual requirement: low level of risk—presence of SDW—lighting from 70 lux to
300 lux;

• Normal: medium level of risk—some presence of SDW—lighting from 200 lux to
750 lux;

• Demanding: high level of risk—absence of SDW—lighting higher than 500 lux.

LightingSDW(x) =

⎧⎨
⎩

1 i f 70 lux ≤ x ≤ 300 lux
0.5 i f 200 lux ≤ x ≤ 750 lux

0 i f 500 lux ≤ x
(4)

Heat Stress Fuzzy Model: The ILO Encyclopaedia considers a cold work environment
to be where the temperature is below 20 ◦C and a sensation of thermal neutrality to be
between 20 and 26 ◦C [36] in light or sedentary work conditions, wherein the estimation of
the thermal stress that a worker is subjected to is made through the WBGT index (wet bulb
and black globe) [36,37]. Therefore, the fuzzy parameters for hot or cold environmental
conditions measured via the WBGT index indoors at workplaces were:

• Cold: low level of risk—presence of SDW—heat stress from 10 ◦C and under to 23 ◦C;
• Thermal neutrality: medium level of risk—some presence of SDW—heat stress be-

tween 20 ◦C and 30 ◦C;
• Hot: high level of risk—absence of SDW—heat stress from 27 to 45 ◦C, considering

that from values close to 40 ◦C, heat disorders begin to occur in humans.

Heat stressSDW(x) =

⎧⎨
⎩

1 i f 10 ◦C ≤ x ≤ 23 ◦C
0.5 i f 20 ◦C ≤ x ≤ 30 ◦C
0 i f 27 ◦C ≤ x ≤ 45 ◦C

(5)

In the case of ergonomic parameters defined according to the standard ISO 11228-
1:2021 [38], in a task related to manual material handling, the time of exposition is consid-
ered an unfavourable condition when the mass of the handled object is over 25 kg and the
frequency of lifting is above 900 movements per shift. A cumulated mass of 6500 kg in a
shift of 8 h should not be exceeded. Thus, the fuzzy sets were defined as follows [39]:

Time of Exposition Fuzzy Model:

• Low level of risk—presence of SDW—exposition time of 0 min to 80 min;
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• Medium level of risk—some presence of SDW—exposition time between 60 min and
120 min;

• High level of risk—absence of SDW—exposition time of 100 min to 180 min or more.

Time o f expositionSDW(x) =

⎧⎨
⎩

1 i f 0 min ≤ x ≤ 80 min
0.5 i f 60 min ≤ x ≤ 120 min

0 i f 100 min ≤ x ≤ 180 min or more
(6)

Mass of the Handled Object Fuzzy Model

• Low level of risk—presence of SDW—mass of 0 kg to 10 kg;
• Medium level of risk—some presence of SDW—mass between 7 kg and 15 kg;
• High level of risk—absence of SDW—mass of 13 kg to 25 kg or more.

Mass o f the objectSDW(x) =

⎧⎨
⎩

1 i f 0 kg ≤ x ≤ 10 kg
0.5 i f 7 kg ≤ x ≤ 15 kg
0 i f 13 kg ≤ x ≤ 25 kg

(7)

Frequency of Handling Fuzzy Model

• Low level of risk—presence of SDW—handling frequency of 0 movements to 700
movements;

• Medium level of risk—some presence of SDW—handling frequency between 600 move-
ments and 1100 movements;

• High level of risk—absence of SDW—handling frequency of 900 to 1800 movements
or more.

Frequency o f handlingSDW(x) =

⎧⎨
⎩

1 i f 6 movements ≤ x ≤ 10 movements
0.5 i f 2 movements ≤ x ≤ 7 movements

0 i f 900 movements ≤ x ≤ 1800 movements or more
(8)

To define the organisation at work, the parameters contained in the Mexican standard
NOM 035 STPS:2018 were used as a score from 0 to 13 points for evaluating psychosocial
factors concerning workplace violence, salary, and the workday [40].

Workplace Violence Fuzzy Model

• Low level of risk—presence of SDW—workplace violence score of 0 points to 8 points;
• Medium level of risk—some presence of SDW—workplace violence score between

9 points and 12 points;
• High level of risk—absence of SDW—workplace violence score of more than 13 points.

Workplace violenceSDW(x) =

⎧⎨
⎩

1 i f 0 points ≤ x ≤ 8 points
0.5 i f 9 points ≤ x ≤ 12 points

0 i f 13 points ≤ x
(9)

Salary (in México) Fuzzy Model

• Low level of risk—presence of SDW—salary of more than USD 30 per day;
• Medium level of risk—some presence of SDW—salary between USD 12 and USD 30 per day;
• High level of risk—absence of SDW—salary of USD 6 to USD 12 per day.

SalarySDW(x) =

⎧⎨
⎩

1 i f 30 USD ≤ x
0.5 i f 12 USD ≤ x ≤ 30 USD

0 i f 6 USD ≤ x ≤ 12 USD
(10)

Workday Fuzzy Model

• Low level of risk—presence of SDW—workday between 4 h and 8 h;
• Medium level of risk—some presence of SDW—workday between 7 h and 10 h;
• High level of risk—absence of SDW—workday between 9 h and 12 h or more.
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WorkdaySDW(x) =

⎧⎨
⎩

1 i f 4 h ≤ x ≤ 8 h
0.5 i f 7 h ≤ x ≤ 10 h

0 i f 9 h ≤ x ≤ 12 h or more
(11)

2.3.2. Defining Linguistic Variables and Fuzzy Rules

Our objective is to predict the different levels of SDW from the following three vari-
ables: environmental conditions, ergonomic factors, and organisation at work. To build the
linguistic model, it was necessary to define fuzzy IF–THEN rules, and input variables and
consequent sentences were defined as linguistic variables as follows:

• Variable → Environmental conditions. Linguistic variables → Noise, Lighting,
and Heat_Stress;

• Variable → Ergonomic factors. Linguistic variables → Exposition_Time, Mass_Object,
Lifting_Frequency;

• Variable → Organisation at work. Linguistic variables → Workplace_Violence,
Salary, Workday;

• Membership function → absence of SDW;
• Membership function → some features of SDW;
• Membership function → presence of SDW.

Because FL is an intuitive model used for determining the level of the presence of
sustainable decent work, two ranges of evaluation were needed. First, an assessment of risk
in SDW with a score from 1 to 10 points was defined, considering 1 as the absence of SDW
and 10 as the presence of SDW. The second was for the SDWL, with a score given from 1
to 10, where 1 defines the absence of SDW, and 10 establishes the presence of SDW. The
fuzzification of variables to conform to the universe of discourse and linguistic variables,
fuzzy choices, and consequent sentences to define the SDWL is presented in Figure 1 and
was used to determine the fuzzy rules.

Figure 1. Universe of discourse between linguistic variables, fuzzy choices, and membership func-
tions to define SDWLs.
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Considering the rule that if N is the number of linguistic variables and S is the number
of linguistic values, then the possible number of fuzzy rules will be S raised to N as
indicated by Equation (12).

Number o f FR = SN (12)

Therefore, 108 rules were determined, 27 for each variable, including the resulting
evaluation, as is shown in Table 1. All combinations of the linguistic variables through
the IF, AND, and THEN represent the inference stage to define the level of SDW for each
work condition.

2.4. Phase II: Defuzzification
Programming the Fuzzy Rules in the Fuzzy Logic Designer

Mathematically, a fuzzy set is one in which the contra-domain is the interval (0, 1),
and the domain is the universe [39]. Thus, if the degree of membership is closer to 1, the
more included the element will be in each set, i.e., there is a level of presence of SDW. If the
degree of membership is closer to 0, fewer elements will be included in each set [41], and
there is the absence of SDW. Therefore, FL determines the inferential mechanism needed
to reach the output value related to the SDW level, numerically determining its presence
or absence. The fuzzy sets define the universe of discourse (universe of possible actions).
They can be represented graphically as a function when the universe of discourse X (or
underlying domain) is continuous (not discrete), as is shown in Figure 2. Once the fuzzy
set was defined, the groups of 27 rules defined in Table 1 for each linguistic variable were
entered into the Mamdani-type inference in the Fuzzy Logic Toolbox; an example is shown
in Figure 3, and the rest of the rules are shown in the figures of Appendix A.

Figure 2. Example of a graphic representation of a membership function built by the Fuzzy Logic
Designer: (1) fuzzy sets for each risk level of decision, (2) domain for each fuzzy set, (3) linguistic
variable, and (4) membership score. The red line identifies the selected fuzzy set, and the black boxes
are positioned in the parameter limits of the function. The black lines in the membership function
plot indicate unselected fuzzy sets.

Finally, the defuzzification consists of converting the fuzzy sets into a crisp single value
that is the precise representation of the fuzzy sets [25]. The defuzzified values represent the
level of sustained decent work in any workplace, ranging from 1 to 10.
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Figure 3. Fuzzy rules for the linguistic variable SDWL in the module Rule Editor of the Fuzzy Logic
Toolbox Designer.

3. Results

This section presents the results of this fuzzy logic method for measuring sustainable
decent work levels (SDWLs) applied to a case study in the auto parts industry. It considers
three essential assumptions: (1) The evaluation is restricted to three variables: environmen-
tal conditions, ergonomic factors, and organisation at work. (2) Each variable was assessed
by three membership functions that represent, respectively, the absence of SDW, some
features of SDW, or the presence of SDW. (3) The evaluation result represents the level that
defines the absence or presence of SDW. To define out-of-pocket spending, a questionnaire
was applied only to 330 direct labour workers (66 workers from each department) but not
to middle managers. To identify whether there is a presence or absence of SDW in their
environmental conditions, five production departments (laminating, tempering, post glass,
supply chain, and quality control) were measured. The frequency of conditions found is
presented in Table 2.

Table 2. Frequency of environmental conditions organised by membership function.

Departments

Linguistic
Variables

Membership
Functions

Ranks Laminating Tempering Post Glass
Supply
Chain

Quality
Control

Total

Noise

Low_Risk <80 db 2 10 0 1 13

Medium_Risk 80–90 db 39 35 16 10 100

High_Risk >90 db 6 2 0 1 9

Lighting

Low_Risk 70–300 lux 43 55 42 0 1 42

Medium_Risk 200–750 lux 92 91 7 49 23 262

High_Risk >600 lux 0 0 0 0 0

Heat_Stress

Low_Risk 10–23 ◦C 0 0 0 10 10

Medium_Risk 20–30 ◦C 7 10 0 40 57

High_Risk 27–45 ◦C 15 8 50 3 25 101

Total 594
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To define the level of SDW for the set environmental condition, the three highest
frequencies were evaluated with the following parameters: Noise 90 db, Lighting 500 lux,
and Heat_Stress 32 ◦C. This fuzzy evaluation is shown in Figure 4a. The columns in yellow
are the membership vectors, which represent graphically the rules for each membership
function, and the column in blue represents the evaluation result. For example, in the
Heat_Stress membership vector equal to 32 ◦C, the rules 7, 8, 9, 16, 17, 18, 25, 26, and 27
were activated in the high-risk zone; in the Lighting membership vector equal to 500 lux,
the rules 10, 11, 12, 13, 14, 15, 16, 17, and 18 were activated in the low-risk zone; and in
the Noise membership vector equal to 90 db, the rules 3, 6, 9, 12, 15, 18, 21, 24, and 27
were activated in the high-risk zone. Considering that the solution does not represent a
direct relationship between columns and rows but evaluates memberships between rules
is important. The resultant vector establishes that degree of membership. Therefore, the
combination of all memberships activates rule 18 with a score of 1.5 in Absence_SDW, as
shown in the membership function plots at the top of Figure 4a. To evaluate the ergonomic
factors, the highest mass manipulated was considered to be 26 kg (windshield mass), with
a frequency of 2100 liftings and an exposition time of 300 min per shift. The evaluation
results are shown in Figure 4b and indicate the absence of SDW with a score of 1.5.

.
(a) (b)

Figure 4. Individual evaluation by a set of linguistic variables: (a) ruler viewer for environmental
conditions, with an SDW resultant score of 1.5; (b) ruler viewer for ergonomic factors, with an SDW
resultant score of 1.5. Both cases indicate the absence of SDW. The yellow vectors indicate the rules
that have been activated for each linguistic set, while the blue vector represents the SDW level
(the resulting evaluation). The red line on the vectors corresponds to the value inputted for each
linguistic variable.

A salary of USD 12 per day for direct labour workers was considered to evaluate
the set organisation at work. The result from the evaluation of violence at work was
positive with 10 points; twenty-one per cent of workers reported having suffered violence
at work (see Table 3). Finally, the weekday was 12 h each third day, totalling 48 h per week.
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The evaluation results are shown in Figure 5a and indicate some features of SDW with a
resulting score of 5. Finally, the individual scores from each set were evaluated to define a
final SDWL (see Figure 5b). The resulting score for the SDWL was 1.24, indicating that the
production process of car windshields is carried out under conditions where there is an
absence of sustained decent work.

(a) (b)

Figure 5. Individual evaluation by a set of linguistic variables: (a) ruler viewer for the organisation at
work with an SDW resultant score of 5, indicating some features of SDW; (b) ruler viewer for the
final SDWL, with a resultant score of 1.24, indicating the absence of sustainable decent work. The
yellow vectors indicate the rules that have been activated for each linguistic set, while the blue vector
represents the SDW level (the resulting evaluation). The red line on the vectors corresponds to the
value inputted for each linguistic variable.

Consequently, the company is required to modify its internal socially responsible
policies. An example of an evaluation for the departments is presented in Appendix B.
The results of 33 individual evaluations of workstations are shown in Table 4, wherein in
14 cases, there was an absence of SDW; in the other 14 cases, there were some features of
SDW, and only 4 cases showed the presence of SDW.

The resulting score of 1.24 for SDWL negatively impacts each worker’s family economy,
as was observed in the results of the out-of-pocket spending and catastrophic health expense
interviews for 330 workers (see Table 3). For example, at some point in their life, 70% of the
interviewed workers had paid between USD 1 and USD 50 for health expenses out of pocket
due to work at least once per month; 31% had paid between USD 101 and USD 500 for
health expenses out of pocket due to work at least once per month; and almost 3% had paid
more than USD 500 for health expenses out of pocket due to work at least once per month.
In the case of violence at work, only 18 workers stated that they had suffered violence at
work; however, 45 workers refused to answer the questionnaire for fear of repression from
their immediate boss: both cases were considered as violence, totalling 21%.
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Table 3. Responses from 330 workers interviewed across 33 workstations and three shifts regarding
their out-of-pocket spending, catastrophic health expenses, and violence at work.

Question
Questions Answered

with “Yes”
Questions Answered

with “No”

Unanswered
Question for Fear of

Reprisals

1. Have you ever developed any work-related
illnesses like back pain, loss of hearing, or a
respiratory illness?

78 188 45

2. Have you experienced any work-related
accident that temporarily prevents work? 86 180 45

3. Have you experienced any work-related pain
or injuries that temporarily prevent work? 169 97 45

4. Have you been treated for occupational
diseases by public health services (free
of charge)?

185 81 45

5. Have you received treatment for work-related
injuries or illnesses from a private healthcare
provider in addition to the treatment you had
already received?

150 116 45

6. Have you ever paid for out-of-pocket health
expenses due to work at least once per month,
between USD 1 and USD 50?

223 43 45

7. Have you ever paid for out-of-pocket health
expenses due to work at least once per month,
between USD 51 and USD 100?

43 233 45

8. Have you ever paid for out-of-pocket health
expenses due to work at least once per month,
between USD 101 and USD 500?

105 161 45

9. Have you ever paid for out-of-pocket health
expenses due to work at least once per month
for more than USD 500?

9 246 45

10. Have you ever suffered any type of abuse or
threats from a superior that you consider to be
violence at work?

18 267 45
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Table 4. Results of 33 evaluations of individual workstations.

Workstation Environmental Conditions Ergonomics Factors Organisation at Work SDWL Results

1 Laminating 5 5 5 5.84 Some features of SDW
2 Laminating 3 6 7 5.8 Some features of SDW
3 Laminating 7 4 5 5.81 Some features of SDW
4 Laminating 8 6 8 1.78 Absence of SDW
5 Laminating 7 4 7.5 3.23 Absence of SDW
6 Laminating 7 6 5 5.8 Some features of SDW
7 Laminating 4 4 4 5.84 Some features of SDW

8 Quality Control 8 3 8 1.78 Absence of SDW
9 Quality Control 8 3 3 5.8 Some features of SDW

10 Quality Control 8 2 2 8.84 Presence of SDW
11 Quality Control 10 1 1 8.9 Presence of SDW
12 Quality Control 7 3 3 5.8 Some features of SDW
13 Quality Control 7 2 2 5.81 Some features of SDW
14 Supply Chain 1.5 7.69 1.5 1.59 Absence of SDW
15 Supply Chain 4.53 3.79 4.03 5.83 Some features of SDW
16 Supply Chain 4 1.34 5 5.84 Some features of SDW
17 Supply Chain 4.04 2.38 5.67 5.79 Some features of SDW

18 Tempering 2.35 1.06 3.38 2.69 Absence of SDW
19 Tempering 1.5 3.85 7.32 1.81 Absence of SDW
20 Tempering 5 7.12 8.5 1.71 Absence of SDW
21 Tempering 8.69 8.22 1.5 1.53 Absence of SDW
22 Tempering 3.45 4.5 1.5 5.83 Some features of SDW
23 Tempering 2.35 1.24 5 2.69 Absence of SDW
24 Tempering 8.74 6.63 3.5 3.2 Absence of SDW
25 Post Glass 3.48 1.4 4 5.83 Some features of SDW
26 Post Glass 8.69 1.24 6.5 8.87 Presence of SDW
27 Post Glass 1.5 3.88 7 1.74 Absence of SDW

Table 4. Cont.

Workstation Environmental Conditions Ergonomics Factors Organisation at Work SDWL Results

28 Post Glass 5 1.06 8.5 1.54 Absence of SDW
29 Post Glass 8 2.35 1.5 8.82 Presence of SDW
30 Post Glass 7 8.47 3 1.74 Absence of SDW
31 Post Glass 3.5 1.07 1.5 5.84 Some features of SDW
32 Post Glass 2.3 8.23 5 1.65 Absence of SDW
33 Post Glass 1.5 3.85 2.32 1.81 Absence of SDW

4. Discussion

This section discusses the results obtained from the fuzzy logic method for measuring
sustainable decent work levels (SDWLs) applied to a case study in the production of car
windshields as a validation. First, the theoretical implications are discussed to analyse the
impact of the SDWLS and compare them with the current situation to define this study’s
contributions to the existing literature and how it will be helpful for managers as a socially
responsible approach, especially in the auto parts industry. Then, practical implications
were defined to establish its contribution to real industrial situations.

The SDWL can classify information from each workstation and organise memberships
between linguistic variables and risk levels to define the presence or absence of sustainable
decent work. Comparing the linguistic variables of environmental conditions, ergonomics,
and organisation at work with the variables defined in [10]—quality of life, equal opportu-
nity, and workers’ rights—the proposed SDWL added an alternative way to analyse the
social component of sustainability. Regarding the current situation in fuzzy logic models,
Parra-Dominguez et al. [42] found that there are voices in the scientific community con-
sidering whether sustainable decent growth is suitable for measuring the progress of the
2030 Agenda and providing models for the pursuit of a long and healthy life, access to
knowledge, and a good standard of living; in this context, the SDWL defines new criti-
cal criteria establishing 10 fuzzy models based on measurable international parameters,
which impact important human aspects like violence at work and work-related illnesses.
However, comparing results from vectors was not possible because the variables and their
fuzzy models were not the same. In the case of the auto parts industry, the study proposed
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in [43] included ergonomic factors and organisation at work as variables to analyse Volvo’s
production system. Compared with that study, the SDWL incorporates new parameters
for work conditions and organisation at work with a sustainable emphasis rather than a
production focus. Therefore, SDWLs can be used by the industry as a tool to meet voluntary
sustainability standards like the proposals in [11].

The Equations (2) to (11) generate the resulting vectors which determine the absence
of SDW with a score of 1.5 in two linguistic variables (see Figure 4a,b): environmental
conditions and ergonomic factors; although these results vary marginally, in general, the
models solves adequately. Having the same value in these results was unexpected, given
that these linguistic variables include evaluation parameters that are very different. This
allows us to assume that the sensitivity of the method requires improvement. On the other
hand, the result of some features of SDW in the organisation at work sector having an SDW
score of 5 was expected because the salary range is suitable for a company located in Mexico
despite the work conditions. However, the resulting vector determines that the production
of car windshields with a score of 1.24 has a poor SDWL. In the current case study, the
effects of the poor SDW were supported by the results of the out-of-pocket spending and
catastrophic health expenses interviews applied to 330 workers (see Table 4). The economic
impact on workers occurs because public health is deficient in rehabilitation after accidents
or musculoskeletal disorders. Therefore, workers must go to private means to achieve
adequate rehabilitation and return to work. Considering both the workers’ salary and the
sample size of interviewed workers, we can infer that these workers suffer a lack of a long
and healthy life and a bad standard of living without economic growth due to a poor SDW
(the cause of work-related musculoskeletal disorders and work illnesses), increasing their
out-of-pocket spending and catastrophic health expenses.

Therefore, these findings contribute to defining the most suitable task conditions and
their parameters using policies and laws relating to sustainability to explain correctly the
presence or absence of sustainable decent work. As a practical implication, the SDWL
is helpful for managers in real-life situations, particularly in the case of producing car
windshields in the auto parts industry (as shown in the case study). For example, from the
economic implications, it was possible to identify safety and health parameters and safety
costs by focusing on the linguistic rules highlighted in the resultant vectors. For example,
in the noise vector, ergonomic factors vector, and workday vector, the rules over the safety
conditions were activated; this allows for identifying improvements for the prevention
program. This promotes establishing better CSR policies for places with identical risk
conditions, saving time and implementation costs.

Finally, it is crucial to note that the outcomes of the SDWL evaluation are not definitive.
Thus, further tests by supplementing more linguistic variables will be necessary to define
new fuzzy rules and membership functions to determine the mathematical sensibility and
method behaviour. In future research, the case study results will be classified according
to gender to define if there are differences in SDW regarding work conditions, ergonomic
factors, and organisation at work between males and females who work in the auto parts
industry. Moreover, a new study will be implemented in cardboard manufacturing to
define the SDWL’s usability as a CSR tool to meet voluntary sustainability standards.

5. Conclusions

In conclusion, a fuzzy logic method built in MATLAB Fuzzy Logic Designer was
proposed in this work. This interactive computer system considers the relationship be-
tween safety and health risk levels and workstation conditions to identify the level of
sustainable decent work in the production of car windshields in the auto parts industry.
The method included environmental conditions, ergonomic factors, and organisation at
work as linguistic variables related to three membership functions: the absence of SDW,
some features of SDW, and the presence of SDW. The resulting vector determined there
to be an absence of SDWL in the production of car windshields with a score of 1.24. Our
evaluation indicates that workers in the production of car windshields suffer a lack of a
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long and healthy life and a bad standard of living without economic growth. Therefore,
the SDWL can help managers implement voluntary sustainability standards and improve
CSR policies, as was established in SDG 8. However, the outcomes of the SDWL are not
conclusive. Moreover, further tests could be limited if more linguistic variables are added
due to that fact that exponentially increasing the rules can be challenging to program,
affecting the mathematical sensibility and method behaviour.
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Appendix A. Fuzzy Rules

Figure A1. Fuzzy rules for the linguistic variable of environmental conditions.
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Figure A2. Fuzzy rules for the linguistic variable of ergonomic factors.

Figure A3. Fuzzy rules for the linguistic variable of organisation at work.
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Appendix B. Examples of Evaluations by Department

Figure A4. Individual evaluation for the laminating department: environmental conditions with a
score of 1.5, ergonomic factors with a score of 1.5. The organisation at work has a score of 4. The
final SDWL, with a score of 1.3, indicates the absence of sustainable decent work. The yellow vectors
indicate the rules that have been activated for each linguistic set, while the blue vector represents the
SDW level (the resulting evaluation). The red line on the vectors corresponds to the value inputted
for each linguistic variable.

Figure A5. Individual evaluation for the quality control department: environmental conditions with
a score of 5, ergonomic factors with a score of 2. The organisation at work has a score of 6. The final
SDWL, with a score of 4.81, indicates some presence of sustainable decent work. The yellow vectors
indicate the rules that have been activated for each linguistic set, while the blue vector represents the
SDW level (the resulting evaluation). The red line on the vectors corresponds to the value inputted
for each linguistic variable.
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Abstract: Agriculture in Ireland is responsible for producing and exporting healthy, nutritional food
pivotal for meeting the Sustainable Development Goals (SDGs) such as global food security, economic
development and sustainable communities. However, the agricultural sector, dominated by a large
bovine population, faces the challenge of reducing greenhouse gas (GHG) emissions to reach climate
neutrality by 2050. The objective of the current study was to model the environmental and economic
impact of simultaneously applying farm-level climate change mitigation strategies for a conventional
grass-based dairy farm in Ireland. An average farm of 52 ha with a spring-calving herd of 93 was used
as a reference scenario to create a business case. Partial budgeting was used to calculate the annual
net benefit. A cradle-to-grave life cycle assessment (LCA) was used to model the reduction in GHG
emissions, which was expressed as kg of carbon dioxide equivalent per kilogram of fat- and protein-
corrected milk (kg CO2-eq/kg FPCM). The baseline for average emissions was 0.960 kg CO2-eq/kg
FPCM. An average farm would reduce its annual emissions by 12% to 0.847 kg CO2-eq/kg FPCM
in Scenario 1, where climate change mitigation strategies were applied on a minimal scale. For
Scenario 2, the emissions are reduced by 36% to 0.614 kg CO2-eq/kg FPCM. In terms of annual
savings on cash income, an increase of EUR 6634 and EUR 18,045 in net savings for the farm are
realised in Scenarios 1 and 2, respectively. The business case provides evidence that farms can move
towards climate neutrality while still remaining economically sustainable.

Keywords: climate-neutral agriculture; greenhouse gases; net benefit; global warming

1. Introduction

Irish agriculture has the potential to become a global leader in sustainable food systems
through the production, marketing and management of low-carbon food. According to
Ireland’s Department of Agriculture, Food and the Marine [1], the agricultural sector
contributed 9.5% of Irish merchandising exports and approximately EUR 18.7 billion to the
value of agri-food exports in 2022. The sector underpins much of rural Ireland, with over
170,400 (7.1% of total employment) people employed in the agri-food sector [1]. Ireland
exports 90% of its food products to 160 countries worldwide, contributing directly to
the Sustainable Development Goal (SDG) of global food security (SDG2) and economic
development [1]. Despite such a positive economic contribution, the agricultural sector,
is, however, associated with negative environmental impacts, such as greenhouse gas
(GHG) emissions, loss of natural habitats and diversity due to intensive agriculture and
monoculture, a decline in air and water quality and deforestation. This poses a threat
to the achievement of the SDG13, SDG14 and SDG15 targets of ensuring environmental
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sustainability. As consumers become more aware of the various production systems and
how their consumer choices can have an impact on the environment [2], the demand for
products that are sustainably produced will continue to increase. Farmers could integrate
greater innovation in the production of food products to ensure that food is produced in an
environmentally sustainable manner. Currently, Ireland produces approximately 1.1 million
tonnes of food waste each year, which results in a carbon footprint of 3.6 Mt CO2eq [3]. As
such, increasing production to feed the world, is not, in and of itself, sustainable. It should
be noted that the SDGs towards sustainability, previously listed, are all interlinked and not
always antagonistic. For instance, with responsible production and consumption (SDG12),
food losses can be minimized, natural resources less depleted and greater food security can
be achieved [4].

Unlike other European countries where transport and energy industries are the major
GHG emitters, in Ireland, agriculture accounted for about 37.5% of the nation’s total
GHG emissions in 2021 [5], approximately double the emissions from the energy industry.
The fact that agriculture continues to contribute the largest sectoral percentage of GHG
emissions to the national inventory is a major cause for concern for such an important
industry. Ireland has regularly fallen short of its climate change emission targets and
currently faces a very challenging target of reducing overall emissions by 51% by 2030 and
achieving net zero emissions by 2050 [6,7]. The largest share of GHG emissions in Irish
agriculture relates to ruminant production and is predominantly a result of rumen methane
and nitrous oxide from soils. The 2021 Irish Farm Sustainability Report [8] indicated that
the amount of GHG emissions from an average Irish farm rose in 2020, largely due to an
increase in herd size, in addition to a 3.3% and 6.2% increase in fertiliser use and liming,
respectively [5].

With over 80% of the agricultural land in Ireland being grassland [9], the grass-based
nature of livestock production in the country offers positive environmental opportunities
in terms of manure recycling, the integration of livestock and crops for feed, low feed–food
competition, biodiversity, soil quality and organic carbon content [10]. Grass, a relatively
cheap but abundant feed source, also gives Irish dairy farmers a competitive edge in terms
of lower costs and higher profits [11]. Results from the National Farm Survey (NFS) [12]
show that dairy remains the most economically and socially sustainable farming system in
Ireland; however, the continuous expansion of the bovine population has resulted in higher
agricultural GHG at the national level due to higher methane emissions. Ireland aims to
achieve a climate-neutral food system by 2050 [13]. Climate-neutral agriculture is defined as
net zero emissions of agricultural GHG emissions, implying that the total GHGs (expressed
in the carbon dioxide equivalent) released into the atmosphere by sources are equal to or
less than the carbon absorbed by carbon sinks [14,15]. In grass-fed systems like Ireland, such
as Australia [16–18] and New Zealand [19], much of the research towards climate-neutral
agriculture has put a major emphasis on carbon sequestration modelling or strategies that
require major land use changes and capital investment. To reduce emissions in agriculture,
robust but practical measures are required to be implemented at the farm level. In previous
research in Ireland, strategies such as clover, multispecies swards, slurry management and
the use of protected urea have shown positive environmental impacts [20–22]. However,
such research and analyses of the impact of the mitigation strategies have largely been
conducted in isolation. In contrast, the Farm Zero C (FZC) initiative, which is the basis
for the current paper, combines at least 15 strategies at once. FZC uses a holistic and
pragmatic approach to transform a conventional farm into a more sustainable farm, with
the overall aim of achieving a climate-neutral dairy farm. To achieve this, FZC undertakes
an interdisciplinary program of work to reduce emissions, targeting several areas:

I. Soil and grassland management: measuring and increasing soil carbon organic
stocks through soil and grassland management practices such as incorporating
clover and growing multispecies swards;
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II. Animal diet and breeding: trialling different types of diets and anti-methane
additives that can alter animal digestion, reducing the amount of methane emitted
by cows;

III. Renewable energy: producing and using renewable energy on the farm where
possible to reduce the farm’s reliance on carbon-emitting fossil fuels.

The research completed to date has demonstrated that the combined strategies can
significantly reduce the emissions at Farm Zero C as the life cycle assessment (LCA) mod-
elling of GHG emissions has shown a decrease in emissions from 0.86 kg CO2-eq/kg FPCM
in 2018 to 0.66 kg CO2-eq/kg FPCM in 2022. Previous studies have shown that adoption
decisions for climate change mitigation practices among farmers are not based solely on the
environmental impact of the strategies [23]. Farmers are likely to adopt innovations which
they perceive to have economic returns [24]; for instance, those arising from increased
efficiencies, economies of scale and financial incentives [23]. Various economic-oriented
studies have been published focusing on the costs of climate change mitigation in Ireland;
however, most of these either used input-output models or policy analysis to provide a
broad perspective on the economic impacts of climate change mitigation at the national
or regional level [25,26]. For instance, The Irish Marginal Abatement Cost Curve (MACC)
study provides a detailed cost analysis of the climate mitigation strategies across all farming
systems with the absolute emission reduction pathways at the national level [26]. This
current paper, on the other hand, builds on data arising from Farm Zero C combined with
available information on climate change mitigation costs to provide a case study on how a
combination of strategies can be applied for economic and environmental sustainability
at the farm level. A business case, based on the implementation of a selection of the Farm
Zero C climate-neutral strategies, is modelled under specified assumptions to determine
the economic and environmental impact of a set of mitigation measures applied at different
levels. The objective of this paper is to provide evidence that climate neutrality at the farm
level produces opportunities for cost reduction and revenue growth, thus contributing
positively to SDG13’s targets of combating climate change.

2. Materials and Methods

2.1. Description of the Farm

A case study dairy farm in Ireland which closely resembles an average Irish dairy
farm adopted from the National Farm survey data and agricultural factsheet [1,12] was
used for formulating the Holistic FZC business case scenarios. The business case assumes
that the case study farm reduces its emissions to a certain level year on year until it reaches
climate neutrality by 2050. The physical farm components are important for evaluating
the economic and environmental analysis and these are summarized in Table 1 below. An
average dairy farm of 52 ha located in the southern part of Ireland stocked at 2.2 LU/ha,
which currently uses none of the FZC climate mitigation strategies is presented as the
baseline scenario. This represents a typical Irish pasture-based, spring-calving dairy farm
where cows spend an average of 241 days on grass.

Table 1. Values used to describe case study farm.

Variable Description

Farm Size 52 ha

Soil drainage Average

Herd size 93 dairy cows

Replacement rate 22%

Productivity 5700 L/cow/yr @4.21% fat and 3.57% protein
KG MS/Cow—455
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Table 1. Cont.

Variable Description

Chemical nitrogen fertiliser use 220 kg/ha (50% Urea & 50% CAN)

Concentrate 1100 kg/cow/yr

Grazing management 241 days per annum

Animals culled 20 Mature heads @ 550 kg live weight

Slurry spreading method Splash plate

Slurry spreading season 50% in Summer 50% in Spring

Manure storage Pit storage for the mature herd and heifers, solid storage
for calves

2.2. Mitigation Measure Selection

Since June 2021, the FZC holistic climate-neutral strategies have been tested and
demonstrated on a commercial dairy farm, Shinagh Farm, at Bandon, Co., Cork, Ireland.
The selected mitigation strategies, for the current business case, were based on the findings
from these research, demonstration and analysis activities. Table 2 presents a summary
of the assumptions made, and economic and environmental impacts based on evidence
from the FZC trials and other research outcomes. It should be noted that Shinagh farm
is not representative of the conventional farm in Ireland, as it is highly resource efficient
with a relatively low carbon footprint of 0.66 kg CO2-eq/kg FPCM as compared to 0.96 kg
CO2-eq/kg FPCM for an average farm in 2022.

The information in Table 2 includes all trials and strategies implemented at FZC ex-
cept for green biorefinery and soil carbon sequestration. Holistic livestock management
strategies which have been shown to increase technical efficiencies including maximiz-
ing utilisation of grass, improving grassland management by incorporating clover and
MSS, optimising slurry for organic nitrogen, and improving the economic breeding index
were implemented based on previous trials, and assumptions were made based on this
work [22,27,28]. Innovative technologies such as feed and slurry additives were trialled at
FZC and the results were used to model the conventional farm. The strategies were chosen
on the basis that they are both practical to implement in the short run and effective in re-
ducing GHG emissions. Whilst the use of the green biorefinery for grass has demonstrated
a high potential for reducing emissions from imported feed, it may be more challenging to
implement in the short term, as proper planning is required to address issues relating to
the initial investment cost and the ownership of equipment [29]. One option would be for
farmers to come together as a cooperative and purchase a biorefinery where they would
process their own grass. Similarly, without evidence-based measurement, reporting and
verification (MRV) of carbon sequestration it is difficult to model the level of soil organic
carbon and the associated costs [30]. The FZC is taking steps to implement MRV, but more
data are required to include it in the model.

The mitigation measures included were aimed at reducing emissions per unit of
output (CO2-eq/kg FPCM), rather than absolute farm emissions. This approach allows the
inclusion of strategies which increase production and sometimes the farm’s emissions such
as the economic breeding index (EBI) and extending the grazing season but significantly
reduce emissions per kg of product [31]. Where available, costs of inputs such as fertiliser
were adopted from the central statistics office; however, for novel technologies such as feed
and slurry additives which are not readily available on the market, the FZC prices were
used, which may be more or less the same as commercial prices.
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Table 2. Summary of mitigation strategies and assumptions.

Strategy
Target Emission

Source
Environmental Impacts Economic Impacts Assumptions

Reduce chemical N
use through
White clover,
Red clover
and Multispecies swards

Fertiliser use

Reduces nitrous oxide
emissions and nitrate
losses to water
Reduces the upstream
impacts associated with
fertiliser production

Reduction of
fertiliser costs
Incremental
reseeding costs

Nitrogen fertiliser reduction to
150 kg/ha [22]
No changes to Dry Matter (DM)
yield [21,32]

Grazing management Manure
management

Manure left on pasture
which has lower methane
emissions than stored [33]

Savings from less silage
and less concentrate feed
Higher milk solids

Farmer either reduces concentrate or
increases productivity
An extra week on grass reduces total
GHG by 1% [31]

Protected Urea Fertiliser use Reduces N2O and NH3
losses [20]

Protected urea is cheaper
per kg N than calcium
ammonium nitrate (CAN)
though slightly more
expensive than urea

Cost is based on nitrogen value only;
phosphorous (P) and potassium (k)
costs remain constant

Slurry management
through:
Spreading all slurry
in Spring
Use of Low Emission
Slurry Spreading (LESS)
Chemically
amend slurry

Manure
management

Spreading slurry in Spring
ensures less N is lost
as NH3
Reduces N losses
through NH3
Reduces ammonia and
methane emissions during
slurry storage slurry

Approximately
0.4 kgN/m3 more is saved
in Spring than in Summer
thus reducing total
fertiliser costs [34]
Reduces demand for
chemical fertiliser thus
reducing N2O losses [34]
The extra cost of the
chemical amendment

The value of N retained only is
considered, P&K values
remain constant
Extra spreading cost EUR 20/h when
LESS is used instead of Splash plate,
assuming splash plate spreads @
34 m3/h and trailing shoe @
28 m3/h [27,35]
Chemical amendment cost was
estimated at EUR 2/m3 slurry
(estimates from FZC trials)

Use native feeds Feed production
Reduces GHG emissions
associated with imported
soya and grain

The cost of native
ingredients is higher than
conventional feed

Native feeds cost EUR 25 more per
tonne than conventional feeds
(estimates from FZC)

Anti-methane
additives (Bovaer) Animal digestion Reduces CH4 emissions The extra cost of the

dietary additive

Dietary additives cost approximately
EUR 75/cow/yr (estimates from FZC)
Milk yield remains constant

Reduce replacement rate All hotspots
Costs are reduced as the
farmer has less young
stock to rear

Rearing a heifer from the calf for
24 months costs approximately EUR
1500 [36]

Use renewable sources
to reduce energy inputs Farm Energy Reduces CO2 emissions

Investment costs for
the renewable
energy equipment

Potential savings or costs were not
included in the analysis as they
represent an investment cost which
differs across different technologies

Increase productivity by
5% (EBI and
management)

All hotspots

For every EUR 10 increase
in EBI, GHG emissions
decline by 1% per unit of
product [28]

Increases farm revenue
from sales of extra
milk solids

The total farm, emissions do not
decrease but as productivity
increases the quantity of GHG per kg
of FPCM reduces

2.3. Modelling Different Scenarios

Two scenarios were used to model the likely impacts of different levels of application
for several mitigation strategies when applied simultaneously. Scenario 1 (S1) represents the
minimal implementation case option which includes strategies that can be implemented in
the short term at a low scale without major costs (low-hanging fruit) usually adopted by the
risk-averse farmers, as shown in Table 3. These include reducing fertiliser use, incorporating
clover and MSS in grasslands, slurry management, and reducing feed concentrate and
replacement rate. Reducing chemical fertiliser use and switching to protected urea has
been estimated to reduce nitrous oxide emissions by 5.4% for the Irish agricultural sector
in the MACC [35]. However, reducing the quantity of chemical fertiliser on its own can
result in low productivity and creates a risk of the grassland being less self-sufficient
to feed the animals [37]. White clover incorporation in grassland has been shown to
reduce chemical fertiliser requirement to 150 kg/ha [22,38,39] and using red clover in silage

235



Sustainability 2024, 16, 1028

can completely replace chemical fertiliser requirements [32]. The modelling for the FZC
business case considered the area required for grass-clover swards and MSS to maintain
sward productivity, which would result in a 16% and 46% reduction in fertiliser use for
S1 and S2, respectively, as shown in Table 3. Scenario 2 (S2), on the other hand, involves
a larger scaling of immediate technologies as well as the adoption of innovations such as
the use of additives, representing a model that would be more likely to be adopted by a
risk-tolerant farmer. The Bovaer (3NOP) additive has been trialled at FZC for methane
reduction, and based on these results and the results of previous studies, a 28% reduction
was estimated during housing with a 10% reduction throughout the grazing period [40–42].
The environmental impact is limited to GHG emissions (carbon footprint) only. The
description of the strategies employed in the baseline and the two scenarios (S1 and S2) is
summarised in Table 3.

Table 3. Scenarios under consideration.

Strategy Baseline S1 S2

Reduce Chemical N No change (220 kgN/ha)

To 185 kg N/ha (16%)
-Include white clover on 25% of
pasture area
-Include red clover on 10% of
silage area
-Include MSS on 10% of
pasture area

To 150 kg N/ha (45%) -Include
white clover on 50% of
pasture area
-Include red clover on 25% of
silage area
-Include MSS on 20% of
pasture area

Grazing management 235 Days grazing Season Extend grazing season by 7 days Extend grazing season by 14 days

Protected urea 0% of chemical N 50% of chemical N 100% of chemical N

Slurry spreading season 50% Summer, 50% Spring 50% in Summer, 50% in Spring 80% in Spring, 20% in Summer

Slurry spreading method Splash plate LESS LESS

Chemically amend slurry 0% Slurry 0% of slurry 100% of slurry

Native feeds 0% of feed 50% of the diet is native 100% of the diet is native

Reduce feed concentrate No change By 5% By 10%

Anti-methanogenic
feeds (Bovaer) No change No change

Throughout the year—housing + gra-
zing (28% reduction during
housing and 10% when grazing).

Reduce replacement rate No change (22%) To 20% To 18%

Use renewable sources to
reduce energy inputs No change By 25% By 50%

Increase production of milk
solids (EBI—manage-
ment practices)

No change No changes By 5%

2.4. Economic Impact Analysis

The scenarios were modelled to determine the changes in net profit under different
levels of mitigation. Firstly, a whole farm budget was prepared for a typical average dairy
farm using farm-level data and the 2022 National Farm Survey (NFS) results to create a
baseline [12]. The basic components of the dairy budget were adopted from the Teagasc
Profit Monitor tool, which is a digital tool used by farmers to assess their profit/loss over a
period of time [43]. Components of the data include the revenue, variable costs, fixed costs
and net profit as presented in Equation (1).

Profit or loss = Total Revenue − Total Cost (1)

where profit or loss is the amount remaining after removing total costs from the gross total
revenue [44].
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Farm gross revenue was calculated by combining milk sales receipts, cow sales, and
the average value of calves sold. Market values for revenue items were adopted from [45]
and [46] as follows: farm gate milk price of EUR 0.41/L of milk, EUR 1300/culled cow
and EUR 169/calf. Costs were split into variable costs and fixed costs. Variable costs are
those costs that vary per scale of production [47,48]. The major variable costs were fertiliser,
concentrates, reseeding, replacement rearing, and contractor costs. Fixed costs are costs
which do not vary with the level of production ha [43]. Fixed costs include machinery
running and lease costs, hired labour, repairs and maintenance and overheads. Expenses
such as depreciation and loan repayment were not included in order to simplify the model.

Partial Budget Analysis

A partial budget was then used to check the overall changes in net profit under the two
scenarios. The changes resulting from adopting and implementing the mitigation strategies
only affect a part of the business and mostly the direct costs, as such, a partial budget
was applicable for the analysis of the impact of such changes [49]. Using a partial budget,
one can evaluate whether a change in management will increase or decrease profit [50].
The method does not determine profit; rather, it checks the changes in net profit which is
recorded as net benefit:

Net benefit = Total benefit change − Total cost change (2)

Total benefit Change = Extra revenue + Cost saved (3)

Total cost change = Total cost increased + Revenue forgone (4)

where total benefit change is the summation of extra revenue increased plus cost saved,
and total cost change is the total cost increased plus the revenue forgone [49].

The partial budget economic analysis involves understanding the changes in costs
and/or revenues associated with various climate change mitigation strategies demonstrated
through FZC. The net benefit, expressed in EUR/Farm/year, can also be referred to as
net annual profit, which is the total of the marginal benefits accruing from the net savings
on each strategy. A positive margin implies an increase in net profits, whereas a negative
figure implies that the introduction of the mitigation strategies reduces net farm profit.

2.5. Environmental Impact Analysis

To quantify the environmental footprint of a conventional farm, a LCA model was
initially developed for the FZC farm using 2018 and 2022 data, and subsequently, data
were adapted for the average farm. The LCA methodology, guided by the International
Standardization Organization’s (ISO) framework of goal and scope definition, inventory
analysis, impact assessment, and interpretation (ISO 14040:2006) was used to calculate
the global warming potential [51]. The cradle-to-farm gate system boundary was used,
and the functional unit was the kg carbon dioxide equivalent per kilogram of fat- and
protein-corrected milk (kg CO2-eq/kg FPCM). The methodology and functional unit used
measured the GHG intensity rather than absolute emissions. In essence, a reduction in
kg CO2-eq/kg FPCM means the kg of milk on the dairy farm was produced with a lower
carbon footprint [5]. The life cycle inventory analysis was carried out using the LCA
model developed at FZC (yet to be published) and average figures from the 2022 National
Farm Survey data (highlighted in Table 1) were used to simulate the baseline farm. The
model was populated using data on animal performance, fertiliser application, manure
management, forage production and energy consumption. The calculations are based
on the Intergovernmental Panel on Climate Change (IPCC) tier 2 and tier 3 by using
country-specific emissions factors from different sources including Ireland’s National
Inventory Report 2022 [52], Ireland’s Informative Inventory Report 2018 [53], the European
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Environment Agency’s 2019 Air Pollutants Report [54], and the IPCC’s 2019 updates to its
2006 publication [55,56].

3. Results

3.1. Baseline

Using the variables described in Table 1 the baseline scenario was first modelled to
find the net profit and GHG emissions of the farm before any climate change mitigation
measure was applied. Table 4 provides a major summary of the costs, revenue and profit
from the case study farm. Total revenue from the sale of milk, culled cows and calves was
EUR 255,678. Total variable costs were calculated as EUR 116,087 with the high costs of
fertiliser and concentrate the major factor in the high variable costs. The net profit was
estimated to be EUR 84,265 for the baseline. Similarly, the net profit for S1 and S2 was
estimated as EUR 90,900 and EUR 102,311, respectively.

Table 4. Dairy enterprise budget.

Baseline S1 S2

Annual concentrates fed (kg/cow) 1100 kg 1045 kg 990 kg

Milk yield (L/cow) 530,100 L 530,100 L 556,605 L

Milk sales (EUR) 12,337 EUR 12,506 EUR 12,844 EUR

Meat sales (EUR) 38,337 EUR 38,506 EUR 38,844 EUR

Total Sales(EUR) 255,678 EUR 255,847 EUR 267,052 EUR

Variable costs

Concentrates (EUR) 43,682 EUR 41,491 EUR 39,145 EUR

Fertiliser (EUR) 18,533 EUR 14,574 EUR 10,998 EUR

Reseeding (EUR) 1633 EUR 2163 EUR 2799 EUR

Additives (EUR) - - 8079 EUR

Replacements rearing (EUR) 21,769 EUR 20,269 EUR 17,269 EUR

Contractor costs (EUR) 15,874 EUR 16,529 EUR 16,529 EUR

Veterinary and breeding (EUR) 14,596 EUR 14,596 EUR 14,596 EUR

Total variable costs (EUR) 116,087 EUR 109,622 EUR 109,416 EUR

Gross margin (EUR) 139,591 EUR 146,225 EUR 157,636 EUR

Fixed costs

Total fixed costs (EUR) 55,325 EUR 55,325 EUR 55,325 EUR

Net Income(cash) (EUR) 84,266 EUR 90,900 EUR 102,311 EUR

Net Savings(cash) (EUR) - 6634 EUR 18,045 EUR

For the environmental metrics, only the GHG emissions were considered and the
absolute farm emissions for the baseline was 534 tonnes CO2. The emission intensity
expressed per unit of product using LCA was modelled to be 0.96 kgCO2eq/kg FPCM,
before any form of intervention as shown in Figure 1. The main emission sources were
animal digestion (0.505 kg), manure management (0.130 kg) and fertiliser use (0.155 kg).
Animal digestion constitutes 52% of the farm emissions.
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Figure 1. Baseline GHG emissions.

3.2. Changes in Net Profit under Different Scenarios

The partial budget results are shown in Table 5. Savings were realised from fertiliser
savings, savings in concentrate and the reduced cost of rearing heifers for replacement.
Incremental costs were also realised for reseeding and contractors’ costs for both scenarios.
The cost of slurry and anti-methanogenic additives were the major costs of the mitigation
strategies employed. Extra revenue was realised from extra milk sales, replacement sales
and fertiliser savings.

Table 5. Net benefit from different scenarios.

Cost/Benefit (EUR) S1 S2

Cost saved

Fertiliser savings (EUR) 3959 EUR 7535 EUR

Concentrate (EUR) 2191 EUR 4537 EUR

Replacement rate (EUR) 1500 EUR 4500 EUR

Extra revenue(EUR)

Extra sales (EUR) 169 EUR 11,374 EUR

Extra costs incurred

Reseeding (EUR) −530 EUR −1166 EUR

Additives (EUR) 0 EUR −8079 EUR

Contractor costs (EUR) −655 EUR −655 EUR

Net Benefit 6634 EUR 18,045 EUR
All costs and benefits are expressed in euros (EUR). The negative sign represents a loss or cost.

3.2.1. Costs Saved

Major costs forgone were the reduced fertiliser, concentrate and replacement heifer
rearing costs. Fertiliser reduction was due to the use of clover and MSS swards to reduce
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the need for chemical N fertiliser. The switching from calcium ammonium nitrate (CAN)
to protected urea also resulted in large savings because 1 kg of protected urea would cost
EUR 0.18 less than CAN. Generally, large savings of EUR 3959 and EUR 7535 were realised
in S1 and S2, respectively. This could be attributed to higher fertiliser prices experienced in
2022 and 2023. The reduction in concentrate resulted in net savings of EUR 3649 and EUR
4536, respectively, in S1 and S2. Extra savings were also realised from the reduced cost of
rearing replacement heifers.

3.2.2. Extra Revenue

For Scenario 2, extra sales were recognized from increased productivity, as annual
milk yield per cow increased from 530,100 L to 556,605 L due to a higher EBI and improved
management. This results in an increase of EUR 11,374 in revenue under S2.

3.2.3. Extra Costs

Under Scenario 2, feed and slurry additives were the major costs amounting to EUR 8079.
The reseeding costs were the common costs in both S1 and S2, as clover and MSS

would need more frequent reseeding than the grass swards. However, these reseeding
costs were offset by the large fertiliser savings.

3.2.4. Net Profit/Loss

The economic modelling showed an increase in net farm profit in both Scenarios 1 and
2. Under S1, where the farmer applied minimum measures for climate change mitigation, a
net farm profit increase of EUR 6634 was achieved, and a larger profit (EUR 18,045) was
realised for S2. Though high costs were realised for the use of additives, these costs were
neutralised by savings from reduced fertiliser use and increased productivity. A positive
figure shows that the overall impact of the intervention provides a profit rather than a loss.
Farmers may be more willing to adopt the interventions modelled in both scenarios as they
have a positive net economic benefit.

3.3. Environmental Impact

Following LCA modelling of climate change mitigation strategies for both scenar-
ios, changes were noted across the main categories of emission sources as shown in
Figure 2. The GHG emissions were reduced to 0.847 kg of CO2-eq/kgFPCM and 0.614 kg
of CO2-eq/kgFPCM, in S1 and S2, respectively.

3.3.1. Animal Digestion

Methane emissions from enteric fermentation were the dominant source of GHG
emissions, contributing 56% (0.458 kg of CO2-eq) of the total GHG emissions under S1
and 62% (0.409 kg of CO2-eq) per kilogram of FPCM under S2. A 28% methane emission
reduction during the housing period and a 10% reduction during the grazing season were
assumed for S2, where anti-methane additives were used. This resulted in a 12% emission
reduction from animal digestion in S2.

3.3.2. Manure Management

As compared to the baseline, manure accounted for a greater percentage of total emis-
sions than fertiliser, after climate change mitigation strategies were applied. By extending
the grazing season and applying manure management of chemically amending slurry,
applying slurry during favourable weather conditions and using LESS for spreading slurry,
the emissions from manure decreased from 0.13 to 0.122 and 0.073 kg CO2-eq/kgFPCM, in
S1 and S2, respectively.

3.3.3. Fertiliser Use

Nitrogen fertiliser use is responsible for nitrous oxide emissions during the fertiliser
application and production processes. The use of protected urea and a reduction in the
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quantity of nitrogen fertiliser applied saw the fertiliser emissions drop by 3.3% and 7.1%
for S1 and S2, respectively.

 

Figure 2. Changes in GHG emissions under different scenarios.

3.3.4. Feed Production

Ireland mainly depends on feed imports such as soya from Brazil and grain from
America for concentrate ingredients, which have higher GHG emissions from land use
changes and transport than local ingredients. A reduction in feed concentrates and sourcing
of EU-produced feed ingredients had a significant reduction in emissions from feed pro-
duction, with a decrease from the baseline of 0.124 to 0.083 and 0.44 kg CO2-eq/kgFPCM,
in S1 and S2, respectively.

3.3.5. Other

The category “other” represented all emissions from the farm which may not fall into
the broader categories, for example, farm energy use. Energy demand reductions for farm
applications, such as manure spreading and fertiliser applications, would result in lower
on-farm CO2 emissions.

3.3.6. Net Environmental Impact

The overall results show a net reduction in GHG emissions of 12% from 0.96 kg of
CO2-eq/kgFPCM to 0.847 under S1, and in S2 where the farm-level strategies are employed
at a larger scale there was a 36% reduction in emissions the final footprint was 0.614 kg
CO2-eq/kgFPCM.

4. Discussion

Irish farmers need to move towards climate neutrality by adopting robust but practical
technologies which ensure both the environmental and economic sustainability of dairy
farms. The national emission reduction target of 25% is based on absolute farm emissions
using the IPCC methodology [5]. In the FZC case study, the LCA methodology, which con-
siders emissions from upstream processes such as fertiliser and feed production, was used.
The results show the reduction in emissions per kilogram of milk, which is an important
measure at the farm level for farmers to be able to understand how their environmental
decisions affect the farm profit.
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4.1. Economic Impact

The baseline represents an average commercial dairy farm which is economically
sustainable, as evidenced by a net profit of EUR 84,265. The higher revenues, as compared
to the previous seasons, can be attributed to higher farmgate milk prices [12]. According to
the NFS results, fertiliser and concentrate feeds are the major variable costs, with fertiliser
contributing almost 20% to the total variable costs [12]. The results are in line with [11],
which indicates that more grass in the diet increases the profitability of the farming system,
and increasing more concentrate feeds is not always the most economically rational choice.
The reduction in the quantity of concentrate feeds is not expected to reduce the productivity
of the farm, as the assumption is that any dry matter shortfall is compensated for by
grassland management practices such as extending the grazing season [44]. Farmers are
expected to reduce their concentrate feed not only due to the environmental benefits but
also the realisation of cost reduction opportunities. This is in line with evidence from
an online survey of 396 Irish farmers, which showed 73% support for the paradigm of
maximizing milk from forage and minimizing concentrate use [57] for both environmental
and economic gains. Major incremental gains were also realised from increasing the EBI of
the herd. The EBI is an efficiency tool which aims to improve the genetic merit of animals
for increased profitability. In line with [24], the increase in dairy productivity would result
in reduced emission intensity but absolute farm emissions may not drop.

Though large methane emission reductions were realised from the anti-methane
additives in S2, it was determined from this analysis that the additives were the major
incremental costs in the dairy system under S2. The costs of anti-methane additives
represent a major challenge to the adoption of the strategy, as previous research has shown
that costly mitigation strategies are a huge disincentive [23].

Other Opportunities for Revenue Generation

The partial budget results in Section 3 indicate the likely increase in net profit by
adopting the current farm-level FZC mitigation opportunities; however, by following
specific MRV standards, the products can be certified as “carbon reduced” or “carbon free”.
Where an MRV procedure can be established and the emission abatement can be attributed
to specific strategies, the farmers can potentially obtain money from carbon credits or
market premiums. In the EU, a tonne of CO2 is expected to cost EUR 140 by 2030 [58];
hence, under the S2 scenario, farmers have the potential to earn up to EUR 20,580 from
abating 147 tonnes of CO2. A recent Irish consumer survey of 1500 adults showed that 72%
of respondents were willing to pay more for dairy products, provided they see the evidence
that the increase is going to embed the latest environmental initiatives in production [59].
This view is reiterated by [60]’s findings on consumers’ perceptions of carbon footprint
labels for dairy products in Italy, which shows that consumers would be willing to pay extra
when they are fully aware of the products and claims made about the carbon footprint.

4.2. Environmental Impact

In contrast to indoor systems where manure is the largest contributor to GHG emis-
sions, in grass-based systems, total emissions consist mainly of methane emissions from
enteric fermentation [33]. Scenario 2 resonates with target resource use efficiency systems
simulated by [61,62] whose results concur with the current study. Both studies found that
methane emissions in target farms would contribute a larger percentage to overall GHG
than the baseline current farm with lower efficiency. The results highlight the need to
reduce methane emissions in grass-based systems. The additive Bovaer (3NOP) has shown
consistency in methane reduction with an average of 30% reduction when administered in
feed for dairy cows [42,63,64]. However, there are practical issues around administration of
the additives in grass-based systems. The adoption rate of additives in general is expected
to be low, as there are issues regarding social acceptance and the cost of the additives [65].
Previous studies have suggested the use of slow-release bolus to incorporate the additives
in pasture-based systems where 95% of the animals’ diet is from grazed forage [41,63].
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The reduction in fertiliser emissions in both S1 and S2 is a result of nitrous oxide
reduction. Nitrous oxide emissions account for 25% of the agricultural sector’s emissions
in Ireland [35]. In line with [22,37], the FZC case study highlights the importance of
incorporating clover and minimising chemical fertiliser for grassland productivity. This
also concurs with [33], who showed that nitrogen surplus from chemical nitrogen per
hectare was positively correlated to the GHG emission intensity of milk. According to [66],
animal excreta and urine are the biggest sources of N2O per year in grasslands, followed
by manure applications. Manure acts as an emission source for both methane and nitrous
oxide, and the quantity emitted is linked to environmental conditions, type of management
and composition of the manure [67]. By extending the grazing season and applying manure
management strategies, fewer emissions are released from the storage and application of
manure. The overall reduction in emissions from manure management in both S1 and S2
results shows that though extending the grazing season results in more N emissions from
excreta deposited on grassland, the reduction in emissions from stored manure will be
higher than the marginal increase from manure deposits [33]. In contrast to confinement
systems, in grass-based systems, the total GHG emissions associated with feed production
are predominantly from grass [61].

The results show that to achieve climate neutrality in dairy systems by 2050, a holistic
approach which combines different mitigation strategies at significant but reasonable
levels (e.g., S2) of application is required. Farmers are still able to achieve a notable
emission reduction of 12% under S1 without incorporating new technologies such as
anti-methane additives. The results concur with studies by [62], in Ireland and [19] in
New Zealand, which showed that combining climate mitigation strategies that increase
production efficiencies, resulted in substantial emission reduction for grass-based systems.
The business case underlines the significance of using multiple measures in reducing climate
change as there are no quick fixes to achieving net zero emissions [68]. It is important to
highlight that efficient use of resources can offer additional benefits, other than reducing
costs and carbon dioxide emissions. A study by [62] has already shown that moving to
a target-efficient system would reduce freshwater eutrophication, acidification, and non-
renewable energy depletion in Irish dairy. As more consumers become more responsible
for their purchasing behaviour by purchasing environmentally friendly products [59,60],
and reducing food waste and losses, this case study shows that there are potential positive
ripple effects of holistic sustainable production [69]. Such solutions are important to achieve
all three dimensions of environmental, economic and social sustainability [69].

Opportunities for Further Emission Reduction

While work remains to further reduce the emission footprint of the farm towards net
zero, Shinagh Farm has several planned activities which can help to improve these scenarios.
The project plans to implement a grass biorefinery and anaerobic digestion plant in 2024.
The benefits of grass biorefinery to improve the use of grassland on dairy farms have
previously been highlighted in Ireland through projects such as Biorefinery Glas and FZC. In
this approach, fresh grass can be converted into multiple protein sources, including a press
cake which is suitable for feeding ruminants and a leaf protein concentrate (LPC) which is
suitable for feeding monogastric animals, such as pigs and poultry. Previous work from [70]
has highlighted the potential for press cake to replace silage in dairy cow diets, achieving
comparable milk yields, while offering a reduction in nutrient (nitrogen and phosphorus)
excrement losses and delivering a higher nitrogen use efficiency. Work by [71,72] has
shown that the extracted protein LPC can serve as a suitable replacement for imported soya
bean meal in the diets of pigs. By creating “off-farm” products, the biorefinery approach
can help the farm to achieve further environmental benefits by enabling a redistribution
of the environmental impacts associated with grassland production. The inclusion of
anaerobic digestion to produce biogas using farm residual streams is also expected to add
further improvements to the current scenario. For example, ref. [73] has previously shown
that small-scale anaerobic digestion of cattle slurry, co-digested with some grass from
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Irish farms, can meet the farm’s energy needs with surplus energy exported, representing
between 73% and 79% of the total energy generated, with all scenarios investigated offering
a net CO2 emission reduction of approximately 173,237 kg CO2-eq.yr−1. In addition to the
slurry, the residual streams or by-products such as grass whey and press cake from the
grass biorefinery can also be utilised as a feedstock for biogas production, helping to further
improve the sustainability and circularity of the farm model [72]. It is anticipated that a
further 0.3 to 1.1 tonne CO2/ha/yr reduction can be obtained from carbon sequestration
from grassland management practices already employed at FZC as well as hedgerows.

5. Conclusions

To meet the GHG targets at the national and EU level without jeopardizing the eco-
nomic viability of the sector, Irish agriculture needs to adopt practical climate mitigation
strategies. Using partial budget analysis and LCA assessment to measure the change in
farm profit and GHG emissions under different scenarios, the business case for an average
Irish dairy farm was formed based on the FZC holistic approach. The FZC approach
reiterates the importance of adopting win–win approaches also highlighted in the Teagasc
MACC curve, such as the inclusion of clover, protected urea, slurry management and
reducing feed concentrates immediately, as they result in lower operational costs. Evidence
from S1 shows that by implementing these win–win solutions even at a small scale, a
16% reduction in GHG emissions can be achieved. Incremental costs are realised especially
from methane additives, slurry amendments and the use of native feeds. Biogenic methane
is the major GHG in grass-based systems; therefore, the use of methane additives for
emission reduction should be considered a priority. As highlighted by the business case,
anti-methane additives are costly. Subsidies or other financial policy incentives should be
considered to foster the uptake of additives, especially during the period when the animals
are housed as the additives are most effective.

While significant sustainability improvements can be achieved by implementing the
current farm-level mitigation strategies at a higher scale (S2), these steps alone may not be
sufficient to achieve climate neutrality, as shown by the reduction to 0.614 kg CO2-eq/kg
FPCM in S2. This means that there is a need for more research into additional climate
mitigation measures in order to reach net zero emissions on the farm. Targeting net zero
ensures that the environmental sustainability goals are achieved without compromising
food security. More research should be invested towards the MRV of soil carbon sequestra-
tion potential of grasslands and hedgerows so that the contribution of soil organic carbon
could be incorporated in future business cases. Other ways to further reduce the emissions
include anaerobic biodigesters for renewable energy, and the implementation of biorefiner-
ies to improve the efficiency of grassland use. Consumers will also be crucial in driving the
demand for climate-neutral agriculture; therefore, consumer-side policies should be aimed
at increasing awareness of the climate change challenge. In addition, multi-actor partner-
ships would be crucial in the dissemination of information on climate change mitigation
across the agricultural sector. Stakeholders like producer associations, dairy companies,
cooperatives and advisory organisations should continue to advise farmers on low-carbon
farming. The holistic approach to sustainable agricultural production can be instrumental
in achieving other SDGs including food security, responsible production and consumption,
and life in water and on the ground.
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Abstract: The SDGs have made a significant contribution to the sustainability movement, being used by
many organisations from across sectors all over the world as their sustainability framework. However,
have they impacted the previous trend of sustainability challenges just because of their existence?
This article aims to contribute to answering this question by statistically comparing the trends in the
sustainability performance of the SDGs before and after they were launched in 2015. Data were collected
for every SDG and their trends were quantitatively assessed using non-parametric tests, finding that
most of the SDGs have not significantly improved and that most of the sustainability indicators are
still performing poorly in developing countries. While this research is exploratory and does not assess
the direct impact of the SDGs on sustainability, it suggests that for the most part, the SDGs have not
significantly changed sustainability trends since they were launched in 2015, which is a concerning
finding. This article should serve as a wake-up call to design more suitable sustainability frameworks
as the SDGs expire in 2030, and for those using them to be more critical of their reach rather than being
satisfied with a framework that although helping will not achieve its main goal.

Keywords: SDGs; sustainability trends; SDG progress

1. Introduction

The Sustainable Development Goals (SDGs), launched in 2015 by the United Na-
tions in agreement with 195 countries, have been classified as the greatest agreement ever
achieved [1], and many academics, universities, corporations, governments and NGOs are
following their lead under the seeming assumption that by doing so they are contributing
to local and global sustainability. For some, there has been a shift in the sustainability
movement since the SDGs were launched [2,3], as an important milestone in the sustain-
ability journey. However, even though a responsibility cannot be directly assigned to them,
it is important to assess how successful they have been in contributing to addressing the
sustainability challenges they have identified as being crucial to be tackled. How much has
really changed since the SDGs were launched? How have the previous trends in poverty
reduction, economic output or biodiversity loss, to name a few, been impacted by the
implementation of the SDGs? While the direct relationship between the existence of the
SDGs and any progress or deterioration in sustainability challenges cannot be established,
finding that things have not really improved would stain the impact and importance that
many of us have assigned to the SDGs. Certainly, any sustainability challenge cannot
be overcome just because the SDGs were launched, have been promoted and are widely
used as a sustainability framework. But also, since they are ubiquitous nowadays, it is
fair to ask if sustainable development has really improved thanks, although in part, to
their existence. Answering this question is the objective of this article. By not knowing
this, there is a serious risk of using their name as a way to greenwash our actions [4,5],
and as stated by Ali and colleagues, “sustainable washing does not solve problems” but
integrated solutions are what is required [6] (p. 3). This is one of the reasons why answering
the simple question of whether they have shifted the trend in sustainable development
is necessary. This research aims to explore this question and assess whether there have
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been significant changes in sustainability challenges thanks to the existence of the SDGs
and their implementation. Furthermore, this article is a humble invitation to carefully
assess the real weight of the SDGs in the sustainability journey, which is subject to their
value and limitations. It is an invitation to those of us conducting research, developing
policies, designing strategies or undertaking simple but honest actions to realise that their
existence is not enough to contribute to sustainable development and that we must stay
away from any potential “SDG washing” if we really want to make deep contributions
to our development. This can be considered the immediate implication of this research,
but perhaps more importantly, the aim is to use these findings and the discussion we hope
to create with them to think ahead of time about the future sustainability framework or
strategy we will aim to implement starting in 2030, when the SDGs expire, leaving, most
likely, a lot of work still to do.

While the question proposed by this article may seem an obvious one to address,
academic work has been mostly focused on the positive value of the SDGs trying to
understand how helpful they and every one of them has been in achieving their aim, how
they have been used, where and by whom. All certainly contribute to sustainability science
and knowledge [6]. However, although it is hard to justify the limited existence of other
studies like this, which take a broader and more critical approach, it is crucial to question
our own approaches and the frameworks we use so we do not become unconsciously
trapped in our own beliefs and short-term agendas, but look to the future and contribute to
real change.

2. Literature

The SDGs are about halfway through their span, so it is a good moment to assess
whether there have been any changes in sustainability trends since their launch in September
2015. Indeed, assessing their impact on improving the current state of the identified goals
can only be made indirectly, since these are such complex challenges that no organisation
would be able to tackle alone successfully [7,8]. However, they have been identified as
crucial [1] and as causing a shift in the sustainability journey [2], but it cannot be argued
that just by their existence that things have changed, just as it is hard to directly link what
organisations have done, or declare doing, in terms of contributing to these achievements,
with any potential progress [9]. Despite that, partly due to the gap in the literature it is
necessary to explore what has happened with the identified sustainability challenges once
the SDGs were launched versus what was happening with them before 2015. As their
deadline approaches and indicators show that they will not be reached by 2030 [10,11],
assessing the success of their existence would help us and local and global policymakers to
prepare for 2030 and replace them with a more appropriate and realistic approach.

2.1. SDG Research and Practice

The literature shows that the SDGs have been studied widely in specific and general
terms, with a constantly growing number of articles being published on the topic over the
years [6]. Across continents, types of organisations and their relevance, there is a global
agreement on and a desire to achieve sustainable development [6]. Although some have
already argued that they will hardly be achieved by 2030 and provide recommendations
to shift route [10], which was probably expected due to the major endeavour they still
represent, certainly some improvements at least are expected. But not only that, despite
some initial optimism [10] and all the good parts of the SDGs [3,12], including how they
could allow corporations to shift their strategies towards specific goals [13], many have
highlighted their complexities, limitations and contradictions, e.g., [14–18]. Among them,
scholars highlight that they are not legally binding without presenting any obligations,
are voluntary so self-interest may be a driver leading to their selection and engagement
and that there are no mechanisms for any organisation to innovate in their sustainability
agenda [19,20]. Perhaps more challenging are what some have called their inherent con-
tradictions between achieving economic growth (SDG#8) and good health and well-being
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(SDG#3), climate action (SDG#13) or protecting life on land (SDG#14), if we continue fol-
lowing the same socio-economic paradigm [21]. On top of these, we cannot forget the
impact that the COVID-19 pandemic had on their progress [22,23], along with other crises
we are still facing, e.g., the climate crisis, immigration, wars and political polarisation [11].
These have made things even more challenging, as the same challenges we are trying to
address hinder the achievement of the SDGs.

Despite the impression that the SDGs have been adopted by many organisations across
the world, it is hard to assess the extent of their contributions and the impact of their actions.
For example, it is relatively easy to find multinational corporations referring to the SDGs
as a strategic framework to structure their sustainability actions [9,24,25], governments
at different levels informing how they have incorporated the SDGs into their agendas,
e.g., [26–28], collaborative academic initiatives integrating the SDGs into their teaching
and research programs, e.g., [29,30] and several other organisations who have adjusted
their work in line with the SDGs, e.g., [31–33]. While these are presented as independent
initiatives, they depend on each other to ensure some kind of progress and impact on
sustainability [34,35]. While the SDGs seem to be everywhere nowadays, the real impact of
organisations declaring them as a priority can hardly be measured.

2.2. SDG Impact and Progress

As mentioned, the literature is limited with respect to measuring and monitoring
not only the impact of the SDGs on sustainability but the SDGs’ general impact, which
is still a necessity [36]. When addressing these areas, what is found is mostly at the
initial stage of the process and not measuring concrete impact, but rather proposing
tools, frameworks or ideas for organisations to operationalise their potential impact on
the SDGs, which again speaks to their complexity. For example, B Lab created an SDG
Action Manager to help organisations measure their progress [35], although according to
Heras-Saizarbitoria et al. [37], it has been limited in its use; SDGs-IAE was developed to
qualitatively assess SDG targets on energy projects [38]; van Zanten and van Tulder [39]
proposed a nexus approach for companies to manage and assess their contributions to
the SDGs in an integrated manner and not in silos; and the World Business Council for
Sustainable Development [33] developed the initiative SDG Sector Roadmaps to support
businesses in optimising their contributions to the SDGs. Research that has focused on
measuring the performance of the SDGs has done so, for example, at the country level,
highlighting how their relative position against others is subject to the selected methods
and indicators [40], in particular sectors such as manufacturing [41], with respect to firms’
ESG performance indicators [42], versus multinationals’ GRI disclosure standards [43] or
relative to their organisational profile according to whether they focus on environmental or
social goals [44].

As stated in the literature, if we aim to contribute to the design of better instruments
or frameworks to contribute to sustainable development, measuring and monitoring not
only the progress of the SDGs but their progress towards sustainability are crucial [45,46].
However, this type of work has been limited to our knowledge. One of the few articles
that tries to understand whether firms changed their practices’ breadth and depth due to
the SDGs is that of Whittingham et al. [9], who found a “clear but nuanced yes” to their
question. However, this is based on an analysis of corporate sustainability reports without
any verification of what they found in them. Another recent work is that of D’Adamo
and Gastaldi [47] who used a methodological approach to evaluate the SDGs focusing
on monitoring their outcomes. While this presents a useful methodological design, its
scope is the performance of Italian regions, with relevant contributions to their particular
sustainability challenges.

Not surprisingly then, the sustainability challenges highlighted by the SDGs have
poorly progressed since they were launched in 2015. According to the latest Sustainable
Development Report, not a single SDG is on track to be achieved by 2030, there has been
limited progress on environmental and biodiversity goals, health-related goals are off-track,
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as well as those concerning housing and institutions [11]. Some progress has been made
though with respect to infrastructure, including water and energy; however, this varies
largely across countries [11]. According to the UN, less than 20% of the SDG targets have
been achieved, with about 15% in reversal progress and the rest having limited or no
progress at all. Hence, what has been the real value of the SDGs other than being a common
framework we use to position and talk about sustainability?

2.3. SDG Progress and Data Selection

Identifying which targets to address to assess progress on the SDGs is certainly chal-
lenging, especially when we aim to measure their performance globally, whereas countries
are prioritising actions towards certain SDGs according to their own challenges [12]. Ac-
cording to scholars, another important challenge is how to consider the existing range
of approaches and tools, including indicator-based assessments, benchmarking, target
mapping or systems analysis techniques [48–50], to support a coherent analysis towards
evidence-based decision making when they inform different stages of policy again based
on country-level goals [51]. The challenge of which targets to prioritise under the statement
that the SDGs and their targets are interconnected has been addressed by some scholars
but, as expected, this is always context-specific through analyses in a particular country,
not globally [51–54]. Furthermore, while for countries there is a risk in their priorisation
techniques due to potentially arbitrary or politically motivated decisions [51], this article
does not aim to provide hard conclusions from its findings but to shed some light into
sustainability progress, accepting that assessing progress on the SDGs is subject to the
selection of targets and assessment methods [52]. Finally, there is the practical component
since the SDG targets are 169, which makes it an extensive number to manage and for many
of them there is just none or not enough data from reliable sources to determine whether
their trends have significantly changed from before the SDGs were launched to now [55],
which is the aim of this article.

3. Methods

To achieve the purpose of this article and answer the proposed research question,
the SDGs were considered as a framework and, based on their targets, specific variables
were identified and assessed to determine progress or failures on the goals, similar to
what D’Adamo and Gastaldi carried out in Italy [47]. Following this rationale, secondary
data were collected from various reliable sources that presented information from the
year 2000 to 2022 as a way to assess the periods pre- and post-launch of the SDGs. Addi-
tionally, since the SDGs are measured at the country level [16], the data had to be organised
per country and then clustered into geographic regions to make numbers more manage-
able. Then, two groups of data were prepared for analysis, the pre-SDG (2000–2015) and
post-SDG datasets (2016–2022), similar to what Whittingham and colleagues did [9]. For
example, to assess the progress of SDG#1—No Poverty, poverty rate per country was se-
lected as the variable to be assessed. SDG#17—Partnerships for the Goals was not included
in the assessment since this is not a sustainability goal per se but an approach to achieve
the other sixteen goals [47,56].

The general hypothesis is that significant statistical changes have not occurred since
the SDGs were launched with respect to the trends those goals followed before. Since tests
showed that the data were not normally distributed, non-parametric paired tests (Wilcoxon
Signed Ranked Tests) were used to determine whether statistically significant differences
existed between the two proposed periods [57]. Table 1 shows a summary of the dataset and
the selected variables for analysis. As stated above, results from this and any other analysis
on SDGs’ progress depend on the selected targets [52], so the targets selected in this case
were the ones that to the best of our knowledge best represent the respective SDGs.
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Table 1. The SDGs, assessed variables, and sources of data.

SDG
Assessed Variables—Associated SDG

Target
Source

1—No Poverty Poverty rate (%)—1.1 [58]

2—Zero Hunger Prevalence of undernourishment rate (% of
population)—2.1.1 [59]

3—Good Health and Well-Being Maternal mortality rate per 100,000 live
births—3.1.1 [60]

4—Quality Education Out-of-school children rate—4.1 [61]
5—Gender Quality Female education (%) Higher Level—5.1 [62]

6—Clean Water and Sanitation Drinking water safely managed service
(%)—6.1 [63]

7—Affordable and Clean Energy Share of modern renewables in total final
energy consumption (%)—7.2.1 [64]

8—Decent Work and Economic
Growth

GDP annual growth per capita
(USD)—8.1.1 [58]

9—Industry, Innovation and
Infrastructure

Research and Development expenditure as
a percentage of GDP—9.5.1 [65]

10—Reduced Inequalities Gini index—10.3 [58]
11—Sustainable Cities and

Communities
Population living in slums (% of urban

population)—11.1.1 [66]

12—Responsible Consumption and
Production Fossil fuels consumption (tons)—12.2.2 [67]

13—Climate Action CO2 emissions (metric tons per
capita)—13.2 [68]

14—Life Below Water
Mean percentage of each marine key

biodiversity area covered by protected
area—14.5

[69]

15—Life On Land Tree cover loss (ha)—15.2 [70]
16—Peace, Justice and Strong

Institutions Rule of law index—16.3 [71]

4. Results

As seen from Table 2 and Figure 1, the results suggest that most of the sustain-
ability goals (10/16) have not significantly improved after the SDGs were launched
(2000–2015 vs. 2016–2022), indicating that there has not been significant progress on most
of the goals since the SDGs were launched in 2015. While six sustainability goals were
found to have statistically significant improvements (p < 0.05), namely SDG#2—Zero
Hunger, SDG#3—Good Health and Well-Being, SDG#6—Clean Water and Sanitation,
SDG#7—Affordable and Clean Energy, SDG#11—Sustainable Cities and Communities,
and SDG#14—Life Below Water; eight goals did not change significantly (p > 0.05), despite
most of them having improved; and two goals showed a statistically significant decline
(SDG#8—Decent Work and Economic Growth, and SDG#15—Life on Land), which is very
concerning. When crossing these findings with how the SDGs are organised in the wedding
cake proposed by Rockström and Sukhdev [56] so we can understand them better, it can be
seen that while economic sustainability has progressed (the top layer of the cake), this has
not been statistically significant (industry and inequalities) and decent work and economic
growth has significantly decreased; social sustainability (middle layer) shows half of its
SDGs with significant progress (hunger, health, energy and cities), whereas the other 50%
were found to have improved but not significantly (poverty, education, gender equality
and peace); and environmental sustainability (bottom layer of the cake) shows half of
those SDGs significantly improving (water and oceans), but land biodiversity decreased
significantly and climate did not improve. Figure 1 shows the SDGs and their progress,
stagnation or decline. Details of test results can be found in Appendix A.
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Table 2. Results on SDG progress.

SDG Assessed Variable
Improvement
(Global Level)

Exception (Regions)
Sig Dif

(p < 0.05)

1—Poverty Poverty rate Yes Middle East and
Northern Africa No

2—Hunger Undernourishment
rate Yes Middle East and

Northern Africa Yes

3—Health Maternal mortality
rate Yes - Yes

4—Education Out-of-school
children rate Yes

East Asia and the
Pacific, Eastern

Europe and Central
Asia, Latin America
and the Caribbean

No

5—Gender
Female education

rate (tertiary
education)

Yes Latin America and the
Caribbean No

6—Water Drinking water
safely managed Yes - Yes

7—Energy

Modern renewable
energy

consumption
share

Yes
Middle, Northern and
Western Africa, and

Western Asia
Yes

8—Economy GDP per capita
annual growth No Sub-Saharan Africa Yes

9—Innovation

Research and
development

expenditure (% of
GDP)

Yes

East Asia and the
Pacific, Europe and

Central Asia,
European Union, and

South Asia

No

10—Inequality Gini index Yes South Asia No

11—Cities
Population living

in slums (% of
urban population)

Yes - Yes

12—Consumption
and Production Fossil fuels use No Europe No

13—Climate CO2 emissions per
capita No

Central Europe and
the Baltics, Europe
and Central Asia,
European Union,
North America

No

14—Oceans Protected marine
areas Yes - Yes

15—Land
Biodiversity Tree cover loss No North America Yes

16—Justice Rule of law index Yes

East Asia and the
Pacific, Eastern

Europe and Central
Asia

No

With respect to where the SDGs are performing better or worse, in general terms,
the developing world is struggling, which is where sustainability challenges are most
severe [16]. When assessing the SDGs that have significantly improved (SDG#2—Hunger,
SDG#3—Health, SDG#6—Water, SDG#7—Energy, SDG#11—Cities, and SDG#14—Oceans),
results suggest some exceptions in the Middle East and Northern and Western Africa,
although these are significantly better on water, cities and oceans. Similarly, countries from
East Asia and the Pacific, and Eastern Europe and Central Asia do not show significant
improvements in quality of education (SDG#4), industry and innovation (SDG#9) or justice
(SDG#16); and countries from Latin America and the Caribbean have not significantly
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improved their education (SDG#4) nor their gender equality levels (SDG#5), just like South
Asian nations on inequality (SDG#10). On the contrary, Europe has improved, although
not significantly, its fossil fuel use (SDG#12) and its CO2 emissions per capita (SDG#13) as
North American countries have, which have also reduced their tree cover loss (SDG#15).
Details are in Appendix A.

 

Figure 1. SDGs organised according to their significance of progress (based on Rockström and
Sukhdev (2016) SDG wedding cake [56]).

5. Discussion

The purpose of this article is to assess whether the trend that sustainability challenges
followed before the SDGs were launched in 2015 has significantly changed over the years.
According to some, the SDGs have changed the discourse around sustainability, but has that
been enough to modify the trend of development for the better? Indeed, since the SDGs
were launched, we have seen companies of all sizes, governments, universities and civil
society organisations using the SDGs as the framework to consider when referring to their
sustainability policies and practices. However, it is still not clear whether the trends followed
by the sustainability challenges have significantly changed due to the very existence of the
SDGs, or if these have been used just as a way to organise what organisations do, present it
more clearly, and somehow continue doing what they were doing without any emphasis
nor accepting the urgency that Agenda 2030 and the SDGs posess.

In general terms, results from this exploratory analysis suggest that most of the
sustainability challenges have not significantly progressed since the SDGs were launched,
confirming what others have stated in terms of their limited progress and low probability
of success [10,11], which is an alarming finding. Following the rationale proposed by
Rockström and Sukhdev [56], we see that only half of the SDGs for the supporting system,
i.e., the biosphere, have improved significantly (SDG#6—Clean Water and Sanitation,
and SDG#14—Life Below Water), while the other two have deteriorated—life on land
significantly so, putting at risk not only the accomplishment of the societal and economic
SDGs that these are supporting but also the sustainability of the planet and our ways of life.
In this respect, we found that the trend of tree cover loss has significantly increased, along
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with all the impact that it has on terrestrial biodiversity, and that CO2 emissions per capita
have increased despite global agreements such as the Paris Accord, although the latter not
significantly. These results are aligned with the latest version of the planetary boundaries,
which shows that by now, we have passed not three, like in 2009, nor four, as in 2015, but
six of the nine identified boundaries to continue living on a safe planet [72].

Results also suggest that while half of the SDGs focused on the economy have im-
proved, none of them have changed significantly. Conversely, SDG#8—Decent Work and
Economic Growth and SDG#12—Responsible Consumption and Production have not im-
proved as measured through GDP annual growth per capita and fossil fuel use, respectively.
The former has actually decreased significantly globally. These findings question why the
improvements made by industry, innovation and infrastructure (SDG#9) have not led to
an increase in decent work and economic growth (SDG#8) as well as the development of
more responsible consumption and production practices (SDG#12). The lack of statistical
significance of the improvements made by the industry, innovation and infrastructure
(SDG#9) is a way to explain the poor performance of SDG#8 on decent work and economic
growth and SDG#12 on responsible consumption and production. It seems that the increase
made in R&D expenditure has not yet translated into economic growth, nor a reduction
or shift from fossil fuel consumption. Perhaps more time is needed for these to further
complement and affect each other. However, due to the complexity of these challenges, if
positive results are reached, they may come well after 2030 when the SDGs were supposed
to be accomplished. This is a task left for the new framework.

Finally, hopeful news is that four out of the eight SDGs that are society-focused have
significantly improved, namely a reduction in the undernourishment rate (SDG#2) and the
maternal mortality rate (SDG#3), a higher share of modern renewable energy consumption
(SDG#7) and a reduction of slums (SDG#11). However, these improvements are not aligned
with significant advancements in reducing poverty (SDG#1), improving the quality of
education (SDG#4), progress in gender equality (SDG#5) or the betterment of justice across
the world (SDG#16). Again, the limited and challenging timeline set to achieve the SDGs
is not helping, as we hope to see, for example, how better nutrition and living conditions
should positively impact poverty and education. These are results we hope to see within the
timeline of the next sustainability framework, but we at least hoped to find positive trends.
These are examples of how the three dimensions of sustainability are not independently
progressing, which should be directly related. But perhaps more important and challenging
is how all the SDGs are coherently integrated into a successful process that allows them
all to flourish, which is one of the criticisms they have faced as they aim to accomplish
goals that seem contradictory [21], which is an even tougher challenge and something also
confirmed in these results. How to tackle the contradictions presented by some SDGs is
one of the biggest tests to address.

Undoubtedly, all the SDGs are complex challenges that not only need the collective
participation of all actors to be accomplished, but they also need time, and 15 years does
not seem to be enough for them to be reached, let alone half that time. However, whether
we achieve them or not by 2030, positive trends were expected to be found due to the
urgency of addressing them for the betterment of humanity. All the actions performed by
diverse organisations across the world on the SDGs can be hardly monitored or measured,
other than referring to what they say they do towards the SDGs, so this research aims
to shed some light on that and indirectly determine whether we as humanity have been
doing more than what we were doing before the SDGs were launched in 2015 to reach our
sustainability challenges, or we have just followed the same approach or even declined in
our efforts. However, despite that challenge, measuring and monitoring our performance
on sustainability goals remains a need [36], which, although subject to selected methods
and indicators [40,52], will be a key consideration [45,46] as we start thinking about the
new sustainability framework to take place when the SDGs expire in 2030.

From this analysis, the findings and discussion a few practical implications can be pre-
sented for policymakers designing new sustainability frameworks, practitioners working
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on organisational strategies and plans to tackle sustainability challenges, and academics
aiming not only to understand how this evolves but also to contribute to that goal. First, it
is not enough to have a communicationally successful framework, but concrete actions and
progress must be achieved, otherwise we all risk contributing to SDG washing more than
to sustainable development. Second, while the dimensions of sustainable development
are hardly progressing coherently and consistently, it is even harder to accomplish an
integrated sustainability approach as the SDG contradictions highlighted by many [14–18]
seem to be playing a crucial role in the lack of progress we have made so far. This needs to
be well-considered in the design of new sustainability frameworks. That said, this does not
suggest avoiding conflicting challenges such as economic development and the protection
of nature but finding smart, innovative and feasible ways to accomplish both and make
them work together. Third, despite the bias that selecting some assessment methods or
indicators may bring to a determined analysis [52], measuring and monitoring as well as
reporting, as we mostly see nowadays, are crucial to understanding where we are at, how
we are doing, what to fix and whether we will reach our goals. These three points must be
considered when thinking about any framework or strategy to achieve sustainability.

6. Conclusions

The SDGs are a useful framework to promote and position sustainability that has
become enormously relevant as society faces extreme social, economic and environmental
challenges. Sustainability has gained from the SDGs and organisations from all sectors
using them have placed the topic at the top of local and international agendas. However,
understanding whether sustainability has progressed thanks to the existence of the SDGs is
still an open and relevant question to be answered. This is the first aim of this article.

Findings show that only some social (SDGs#2, 3, 7 and 11) and environmental (SDGs#6
and 14) goals have significantly improved since the SDGs were launched, suggesting that
their existence does not imply sustainability progress nor success, which is important to
keep in mind as we move forward in the sustainability journey and, as the SDGs expire
in a few years, start thinking about a new framework. Furthermore, as highlighted by
many, the contradictions that seem to be integral to their design play a role in the lack of
progress they have achieved. While this is an intrinsic limitation of what the SDGs actually
are and this article does not tackle that challenge directly, it is important to understand the
type of effect they have had, although indirectly, so that all of us who use the SDGs as a
sustainability framework are well aware of their strengths and limitations. Moreover, while
the communications component of the SDGs has been extremely successful not only for the
sustainability movement but for all those positioning their actions under the SDG frame-
work, it is crucial to keep an eye on using them, or any other sustainability framework, as a
way to consciously or unconsciously greenwash our actions without deeply contributing to
the final overarching goal. Certainly, this risk of SDG washing must be contemplated when
considering the contradicting features of some sustainable development goals. Finally, as
a local and global goal, measuring and monitoring mechanisms must be put in place to
objectively assess our performance. This not only should show the path we are following
but also keep us away from greenwashing our actions. All of this should be particularly rel-
evant for practitioners and policymakers involved in the design of sustainability strategies
and frameworks.

Along with the practical implications discussed above, this article also has some
theoretical implications for researchers. First, most of the SDG research has focused on
what organisations are doing and whether they are contributing or not to some or all of the
SDGs. This article presents an overall perspective on SDGs’ progress with a critical analysis
on the impact the SDGs have had on sustainable development. While this does not deny
that there have been some improvements in some areas, it shows that, versus the trends of
sustainable development before the SDGs were launched in 2015, in general things have
not significantly improved, which is something that has been intentionally or involuntarily
assumed by many of us assigning that power to the SDGs. Second, frameworks such as the
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SDGs must be carefully considered as a powerful tool to achieve goals. Although they are
probably the greatest agreement ever achieved, they have mainly been useful to highlight
what we do to make us look like we are doing a lot, but they have not been able to help
us accomplish what they were supposed to. Their contradictions certainly do not help,
but also our own responsibility is at play when aiming to achieve them independently
and in an integrated manner. We refer to them without going further and assessing their
impact critically. This article is an invitation to follow that important path. Third, this
article highlights the importance of assessing these instruments through monitoring and
measuring mechanisms, not only reporting, so that as academics we can contribute to more
appropriate and tough decisions to be discussed and made.

Certainly, this research has its limitations. As can be seen, it is exploratory and it
attempts to assess whether the trends of improvement or deterioration around sustainability
challenges have changed since the SDGs were launched in 2015. To make that assessment,
specific targets associated with every SDG were selected, one per SDG, and based on their
performance conclusions were made. Indeed, this is a limited approach, since other targets
associated with the SDGs may have performed differently. However, the selected variables
are among the key dimensions to determine the improvement or deterioration of the SDGs,
so it can be argued that if any of them fails the SDGs are not performing as required by
the sustainability agenda. However, we understand that assessing progress on the SDGs
and their targets is subject to the selection of those targets and the used methods. Another
limitation that is surely associated with the SDGs is the short period of assessment, i.e., just
6 to 7 years or even less in some cases since the SDGs were launched depending on the
available data, which is a very short period to see significant changes. However, absolute
changes were not sought but variations in the respective trends. These limitations are also
invitations for other researchers to continue understanding this phenomenon.
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Appendix A

Table A1. SDG#1—No Poverty.

Region Before After Reduced Poverty Rate? *

East Asia and Pacific 19.00 1.74 Yes
Europe and Central Asia 5.29 2.47 Yes

Latin America and Caribbean 8.40 4.33 Yes
Middle East and North Africa 2.84 7.85 No

South Asia 28.24 11.78 Yes
Sub-Saharan Africa 46.17 35.98 Yes

World 19.39 9.43 Yes
Test Statistic: 3.000; p > 0.05; * Assessed variable: poverty rate (%); Source: The World Bank; Range: 2000–2021.

Table A2. SDG#2—Zero Hunger.

Region Before After
Reduced

Undernourishment? *

East Asia and Pacific 7.59 4.08 Yes
Europe and Central Asia 2.98 2.59 Yes
High-income countries 2.69 2.65 Yes

Latin America and Caribbean 8.01 6.99 Yes
Middle East and North Africa 8.02 8.72 No

South Asia 17.27 13.92 Yes
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Table A2. Cont.

Region Before After
Reduced

Undernourishment? *

Sub-Saharan Africa 20.78 18.98 Yes
World 10.35 8.08 Yes

Test Statistic: 3.000; p < 0.05; * Assessed variable: prevalence of undernourishment (% of the population); Source:
The World Bank; Range: 2001–2020.

Table A3. SDG#3—Good Health and Well-being.

Region Before After Reduced Mortality? *

Africa 674.75 554.56 Yes
Americas 62.47 61.59 Yes

Eastern Mediterranean 266.88 186.98 Yes
Europe 18.10 11.96 Yes

South-East Asia 247.73 131.48 Yes
Western Pacific 56.50 40.69 Yes

World 1326.43 987.26 Yes
Test Statistic: 0.000; p < 0.05; * Assessed variable: maternal mortality rate per 100,000 live births; Source: WHO;
Range: 2000–2020.

Table A4. SDG#4—Quality Education.

Region Before After Fewer Children out of School? *

East Asia and Pacific 3.94 5.83 No
Eastern Europe and Central Asia 1.99 2.32 No

Eastern and Southern Africa 21.25 9.98 Yes
Latin America and Caribbean 1.98 2.23 No
Middle East and North Africa 9.50 3.07 Yes

South Asia 22.45 8.50 Yes
West and Central Africa 31.88 22.02 Yes
Europe and Central Asia n/a 1.80 n/a

World 15.01 7.17 Yes
Test Statistic: 6.000; p > 0.05; * Assessed variable: out-of-school children rate; Source: UNICEF; Range: 2010–2020.

Table A5. SDG#5—Gender Equality.

Region Before After Increased Female Education? *

East Asia and Pacific 15.58 17.33 Yes
Europe and Central Asia 21.96 37.7 Yes

Latin America and Caribbean 17.71 7.3 No
Middle East and North Africa 17.88 35.8 Yes

South Asia 5.33 10.92 Yes
Sub-Saharan Africa 3.71 4.87 Yes

World 11.97 12.02 Yes
Test Statistic: 23.000; p > 0.05; * Assessed variable: female education (%) higher level; Source: WHO; Range:
2000–2019.

Table A6. SDG#6—Clean Water and Sanitation.

Region Before After
More Drinking Water Safely

Managed? *

Central and Southern Asia 51.91 60.60 Yes
Europe and Northern America 93.03 95.43 Yes

Latin America and the Caribbean 73.80 75.32 Yes
Northern Africa and Western Asia 72.64 78.19 Yes

Sub-Saharan Africa 21.32 28.96 Yes
World 62.54 67.70 Yes

Test Statistic: 21.000; p < 0.05; * Assessed variable: drinking water safely managed service (%); Source: United
Nations; Range: 2000–2020.
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Table A7. SDG#7—Affordable and Clean Energy.

Region Before After Increased Renewable Energy? *

Australia and New Zealand 11.01 12.63 Yes
Central Asia 3.19 3.39 Yes

Eastern Africa 11.46 11.74 Yes
Eastern Asia 4.43 8.87 Yes

Europe 9.74 13.70 Yes
Latin America and the Caribbean 23.56 25.36 Yes

Middle Africa 17.34 14.23 No
North America 8.70 11.51 Yes
Northern Africa 4.35 3.86 No

Oceania (exc. Australia and New
Zealand) 10.42 10.74 Yes

Southern Africa 4.39 5.71 Yes
Southern Asia 9.13 10.88 Yes

South-eastern Asia 8.70 11.92 Yes
Western Asia 4.71 4.01 No

Western Africa 6.57 6.01 No
World 8.33 10.90 Yes

Test Statistic: 108.000; p < 0.05; * Assessed variable: share of modern renewables in total final energy consumption
(%); Source: IEA; Range: 2000–2019.

Table A8. SDG#8—Decent Work and Economic Growth.

Region Before After Larger GDP Annual Growth? *

Africa Eastern and Southern 4.03 1.86 No
Africa Western and Central 7.95 -2.18 No

Central Europe and the Baltics 5.85 1.94 No
East Asia and Pacific 7.19 −1.54 No

Europe and Central Asia 4.48 3.04 No
Latin America and Caribbean 1.71 0.90 No
Middle East and North Africa 4.17 1.18 No

North America 4.89 1.28 No
Pacific Island small states 2.72 −0.57 No

South Asia 6.94 3.17 No
Sub-Saharan Africa −0.75 −0.55 Yes

World 1.98 0.91 No
Test Statistic: 1.000; p < 0.05; * Assessed variable: GDP annual growth per capita; Source: The World Bank; Range:
2000–2021.

Table A9. SDG#9—Industry, Innovation and Infrastructure.

Region Before After Increase in R&D? *

Central Europe and the Baltics 0.86 1.44 Yes
East Asia and Pacific 2.34 1.65 No

Europe and Central Asia 1.75 1.50 No
European Union 1.92 1.45 No

Latin America and Caribbean 0.64 0.67 Yes
Middle East and North Africa 0.91 1.57 Yes

North America 2.59 2.97 Yes
South Asia 0.72 0.63 No

World 2.02 2.27 Yes
Test Statistic: 24.500; p > 0.05; * Assessed variable: research and development expenditure (% of GDP); Source:
The World Bank; Range: 2000–2020.

Table A10. SDG#10—Reduced Inequality.

Region Before After Reduced Inequality? *

East Asia and Pacific 3.39 2.84 Yes
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Table A10. Cont.

Region Before After Reduced Inequality? *

Europe and Central Asia 8.40 6.85 Yes
Latin America and Caribbean 7.27 6.07 Yes
Middle East and North Africa 0.94 0.76 Yes

South Asia 0.85 1.64 No
Sub-Saharan Africa 3.25 2.51 Yes

World 4.53 3.66 Yes
Test Statistic: 4.000; p > 0.05; * Assessed variable: Gini Index; Source: The World Bank; Range: 2000–2021.

Table A11. SDG#11—Sustainable Cities and Communities.

Region Before After
Reduction in People Living in

Slums? *

Africa Eastern and Southern 57.99 54.80 Yes
Africa Western and Central 62.67 48.69 Yes

Latin America and Caribbean 25.00 16.38 Yes
South Asia 55.02 50.91 Yes

Sub-Saharan Africa 60.28 51.90 Yes
World 260.97 211.77 Yes

Test Statistic: 0.000; p < 0.05; * Assessed variable: people living in slums (% of urban population); Source: The
World Bank; Range: 2000–2020.

Table A12. SDG#12—Responsible Consumption and Production.

Region Before After Less Fossil Fuels? *

Africa 383,991,855 396,224,729 No
Asia and the Pacific 3,306,638,570 3,789,079,737 No

Europe 1,409,854,499 1,335,227,496 Yes
Latin America and the Caribbean 454,981,983 455,914,025 No

North America 1,766,377,903 1,871,667,759 No
World 8,553,931,287 10,062,117,427 No

Test Statistic: 31.000; p > 0.05; * Assessed variable: fossil fuels consumption (tons); Source: UNEP; Range:
2000–2019.

Table A13. SDG#13—Climate Action.

Region Before After Reduced Fossil Fuels? *

Central Europe and the Baltics 6.70 6.45 Yes
East Asia and Pacific 4.68 6.05 No

Europe and Central Asia 7.47 4.33 Yes
European Union 7.47 6.39 Yes

Latin America and Caribbean 2.59 2.62 No
Middle East and North Africa 4.98 5.44 No

North America 17.91 5.82 Yes
South Asia 1.02 1.46 No

Sub-Saharan Africa 0.78 3.63 No
World 4.40 4.59 No

Test Statistic: 27.000; p > 0.05; * Assessed variable: CO2 emissions (metric tons per capita); Source: The World
Bank; Range: 2000–2019.

Table A14. SDG#14—Life Below Water.

Region Before After More Protected Areas? *

Oceania (exc. Australia and New Zealand) 17.82 20.65 Yes
Northern Africa and Western Asia 21.97 25.02 Yes

Eastern and South-Eastern Asia 28.59 32.61 Yes
Central and Southern Asia 33.98 34.28 Yes

Sub-Saharan Africa 38.06 41.12 Yes
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Table A14. Cont.

Region Before After More Protected Areas? *

Latin America and the Caribbean 37.74 41.48 Yes
Australia and New Zealand 51.48 54.48 Yes

Europe and Northern America 61.80 64.36 Yes
World 43.17 46.03 Yes

Test Statistic: 45.000; p < 0.05; * Assessed variable: mean percentage of each marine key biodiversity area covered
by protected areas; Source: United Nations; Range: 2010–2019.

Table A15. SDG#15—Life on Land.

Region Before After Less Tree Cover Loss? *

East Asia and Pacific 3,430,732 4,737,269 No
Europe and Central Asia 3,942,659 6,926,284 No

Latin America and the Caribbean 4,706,182 6,274,758 No
Middle East and North Africa 10,846 23,717 No

North America 4,362,358 4,255,521 Yes
South Asia 96,642 186,419 No

Sub-Saharan Africa 1,954,293 4,102,907 No
World 18,503,712 26,506,875 No

Test Statistic: 33.000; p < 0.05; * Assessed variable: tree cover loss (hectares); Source: Global Forest Watch; Range:
2001–2022.

Table A16. SDG#16—Peace, Justice and Strong Institutions.

Region Before After Improved Justice? *

East Asia and Pacific 9.046 8.997 No
Eastern Europe and Central Asia 8.280 6.798 No

EU + EFTA + North America 15.741 19.459 Yes
Latin America and Caribbean 8.541 16.312 Yes
Middle East and North Africa 3.706 3.828 Yes

South Asia 2.513 2.684 Yes
Sub-Saharan Africa 8.527 12.787 Yes

World 56.353 70.866 Yes
Test Statistic: 31.000; p > 0.05; * Assessed variable: Rule of Law Index; Source: World Justice Project; Range:
2014–2018.
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Abstract: This study aims to evaluate the environmental and economic performance of biodiesel
production from mixed vegetable oil waste using the life cycle assessment (LCA) model. Due to
its huge potential, Pakistan is taken as a case study. It produces 468,842 tons of vegetable oil waste
annually. As no biodiesel production plant exists to process it, the environmental performance
of biodiesel prototypes has not been investigated. Therefore, the current study is conducted to
support the design of a plant to produce biodiesel from mixed oil waste. An attributional LCA was
conducted using ReCiPe (H) and found that 400 kg of biodiesel can be produced from 1 t of mixed oil
waste. The results, based on a functional unit of 1 ton, showed that biodiesel production from mixed
vegetable oil waste is more eco-friendly than the existing landfilling practices with a global warming
potential of 1.36 × 10−4 kg CO2 eq, human toxicity of 5.31 kg 1.4 DB eq, ozone depletion potential of
0.00271 kg CFC-11 eq, eutrophication potential of 0.0118 kg P eq, acidification potential of 123 kg
SO2 eq, and photochemical ozone formation of 51.4 kg NOx eq. Scenario modelling was conducted
using electricity from photovoltaic solar cells, which decrease fine particulate matter formation from
44.5 to 0.725 kg PM2.5 eq, instead of using electricity from a grid to the plant. Hotspot identification
was carried out to highlight the effects of individual impact categories. An economic analysis showed
that 638,839 USD/year revenue would be generated. Generating energy from discarded vegetable oils
through biodiesel production presents a sustainable and economically viable approach. This process
benefits the environment and contributes to cost savings by reducing waste disposal in landfills.
Furthermore, it aligns with the principles of a circular economy, in which resources are reused and
recycled. It also supports the pursuit of the United Nations’ Sustainable Development Goals (SDGs),
particularly SDG-7, which focuses on affordable and clean energy, and SDG-12, which emphasizes
responsible consumption and production.

Keywords: vegetable oil; biodiesel production; waste-to-energy (WtE); life cycle assessment (LCA);
sustainable development goals (SDGs)

1. Introduction

Pakistan generates 49.6 million tons of solid waste annually, with a yearly increase of
2.4% [1]. The government of Pakistan estimates that over 16,500 tons of municipal waste
is generated every day, resulting in a weekly total of 87,000 tons of solid waste [2]. Addi-
tionally, the current solid waste management system is facing significant challenges due to
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inadequate equipment, low public awareness, and a lack of urban planning. Thus, the lack
of sound waste management practices creates serious environmental issues threatening the
population’s welfare and health. A total of 60–70% of the country’s solid waste is collected,
dumped, buried, or burned on vacant lots [3]. Reusing mixed vegetable oil waste instead
of disposing it can create more mixed oil waste. This increase in the generation of such
waste poses several challenges to its efficient management. Moreover, kitchens and food
industries produce about 16.5 million tons of vegetable oil waste annually. This waste
is usually disposed of in landfills and municipal solid waste or discharged into sewage
systems [4].

At the start of the Industrial Revolution (the 20th century), energy utilization rapidly
increased due to the increasing population and better living standards. In 2030, a 53%
increase in global energy consumption is expected [5]. Currently, energy is primarily
derived from natural gas (24%), coal (30%), and crude oil (33%), which are all fossil
fuels [6,7]. The excessive use of non-renewable fossil fuels puts the energy security of
people with limited access to these resources at risk, leading to climate change. Therefore,
there is a need to find alternative energy sources to fossil fuels to guarantee energy security
and tackle climate change [8].

In terms of economic development, energy is essential as it provides some necessary
services to maintain the quality of human life and economic activity [9]. Pakistan’s crude
oil production in 2019 was 4.3 million metric tons, satisfying only 20% of the country’s
total petroleum needs. Alternatives to petroleum-based crude oil for diesel fuel are a
major consideration. Hence, biodiesel production is gaining more attention as a direct
replacement for crude oil petroleum as a blended component that is 100% renewable and
biodegradable, as well as produces lower exhaust emissions compared to conventional
diesel fuels [10]. In 2018–2019, Pakistan imported fossil fuels and imported 17.20 million
tons of crude oil [3]. In this country, the electricity and transport sectors are the key users of
fossil fuels. About 50% more energy is required for the transport and electricity sectors [11].
Moreover, Pakistan needs 10% blended biodiesel in fossil diesel by 2025 [12]. Therefore,
lab-scale research on biodiesel production has frequently been conducted by organizations
and universities in the country [1]. According to [13], various organizations in Pakistan
have been developing biodiesel prototypes from diverse biomass sources. Moreover, many
universities of the country have prepared biodiesel prototypes mainly from non-edible
waste oils such as those from Jatropha seed oil.

Solid waste, including 4000 tons/day and 32.6 Mt/year of municipal solid waste
(MSW), is appropriate for transformation into various waste-to-energy (WtE) forms [14].
Waste-to-energy is a process that reduces greenhouse gas emissions, recovers metals, and
generates clean energy from waste materials. One form of material and energy recovery
from waste is biodiesel production, mainly from mixed vegetable oil waste that reduces
the burden on landfills and helps in energy recovery. Therefore, it is a secondary fuel
that can manage various forms of urban and municipal waste, thereby improving waste
handling [15]. In addition, waste is passed through a series of processes in which all the
non-combustibles are removed for its production as follows: oil extraction, pretreatment,
esterification, transesterification, and biodiesel refining, which can be applied after the
process of purification to obtain biodiesel with a purity of 98% [16].

An optimized approach is used to check the sustainability of the process by performing
a life cycle assessment (LCA), which is one of the most common sustainability assessment
decision-making tools for assessing the impacts of different products or processes and
environmental performance [17]. A product’s life cycle starts with raw material extraction,
then it is produced, transported, used, consumed, and disposed of, and finally its emissions
and waste management are considered [18,19]. The LCA is a suitable tool for identifying a
current project’s environmental benefits and drawbacks and comparing them with those
of conventional systems. Therefore, it helps policy and decision makers implement the
process with minimal environmental impacts [20]. Environmental applications of LCA have
increased worldwide over the last few years because it assesses the environmental impacts

267



Sustainability 2023, 15, 16550

of a current project throughout its life cycle. Although all processes result in resource
consumption, emissions, and environmental impacts, an LCA looks at the process of the en-
vironment as a sink and a source and assesses the impact of different environmental impact
categories such as human toxicity (HTP), global warming potential (GWP), ozone depletion
potential (ODP), eutrophication potential (EP), and acidification potential (AP) [21]. In
addition, it is the key factor for developing bioenergy support policies, including GHG
savings, energy savings, and environmental and social acceptability [22].

This study examines the current generation and composition of mixed vegetable oil
waste along with management practices and presents a design for the line production
of biodiesel that can convert mixed oil waste into the formation of biodiesel. However,
biodiesel production shows the potential and feasibility of biofuel as a substitute energy
source and replacement for crude oil in the transportation sector. The goal is to reduce 10%
of landfilled waste and 65% of MSW to be recycled by 2030. This study supports two UN
Sustainable Development Goals (SDGs). Firstly, it aligns with SDG 7 for affordable and
clean energy by showing how biodiesel from vegetable oil waste can be a practical and
sustainable alternative to conventional energy. Secondly, our research supports SDG 12 for
responsible consumption and production by recycling waste into energy, thus reducing
environmental impacts and advancing sustainable practices. These two SDGs highlight
the importance of our work, as emphasized in a recent editorial on sustainable energy
research [23]. This study aims to evaluate a biodiesel production system’s environmental
and economic outcomes, utilizing mixed vegetable oil waste through a comprehensive
LCA. This study thoroughly analyses material and energy flows and soil, water, and air
emissions. The sustainability of the entire process was evaluated through an LCA using
Gabi software (Version 10.0.0.71). A techno-economic analysis was also conducted to
determine the economic feasibility of producing biodiesel for use as a fuel.

2. Materials and Methods

Section 2, ‘Materials and Methods’, is divided into four subsections: ‘Section 2.1. Waste
Characterization’, ‘Section 2.2. Study Design’, ‘Section 2.3. Life Cycle Assessment (LCA)’,
and ‘Section 2.4. Economic Assessment’. These subsections provide information about
the composition of mixed vegetable oil waste, the methodology of biodiesel production,
the LCA’s objectives and boundaries, and the financial aspects of biodiesel production,
respectively.

The oil extraction phase includes different steps such as seed decortications, the
filtering of oil, and the expulsion of oil from seeds as shown in Figure 1.

Moreover, the processes of transesterification and esterification, which need numerous
inputs, such as catalysts in the form of the acid H2SO4, the alkali NaOH/KOH, alcohol in
the form of methanol, and electricity.

2.1. Waste Characterization

In Pakistan, biodiesel from non-edible vegetable oil yields 0.09 thousand barrels daily.
The physical characterization of the major components of mixed oil waste includes rapeseed
oil (44.5%), castor oil (23.0%), waste cooking oil (11.5%), and Jatropha oil (21.0%). Moreover,
out of every 100 tons of mixed oils processed, a portion is used to produce crude glycerol
while the remainder can be used to make biodiesel.

2.2. Study Design

This study consists of a design for the line production of an extensive-scale biodiesel
production plant from mixed vegetable oil waste as shown in Figure 2.

Soybean, palm, and peanut oils are vitally utilized in food industries and planted
crops in Pakistan. These edible oils have enriched sources and a strong potential to produce
biodiesel in large amounts. Thus, 1.25 of palm oil produces 1 L of biodiesel, and 1 L of
biodiesel is produced from 1.3 L of soybean oil. Jatropha oil is the main source of biodiesel
from Jatropha seeds in Africa and Asia. Jatropha seeds contain 30–35 wt.% oil which can
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be converted into biodiesel. Waste cooking oil also has the highest capacity to produce
biodiesel, and 89% of biodiesel is produced from WCO in the UK, similarly to many
other countries.

 

Figure 1. Schematic diagram of biodiesel production line.

Biodiesel production includes the following processes. The first step to produce
biodiesel is the extraction of oil, in which the oil filtration, seed pressing, and decortica-
tion steps are carried out. The next step is the pretreatment, which is required to process
feedstocks prior to their alteration into biodiesel. This step minimizes negative impacts
on biodiesel production, such as suspended particles, polymers, FFAs, water, and gums.
The pretreatment of oil has been shown to avoid soap formation during transesterification,
eventually leading to an increased biodiesel yield. The third process involves two-step
transesterification. Most non-edible oils have a higher content of FFAs from the pretreat-
ment step; this amount must be reduced to 0.5–1% using an esterification reaction with
an acid catalyst. The acid catalyst H2SO4 with methanol reduces the amount of FFAs.
Hence, the transesterification process is carried out with the alkali catalysts NaOH or KOH
with methanol. In this process, KOH is mostly preferred because of its low price, great
productivity, and moderate yield. Therefore, KOH also decreases the oil’s tendency to
form soap. When KOH is used as a catalyst, it produces crude glycerol, and it is easier to
separate this from the produced biodiesel using NaOH. Base transesterification produces a
98% biodiesel yield. Crude glycerol is generated as a byproduct that accounts for 10–12%
of biodiesel. It is used as a processed industrial raw material that plays an important role
in biodiesel chain sustainability and is the major bottleneck in producing biodiesel chains.
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Therefore, crude biodiesel is subjected to wet washing to remove further impurities, such
as catalysts, glycerol, soap, and residual alcohol, to obtain a purified biodiesel.

 

Figure 2. Various feedstock used to produce biodiesel.

2.3. Life Cycle Assessment (LCA)

An LCA is a method used to evaluate the sustainability of a product, process, or
service by assessing its environmental impacts and benefits throughout its entire life cycle.
Examining biodiesel production and consumption helps us to understand their ecological
consequences. This study follows a standardized LCA approach in line with ISO 14040
guidelines and uses the Gabi LCA software (Version 10.0.0.71) as the primary tool for our
analysis. The LCA process encompasses four fundamental stages: the goal and scope, life
cycle inventory, life cycle impact assessment, and interpretation of the results, as outlined
by [18,19].

2.3.1. Goal and Scope

Our research aims to evaluate how producing biodiesel from various vegetable oils
affects the environment, and this evaluation is conducted through an LCA. From an envi-
ronmental standpoint, this study aims to determine the feasibility of producing biodiesel
using various vegetable oils, following the methodological framework outlined in ISO as
in [18,19]. One of the primary goals of the LCA process is to assess the environmental
impacts associated with biodiesel production from diverse vegetable oil sources. However,
this study evaluates the environmental assessment using an attributional LCA approach,
which focuses on quantifying the hotspots and key environmental issues at various stages
of biodiesel production. Moreover, system boundaries and functional units are both part of
the goal and scope. Figure 3 shows the process of an LCA of biodiesel production.

System Boundaries

The scope of this study is gate-to-gate, along with system boundaries that consist of
the following:

• The zero-burden assumption is selected, indicating that the biodiesel plant sources
its inputs from various vegetable oils, including palm, soybean, castor, and waste
cooking oils, which are all considered to have no environmental impact.
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• The biodiesel production process considers both direct emissions generated on site
and indirect emissions resulting from the use of electricity and fuel.

• The system boundary encompasses the collection of various vegetable oils from multi-
ple sites and their transportation to the central facility. It extends through the biochem-
ical treatment processes within a biodiesel production facility.

 

Figure 3. The life cycle assessment (LCA) of biodiesel production.

Functional Unit

The functional unit (FU) is a vital foundational standard for calculations and compar-
isons in LCA. One of the distinguishing features of LCA within environmental assessment
methodologies is the selection of an FU. FU is an essential element in LCA analyses, allow-
ing the comparison of results across different studies. It measures the system’s function
under study and establishes a reference point to normalize all inputs and outputs.

In the context of waste management systems, the choice of FU is closely linked to the
system’s inputs, goal and scope, and system boundaries, particularly how waste quantities
are managed and processed. When assessing the environmental impact of biodiesel produc-
tion from mixed vegetable oil waste sources, different FUs may be considered depending
on specific factors like mass balance, transport distances, and energy considerations. In
this study, the selected FU is 1 ton (1000 kg) of vegetable oil waste utilized in biodiesel
production. All inputs and outputs in the analysis are standardized to this 1 ton functional
unit, ensuring consistency and comparability across the study.

2.3.2. Life Cycle Inventory (LCI)

Life cycle inventory (LCI) is the second step in the analysis of LCA, which consists of
measuring field data for which all the inputs and outputs of the system are considered and
calculated. The data needed for biodiesel production include the production and composi-
tion of mixed vegetable oil, emission factors, fuel needs, and electricity requirements. In
addition, the data obtained from the Gabi software serve as a basis for building the system
model of the process. The system boundary, waste flow with mass balance, electricity
consumption, and fuel requirements are shown in Figure 4.
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Figure 4. System boundary, vegetable oil waste stream flow with mass balance, electricity, and
fuel consumption.

Table 1 presents a mass balance for the biodiesel production process. It lists the
inputs, such as different oil wastes, amounting to 1 ton and energy consumption, which
is measured in kWh per ton for electricity and litres for fuel. The final products include
400 kg of biodiesel, by-products such as metals and steam, and losses due to material losses
and recycled waste. Additionally, the table attributes emissions into air, including NOx and
CO2, and emissions into water, such as NO3, as a result of the production process.
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Table 1. Mass balance for the biodiesel production process.

Category Quantities Units Amount

Inputs

Material Different Oils’ Waste ton 1
Energy Consumption Electricity kWh/ton 20.278

Fuel L 12

Outputs

Main products Biodiesel kg 400
Other products Metals kg 0.08

Steam kg 0.009
Material Losses kg 2.2

Landfill Recycled Waste kg 45.3

Emissions into air NOx kg 0.003405
N2O kg 2.94 × 10−5

CH3 kg 3.25 × 10−7

CO2 kg 0.00895
NMVOC kg 0.01

Emissions into water NO3 kg 3.00 × 10−5

2.3.3. Production and Composition of Mixed Vegetable Oil Waste

In Pakistan, 80% of the total consumption of edible vegetable oil stems from imports,
while the remaining is produced locally. In 2022, the total consumption of edible vegetable
oil, including palm, soybean, and peanut oils, was predicted to be approximately 3.9 million
tons annually. However, domestic edible oil production was predicted to increase to
1 million tons in 2022. Palm oil accounts for a major portion of total domestic consumption
(71%). Soybean oil accounts for 24% of total edible oil consumption.

LESCO (Lahore Electric Supply Company) is an electricity distributor in Lahore, Kasur,
Okra, and Sheikhupura regions. The company’s main objective is to ensure that the people
in these areas can access a consistent and reliable electricity supply. To meet growing
demand, LESCO uses a diverse mix of energy from various sources to supply electricity to
the plant. According to [14], the breakdown of electricity sources is as follows: 29% hydro,
24% LNG, 14% furnace oil, 10% imported coal, 11% natural gas, 6% renewables, 4% nuclear,
and 2% local. The electricity bills from WAPDA (Water and Power Development Authority)
were assessed to determine the plant’s power requirements for 2022. WAPDA has been
assigned the duties of planning, executing, and investigating projects and schemes for
generation, transmission, and distribution of power, as well as the water supply and
prevention of water logging. This analysis calculated the electricity needs for each specific
process within the plant. The plant operates for a total of 250 days a year, 5 days a week with
8 h of operation each day. On average, the plant consumes 20.27 kWh per ton of production.

2.3.4. Life Cycle Impact Assessment (LCIA)

Life cycle impact assessment (LCIA) is the most important stage of any LCA study.
Many impact indicators, like inflows, outflows, mass, and energy consumption, are merged
into LCIA to produce a single number for environmental performance. Human toxicity
(carcinogenic and non-carcinogenic), photochemical ozone formation, resource depletion,
acidification, ozone depletion, eutrophication, and global warming are some environmental
impact categories. As a result, the four steps of the LCIA standard approach are nor-
malization, weighting, characterization, and classification. However, ReCiPe (H) is the
methodology utilized in the current study to evaluate the effects of LCIA.

2.4. Economic Assessment

The economic evaluation of this study takes operational costs and the returns on capital
investment into account. Therefore, byproduct glycerol, material recovery, a reduction in
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landfill costs, and scrap metals are all advantages of biodiesel production. Tangible and
intangible benefits include preventing infections and odors from landfills and leachate
poisoning of groundwater. Additionally, the annual cost is subtracted from the benefits
received to determine the net benefit annually obtained from the method. Equation (1)
is used to calculate the net benefits. In the meantime, Equations (2) and (3) compute the
overall costs and benefits.

Economic indicators such as payback period (PB) and net present value (NPV) are
used to determine a process’s economic viability [24]. The difference between cash inflows
and outflows of PV over a specific period of time is referred to as NPV. Moreover, it is a
method used to determine a project’s economic feasibility in terms of capital costs as well
as the suitability of capital budgeting and investments.

Equations (1)–(3) are as follows.

Net Benefits = Total Benefits − Total Cost (1)

Total Benefits = Biodiesel + Metals + MR (2)

Total Cost = LC + UC + EC + MC (3)

In this equation, MR stands for material recovery, LC for labor cost, UC for utility cost,
EC for energy consumption cost, and MC for maintenance cost. However, as capital costs
are one-time expenses for a project, they are not considered in Equation (3). Therefore,
Equation (4) can be used to calculate NPV.

NPV = ∑t=1 n
Ct

(1 + k)t
− Co (4)

where, Ct = Net cash inflow
Co = Capital cost
n = project lifespan
k = discount
t = time

The PP includes the net cash inflows generated from the initial investment because it
is the expected time for the initial investment recovery. It is calculated via Equation (5).

PP =
Capital investment or initial investment cost

Net Cash inflows(per year)
(5)

2.4.1. Life Cycle Costing (LCC)

Internal and external costs are considered in life cycle costing (LCC). Internal costs
include the price of biodiesel l production, while external costs are the emissions during a
process’s life cycle stages [25]. Equation (6) is used to calculate LCC.

Life cycle costing (LCC) = Internal cost (IC) + External cost (EC) (6)

2.4.2. Internal and External Costs

Operational and capital expenses are included in internal costs [26]. Maintenance,
electricity, utility, and labor expenditures are all included in the operational costs of a
plant. On the other hand, capital costs are associated with the plant’s building, installation,
equipment, and shipping. All associated costs of the current plants with similar facilities in
other countries were also researched to obtain a reliable capital cost estimate. Equation (7)
is used to determine the IC.

IC = Cl + Cu + Cr + Cm + CM (7)
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where Cl, Cu, Cr, Cm, and CM stand for labor, utility, raw material, maintenance, and
management costs, respectively.

External cost is the damage cost that is linked with environmental emissions. It can be
calculated via Equation (8).

EC = ∑7
k=1 Ck × Ek,lc (8)

where Ek, lc represents the emissions as determined via Gabi software. The coefficient
values for Ck, which includes CO, CO2, NOx, SO2, CH4, PM, and NMVOC emissions, are
obtained from the literature [21]. Table 2 shows the emissions values.

Table 2. Life cycle emissions and external cost coefficient of the biodiesel production process.

Pollutants Coefficient a Emissions b

CO2 44 5.85 × 10−12

CH4 305 18.1

CO 828 10.3

SO2 7485 104

NOx 4712 49.7

NMVOC 2352 19.5

PM 8574 0.01209
a USD/ton; b Gabi (kg).

3. Results and Discussions

This section has four subsections, covering biodiesel production from mixed vegetable
oil waste (Section 3.1), an environmental assessment (Section 3.2) of the impacts of biodiesel
production through a life cycle approach, scenario modelling and assumptions (Section 3.3)
considering different scenarios, and an in-depth economic evaluation (Section 3.4) of
biodiesel production.

3.1. Biodiesel Yield and Properties

The present study’s first step is identifying the percentage recovery of biodiesel based
on the country’s sources of mixed vegetable oil waste. Considering the quantity and
composition of different types of vegetable oil production waste, a biodiesel production
line for a large-scale plant is designed. The characterization and composition of different
types of vegetable oil waste were taken from secondary data. The composition of mixed
vegetable oil waste is mainly complex, and biodiesel is formed by a chain of hydrocarbons
formed with two oxygen atoms, making it biologically active.

Biodiesel is an alternative fuel that can be derived from vegetable oils. Other alter-
native fuels include vegetable oil micro-emulsions, pyrolysis products of vegetable oils,
and vegetable oils mixed with diesel oil. Methyl and ethyl esters can also be produced
from vegetable oil or animal fat. In addition, biodiesel can also be produced from mixed
vegetable oil, such as waste cooking oil, palm oil, Jatropha seed oil, castor oil, peanut oil,
soybean oil, and algal oil [27]. Moreover, biodiesel can be used pure, as B100, or blended
with diesel fuel with the blend denoted as BXX, in which XX is the biodiesel percentage in
the blend. Hence, the most common ratio is B20, which is 80% diesel and 20% biodiesel [21].

One of the major benefits of biodiesel production is the low content of sulphur. In its
chemical composition, oxygen is present, so its combustion is complete and reduces carbon
monoxide, unburnt hydrocarbons, and particulate emissions, among with other contami-
nants [28]. Meanwhile, biodiesel can be used in any diesel engine without modifications
and blended with fossil diesel in any proportion since they share similar properties [29].
Compared to fossil diesel, biodiesel has a lower calorific value of about 10% and performs
worse at low temperatures. It also tends to solidify in extremely cold conditions, requiring
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specific additives. In addition, a byproduct, glycerin, is obtained during its production
process, which can be used in cosmetic and pharmaceutical industries after purification [30].

Biodiesel from different vegetable oil feedstocks is produced in many countries, in-
cluding the USA, Brazil, Argentina, Thailand, Malaysia, Singapore, China, Indonesia, and
India [28]. The USA produces 1.6 billion gallons of biodiesel, mainly from soybean (40%),
canola (20%), palm (20%), and tallow (20%) oils. Brazil produces 6.8 million cubic meters of
biodiesel from soybeans (80%), tallow (10%), and other vegetable oils (10%) [31]. China pro-
duces 2.43 billion liters of biodiesel from cooking vegetable waste (100%). India produces
185 million liters of biodiesel from cooking oil waste. The Philippines produces 203 million
liters of biodiesel from coconut oil (100%) [6].

Some studies have shown that the calorific values of mixed vegetable oil seeds meet
the energy demands to produce biodiesel. Non-edible vegetable oil results in a higher
production of biodiesel. Jatropha seed oil has a calorific value of 37.27 KJ. Castor oil and
cooking oil waste have calorific values of 35.50 KJ and 35.7 KJ, respectively [26]. On the
other hand, edible vegetable oils, including palm, coconut, and jojoba oils, show calorific
values of 37.30 KJ, 38.10 KJ, 39.86 KJ, respectively, and peanut and soybean oils have higher
energy contents [32]. However, several methods exist in the literature for theoretically
calculating biodiesel yields [33]. When calculating the theoretical amount of biodiesel that
can be produced, it is assumed that one mole of mixed vegetable oil waste will yield three
moles of biodiesel, with a 100% yield. However, the actual amount of biodiesel produced
is determined using the density, volume, and molar weight. The density of mixed oils is
calculated based on the weight and volume as follows:

ρoil=
moil
voil

(9)

ρ is the density, m is the mass, and v is the volume of oil.
Hence, the real amount produced by biodiesel is calculated by measuring the produced

volume of oil, density of the biodiesel, and mass of biodiesel.

ρbiodiesel × Vbiodiesel
Mbiodiesel

= real amount of produced biodiesel (10)

Therefore, to obtain a 100% yield of biodiesel, the equation is as follows:

n =
real amount of produced biodiesel

therotical amount of biodiesel
(11)

The benefits of the production of biodiesel include a decrease in the environmental im-
pacts of MSW, its stable thermal and energy properties, a reduction in the share of landfilled
waste, lower leachate production, the conservation of fossil fuels, decreased GHG emis-
sions, and lower pollutant content [34]. However, despite its benefits, its challenges include
high capital costs, landfilling options, unstable market conditions, and the availability of
industries for co-combustion [1]. Meanwhile, another application of biodiesel production is
in the transportation sector because it is a clean, renewable, and biodegradable alternative
to conventional fossil diesel. Biodiesel produces fewer pollutants and a lower carbon output
than other petroleum products. Compared to petroleum diesel, biodiesel produces less
sulfur dioxide, fewer soot particles, and fewer unburnt hydrocarbons. By using biodiesel,
people can realize health benefits because they need to spend less on healthcare products.
Moreover, biodiesel can also be used to generate energy and electricity and provide heat.
Nowadays, the concept of bioheat has continued to grow and depend on biofuels such
as biodiesel being used as a source of energy [21]. In addition, a comparison of different
studies for the line production of biodiesel is given in Table 3. Through different assessment
models, the life cycle of biodiesel production is assessed by using different system inputs
and outputs with different system boundaries and functional units. It is as follows.
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Table 3. Different studies on the environmental impact assessment of biodiesel production.

System Boundaries System Outputs
Functional

Unit
Assessment

Method
Highlights Reference

Gate-to-gate, waste
pretreatment, oil

extraction,
esterification,

transesterification, and
commercial biodiesel

transportation

Waste (solid and
liquid), heat,

electricity
biodiesel,

and glycerol

1 ton ReCiPe 2016

Biodiesel production is
promising, leading to

lower levels of
carbon dioxide

Present study

Cradle-to-gate, oil
waste collection, and

oil waste pretreatment

Potassium sulfate,
distillation residue,

and wastewater
1 ton ReCiPe 2008

Emissions from
combustion and

certain chemicals are
major environmental

issues in biodiesel
production.

[35]

Gate-to-gate,
pretreatment,

transesterification,
biodiesel washing,

biodiesel dehydration,
crude glycerol

neutralization, and
methanol recovery

Biodiesel, glycerol,
electricity, heat,
phosphate, free

fatty acids,
and dipotassium

1 MJ IMPACT 2002+

Sensitivity analysis
showed neutralizing

crude oil, consumption
of electricity, and
methanol impact

human health and
climate change

[36]

Cradle-to-gate, waste
collection,

and transportation
Biodiesel 1 ton CML

Transesterification by
alkali catalyst

contributes to environ-
mental burdens.

[37,38]

Cradle-to-grave, fresh
oil production,
pretreatment,

collection,
transportation,

combustion,
and transesterification

Biodiesel,
methanol,

and glycerol
1 kg -

Due to sulfur
compounds in WCO

and contaminants
released during the
cooking process, the
resulting biodiesel

produces more sulfur
dioxide emissions

than diesel.

[39]

Cradle-to-cradle,
pretreatment,

collection,
transportation, oil, and

transesterification
process

Gas emissions
(waste), heat,
wastewater,

glycerol,
and biodiesel

1 ton
CML with all

categories and
Eco-indicator 99

Transesterification
process had a

significant
environmental impact
due to increased elec-
tricity consumption.

[40]

Oil waste collection
and transportation,
waste esterification,

transesterification, and
pure biodiesel

Waste disposal,
glycerol,

and biodiesel
1 kg Eco-indicator 99

When a territory is
small, centralized

production is more
eco-friendly, but as the

territory increases,
decentralization

becomes
more advisable.

[41,42]

3.2. Environmental Assessment Using LCA

In this context, the study’s system boundary is gate-to-gate, and the FU is set at 1 ton
of mixed vegetable oil waste. Our analysis of the results employs the ReCiPe Midpoint
(H) LCIA method. The data on the quantity, materials, fuel, and energy consumption
of the mixed vegetable oil waste were collected from the published literature on the

277



Sustainability 2023, 15, 16550

country’s overall production of biodiesel [43]. However, the other data (the electricity
emissions) were taken from the database. Hence, the LCIA results are converted into
impact categories (classification). The classified results are collected for each category
indicator (characterization). The ReCiPe methodology used in this study is the follow-up
of CML 2002 and Eco-indicator 99 methodologies. The indicator scores are measured in
the same way as the Eco-indicator 99 methodology, and this approach uses both midpoint
and endpoint modelling [11]. In addition, it is a coordinated LCIA method at a midpoint
level [23]. It covers 18 midpoint impact categories, including ozone formation (terrestrial
ecosystems, human health), ozone depletion, marine ecotoxicity, freshwater ecotoxicity,
human toxicity (cancer, non-cancer), terrestrial acidification, terrestrial ecotoxicity, land
use and water consumption, fossil depletion, climate change, ionizing radiation, resource
depletion, fine particulate matter formation, and marine eutrophication. The endpoint
indicators are mainly grouped into three main categories: ecosystems, resources, and
human health.

3.2.1. Midpoint Assessment

The environmental categories in which the substances are released into the environ-
ment are determined by the changes made to the natural environment and are included in
the midpoint assessment. These are also known as impact categories. Table 4 summarizes
the midpoint results for biodiesel production. Overall, our findings showed that biodiesel
production has huge potential to enhance the environment in terms of all effect categories.
The highest reduction is found in global warming potential (1.36 × 10−4 kg CO2 eq.),
fossil depletion (3.29 × 10−3 kg oil eq.), ozone depletion (0.00271 kg CFC-11 eq.), and all
ecotoxicity impacts (freshwater: 0.647 kg 1.4 DB eq., freshwater eutrophication: 0.0118 kg
P eq., marine eutrophication: 0.134 kg N eq., and marine ecotoxicity: 9.07 kg 1.4 DB eq.).
The following categories are covered under the LCIA: photochemical ozone formation,
ozone depletion, human toxicity, ecotoxicity (terrestrial, freshwater, and marine), the deple-
tion of fossils, acidification, the potential for global warming, eutrophication (marine and
freshwater), ionizing radiation, resource depletion, and particle formation. The findings of
the biodiesel production’s midpoint assessment are shown in Table 4.

Table 4. Midpoint assessment of biodiesel production.

Impact Categories Unit Values

Climate change, default, excl. biogenic carbon kg CO2 eq. 1.36 × 104

Fine particulate matter formation kg PM2.5 eq. 44.5
Fossil depletion kg oil eq. 3.29 × 103

Freshwater consumption m3 326
Freshwater ecotoxicity kg 1.4 DB eq. 0.647

Freshwater eutrophication kg P eq. 0.0118
Human toxicity, cancer kg 1.4-DB eq. 5.31

Human toxicity, non-cancer kg 1.4-DB eq. 1.29 × 103

Ionizing radiation kBq Co-60 eq. to air 27.4
Land use Annual crop eq. per year 287

Marine ecotoxicity kg 1.4-DB eq. 9.07
Marine eutrophication kg N eq. 0.134

Metal depletion kg Cu eq. 2.8
Photochemical ozone formation, ecosystems kg NOx eq. 51.5

Photochemical ozone formation, human health kg NOx eq. 51.4
Stratospheric ozone depletion kg CFC-11 eq. 0.00271

Terrestrial acidification kg SO2 eq. 123
Terrestrial ecotoxicity kg 1.4-DB eq. 1.2 × 104

Biodiesel production contributes to a decrease in pollutant emissions without causing
an increase in greenhouse gas (GHG) emissions. Consequently, several studies have
indicated that burning can elevate the concentration of CO2 in the atmosphere. However,
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carbon absorption throughout a plant’s life cycle can offset this increase in emissions [33].
The GWP of the biodiesel process is 136 × 10−4 kg CO2 eq. Eutrophication (freshwater
or marine) is aquatic nutrient enrichment brought on by H3PO4 and PO4

3−; it causes
environmental deterioration. The NP is measured in kg P or N eq. and primarily from
landfill or diesel emissions. As a result, open burning emits pollutants into the atmosphere,
which eventually settle with rain [44]. Emissions from sedimentation raise the productivity
and nutrient levels in water bodies. Thus, algae absorb nutrients that are needed by other
aquatic organisms [45]. Eventually, they are decomposed by bacteria and all die. This
situation leads to a decrease in the level of DO as the amount of oxygen available to living
aquatic organisms decreases [8]. The marine eutrophication of the process is 0.134 kg N eq.,
and the freshwater eutrophication is 0.0118 kg P eq.

The production of biodiesel is a feasible option for reducing the potential for terrestrial
acidification because it results in fewer emissions of NOx and NH3 during the processing
stage. It is expressed in kg SO2 eq. as the unit of terrestrial acidification. The decrease in
emissions harms plant and animal life and causes the acidity of soil or aquatic ecosystems
to decrease. Thus, one effective method for reducing the potential effects of terrestrial
acidification is the manufacture of biodiesel. In addition, the terrestrial acidification po-
tential of biodiesel was 123 kg SO2 eq. Human toxicity is classified into effects that cause
cancer and effects that do not cause cancer, and it is related to the maximum daily intake
for human toxicity. It is mainly caused by heavy metals, hydrogen sulfide, nitrogen oxides,
and formaldehyde and is measured in kg 1.4 DB eq [46]. In the current study, the human
toxicity potential (non-cancer) was 1.29 × 10−3 kg 1.4 DB eq and the HTP (cancer) was
5.31 kg 1.4 DB eq.

Ozone layer depletion causes damage to human health and ecosystems. However,
more Ultraviolet B (UVB) radiation is now at the Earth’s surface, which is bad for ecosys-
tems and human health. Natural elements, including methane, water, nitrogen dioxide,
and halogenated components, are the main contributors to ozone depletion [47]. Ozone
depletion has significantly impacted the ecosystem. Thus, the industrial use of very stable
halocarbon gases has led to the formation of halogen compounds in the stratosphere. These
gases are found in landfills, and their presence poses a sepulcher environmental threat [48].
The ozone depletion potential of biodiesel was calculated as 0.00271 kg CFC-11 eq.

Compounds that are reactive in the atmosphere and the photochemical ozone for-
mation process can harm human health and the environment. Moreover, various volatile
organic compounds (VOCs) produced by activities; the use solvents and motor vehicles
are significant sources of this type of pollution. The main contributors to its creation are
NOx, NMVOC, and CH4, while NOx is generated during transportation. The value of
photochemical ozone formation for human health is 51.4 kg NOx eq. The particles released
into the atmosphere are referred to as the particulate matter formation. PM10 is the term
for any organic and inorganic compounds with a diameter of less than 10 m, such as SOx,
NOx, NH3, and VOCs [49]. It negatively affects health, leading to respiratory disorders.
Therefore, because it necessitates more energy-intensive waste collection and treatment
processes, the landfill is the least preferable alternative in terms of air pollution [50]. The
PMF in this study was 44.5 kg PM2.5 eq. Ecotoxicity refers to the effect of toxic substances
on wetland ecosystems and forests. The effect on oceans is known as marine ecotoxicity,
while the effect of toxic substances on freshwater bodies like rivers and lakes is known
as freshwater ecotoxicity [51]. According to the current study, the marine and freshwater
ecotoxicity values were about 9.07 and 0.647 kg 1.4 DB eq, respectively.

Ionization is the environmental release of radioactive elements that cause a higher
radiation potential. A significant amount can result in immediate fatalities, severe radiation
burns, or acute consequences. This is a result of the radioactive elements found in rocks
and soils of landfills [7]. The ionizing radiation potential of the current model was 27.4 kBq
Co-60 eq. to air. Resource depletion is the consumption of natural resources. The electricity
consumption for 1 t biodiesel production is 21.75 kWh. Studies indicate a decrease in
fossil fuels that are mostly used in the power sector [52]. The generation of biodiesel was
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3.29 × 10−3 oil eq., which is essentially no fossil depletion. The electricity generated from
biodiesel can balance out the electricity used to produce biodiesel [32]. The metal depletion
potential was 2.8 kg Cu eq.

While LCAs have been used in South Africa, India, Russia, and Brazil over the past
15 years, they have also been extensively used in several European nations [53]. The pro-
duction line for mixed vegetable oil waste biodiesel, its composition, and its percentage
recovery affects the fuel’s economic and environmental advantages. Biodiesel has many
uses, and its manufacturing characteristics vary depending on location [17]. Furthermore,
the direct emissions of WtE facilities and the LC performance of biodiesel are the waste
composition, recovery efficiency, and type of biological treatment. Since biodiesel may
be used as a substitute for petroleum diesel, it boosts energy security, improves the envi-
ronment and air quality, and uses less energy during production than conventional fossil
fuels [54]. Therefore, decreased eutrophication and acidification are brought on by the
reduction in NOx emissions [55]. The current study carried out an LCA of the generation
of biodiesel from mixed vegetable oil waste.

3.2.2. Normalized Results

The environmental category units are different for each category. Hence, they cannot
be compared. The results are normalized, in which the category indicators are divided by a
reference value. Moreover, normalized results signify the average environmental impact
that a single statistical person exerts, and they are expressed in person equivalent (PE)
units [17]. The normalized results are shown in Table 5. The current research paper utilizes
the reCiPe 2016 V1.1 (H), global (PE) eliminating biogenic carbon, midpoint normalization
built-in Gabi program. Human toxicity (non-cancer), ozone formation, and particulate
matter formation have proportionately bigger contributions to the production of biodiesel,
while ecotoxicity and climate change have moderate effects. The impacts of land use on
eutrophication are minimal.

Table 5. Normalized LCIA results of the biodiesel production process.

Categories Unit Values

Ecosystems

Climate change freshwater ecosystems species. yr 4.17 × 10−7

Climate change terrestrial ecosystems species. yr 0.0153

Freshwater consumption, freshwater ecosystems species. yr 2.27 × 10−7

Freshwater consumption, terrestrial ecosystems specie. yr 0.0016

Freshwater ecotoxicity species. yr 1.8 × 10−7

Freshwater eutrophication species. yr 3.17 × 10−6

Land use species. yr 0.00102

Marine ecotoxicity species. yr 3.81 × 10−7

Marine eutrophication species. yr 8.84 × 10−8

Photochemical ozone formation, ecosystems species. yr 0.00266

Terrestrial acidification species. yr 0.0104

Terrestrial ecotoxicity species. yr 5.49 × 10−5

Human Health

Climate change human health DALY 3.8

Fine particulate matter formation DALY 8.39

Freshwater consumption, human health DALY 0.184

Human toxicity, cancer DALY 0.00529
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Table 5. Cont.

Categories Unit Values

Human Health

Human toxicity, non-cancer DALY 0.0886

Ionizing radiation DALY 6.98 × 10−5

Photochemical ozone formation, human health DALY 0.014

Stratospheric ozone depletion DALY 0.000431

Resources

Metal depletion $ 420

Fossil depletion $ 7.4 × 10−4

3.2.3. Hotspot Identification

To regulate the main contributors’ stages in the life cycle of biodiesel production, a
comparison of the contributions of the individual processes of biodiesel production is
shown in Figure 5. This shows a comparison between the involvement of individual
processes and landfills. The impact of oil extraction on the overall impact categories is
minimal and hence considered negligible. The impact of the pretreatment stage on all
the impact categories is very low and almost the same for each. However, the impacts of
the esterification and transesterification processes on freshwater, terrestrial, and marine
ecotoxicity are almost the same and account for <20%. The stage of biodiesel refinery
has the highest contribution, primarily on the global warming potential, human toxicity
potential, eutrophication, and acidification potential. In addition, along with the refining
process, landfills account for 45% of human toxicity and marine ecotoxicity. The major
reason for their higher impacts is the consumption of electricity and heat. Therefore, these
two processes are more fuel-intensive than those in the biodiesel production system. The
modelling results highly stimulate the data on electricity consumption. Electricity is a
cleaner technology, but the emissions from it are at the time of production. The electricity
supplied to a plant by LESCO is from the grid mix, and it mostly involves non-renewables.
Our overall results show that the impacts are the same across the categories considered.
Hence, the system boundary of the present study is from gate to gate; only biodiesel-
obtaining processes were considered. Thus, for a plant, only collection and transportation
are considered. Another study also shows the usage of electricity and transportation as the
dominant stages [4].

3.2.4. Endpoint Assessment

The term “endpoint assessment” (also known as “damage categories”) refers to how
much of a material is released into the environment before it causes harm. These categories
also cover the environment. Endpoint indicators combined all effect subcategories into three
major categories: ecosystems, human health, and resources. The results of the biodiesel
production of our endpoint assessment are shown in Table 6.

3.3. Scenario Modeling and Assumptions

The midpoint results of the LCA of the current model (Figure 6) show that the electric-
ity supplied to the plant by LESCO is from a grid mix, in which the major contribution is
from non-renewables. Therefore, all the secondary emissions of electricity are considered
in the LCA. However, in scenario modelling, the electricity supply is assumed to be from
photovoltaic solar cells instead of the grid mix. A comparison of scenario modelling and
the current model is shown in Figure 6.
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Figure 5. Role of individual processes in the overall environmental impact of the biodiesel production
process to midpoint categories linked to landfill emissions.

Table 6. Endpoint results of life cycle characterization of the biodiesel production line.

Categories Unit Values

Ecosystems

Climate change terrestrial ecosystems species. yr 3.82 × 10−5

Climate change freshwater ecosystems species. yr 1.04 × 10−9

Photochemical ozone formation, ecosystems species. yr 6.64 × 10−6

Freshwater consumption, freshwater ecosystems species. yr 5.68 × 10−10

Freshwater consumption, terrestrial ecosystems species. yr 4.01 × 10−6

Land use species. yr 2.55 × 10−6

Marine ecotoxicity species. yr 9.52 × 10−10

Marine eutrophication species. yr 2.21 × 10−10

Freshwater ecotoxicity species. yr 4.5 × 10−10

Freshwater eutrophication species. yr 7.93 × 10−9

Terrestrial acidification species. yr 2.61 × 10−5

Terrestrial ecotoxicity species. yr 1.37 × 10−7
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Table 6. Cont.

Categories Unit Values

Human health

Climate change, human health DALY 0.0127

Human toxicity, cancer DALY 1.76 × 10−5

Human toxicity, non-cancer DALY 0.000295

Fine particulate matter formation DALY 0.028

Freshwater consumption, human health DALY 0.000614

Ionizing radiation DALY 2.33 × 10−7

Stratospheric ozone depletion DALY 1.44 × 10−6

Photochemical ozone formation, human health DALY 4.67 × 10−5

Resources

Fossil depletion $ 247

Metal depletion $ 1.4

 

Figure 6. Comparison of current model versus scenario model of biodiesel production process. (In
the current model, electricity is supplied from the grid mix, while in the scenario model, it is supplied
from photovoltaic solar cells).

Thus, it is apparent that the fine particle matter formation decreases from 44.5 to
0.725 kg PM2.5 eq., and the fossil depletion increases from 3.29 × 10−3 to 196 kg oil eq. The
effect on freshwater consumption in the current model is 326 m3, while it slightly decreased
to 279 m3 in the scenario model. Similarly, the terrestrial acidification decreases from 123 to
2.15 kg SO2 eq., and human toxicity and cancer decrease from 5.31 to 0.405 kg 1.4 DB eq.,
respectively. In addition, the effect on metal depletion increases from 2.8 to 12.6 kg Cu eq.
The midpoint results for the biodiesel production of the scenario model are in Table 7.
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Table 7. Midpoint results of life cycle characterization of biodiesel production line of the sce-
nario model.

Impact Categories Unit Values

Climate change, default, excl. biogenic carbon kg CO2 eq. 654
Fine particulate matter formation kg PM2.5 eq. 0.725
Fossil depletion kg oil eq. 196
Freshwater consumption m3 279
Freshwater ecotoxicity kg 1.4 DB eq. 0.136
Freshwater eutrophication kg P eq. 0.00111
Human toxicity, cancer kg 1.4-DB eq. 0.405
Human toxicity, non-cancer kg 1.4-DB eq. 194
Ionizing radiation kBq Co-60 eq. to air 8.05
Land use Annual crop eq. per year 30.2
Marine ecotoxicity kg 1.4-DB eq. 4.33
Marine eutrophication kg N eq. 0.00765
Metal depletion kg Cu eq. 12.6
Photochemical ozone formation, ecosystems kg NOx eq. 2.68
Photochemical ozone formation, human health kg NOx eq. 2.62
Stratospheric ozone depletion kg CFC-11 eq. 0.000159
Terrestrial acidification kg SO2 eq. 2.15
Terrestrial ecotoxicity kg 1.4-DB eq. 1.33 × 104

Biodiesel production from mixed vegetable oil waste reduces the problems of the
waste disposal/handling of waste, reduces emissions by avoiding them, and provides
economic benefits. There are some weaknesses in current SWM practices, such as waste
handling and the local fleet industry for handling waste. The lack of coordination among
stakeholders, including municipalities and the informal sector, treatment technology and
management, and initial capital investments are the main difficulties in implementing a
sound SWM model [56]. Moreover, there is a dire need to improve the SW sector through
proper stakeholder management and coordination. In addition, economic incentives should
be given to level up applicable enterprises and implement a sound solid waste management
model [57].

Biodiesel produces a clean-burning, renewable alternative fuel to conventional petroleum-
based fuels [58]. It improves energy balance and security. Thus, locally manufactured
biodiesel can be directly substituted for conventional diesel fuels. Biodiesel produced from
soybeans has a positive energy balance that shows a higher yield in a higher amount of
energy for every unit of fossil fuel consumed [59]. Moreover, biodiesel production also
reduces emissions and improves air quality because of its lower life cycle rating and overall
lower emissions which improve air quality. Other biodiesel applications include its use as
fuel filters, in oil spill cleanups, as heating oil, and in biodiesel electricity generators.

In Pakistan, vegetable oil is mainly used to treat biodiesel, either with ethanol or
methanol to synthesize it. The basic reason for using methanol worldwide is its lower price;
coal is the main production source. Around 180 billion tons of coal reserves are in Pakistan,
the fifth largest in the world. However, in Pakistan, ethanol production is also higher
because its 76 operational sugar mills produce 300,000 tons of cane daily. Some distillery
units have a capacity to produce 2 million tons of molasses to form 400,000 tons of ethanol.
Excess ethanol can either be used for gasohol or to produce biodiesel. The production
capacity of these units is approximately 400,000 tons. The country needs to export up to
80,200 tons, after which about 318,000 tons of ethanol would remain and could be used for
biodiesel synthesis. Therefore, this stock is necessary to increase biodiesel production in
Pakistan. In 2021, biodiesel production in the country was 0.09 thousand barrels per day;
still, the country has a high feasibility of producing biodiesel in large amounts [4].

According to the Alternative Renewable Energy Policy of 2019, by 2025, Pakistan will
generate 20% of its energy from renewables, and by 2030, it will generate 30%, promoting
the use of alternative energy resources. In recent years, thermal energy has comprised 63%
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of the energy mix, while renewable energy has suitably contributed 1.1% [60]. Contrary
to the above policy, the current scenario does not contribute to either meeting the target
by 2025 or reducing emissions. Furthermore, Pakistan can reach this goal sustainably by
exploiting the potential of renewable energy. As a result, the biodiesel production model
will support this policy, as well as waste management firms and municipalities, while
taking financial limits into account. The government should also provide incentives in the
form of subsidies to encourage stakeholders to participate in the execution of the program.

3.4. Life Cycle Cost and Economic Assessment

The economic assessment results show the viability of biodiesel production from
mixed vegetable oil waste. The benefits of biodiesel production include biodiesel, material
(glycerol), and metal recovery, as well as the conservation of land in terms of landfilling.
Table 8 shows the revenue generation from a biodiesel production plant. Biodiesel is
traded at 0.83 USD/kg, generating 2460.67 USD/day in revenue. Recovered materials and
metals are traded at 0.755 USD/bag and 0.672 USD/kg, generating 224.380 USD/day and
199.721 USD/day in revenue, respectively. The total income generation by the biodiesel
production plant is 1821.46 USD/day for 1 ton of processed mixed oil waste. Moreover,
the biodiesel production plant produces 22 kg each month. Per day, the production cost
is 2135.460 USD, and the monthly income generated by the plant is 57,796.617 USD. The
yearly income generation by the plant is 638,839.631 USD. The income generated by the
biodiesel plant is shown in Table 8.

Table 8. The production, working days, total waste processed, and income generated by the
biodiesel plant.

Product Type
Mixed Oil

Waste
Material
Recovery

Metal Total

Total waste (kg) 1000 - - 1000

Working Days 22 22 22

Percentage in waste 66.25 33.67 0.08 100

Per-day production (kg) 2534 2800 75 5229

Per-day cost ($) 2001.681 98.44258 35.33681 2135.460

Per-month income ($) 55,045.43 1995.776 755.41101 57,796.617

Per-year income ($) 596,443.87 33,428.841 8966.920 638,839.631
Biodiesel = 0.83 USD/kg, Material Recovery = 0.755 USD/bag, Metals= 0.672 USD/kg.

The 20 USD/ton operational cost is considered excellent, and the 3–4 year payback
period is economically feasible. The operational cost of the current study is 20 USD/ton,
significantly closer than that, and the PP of the initial capital investment is 4 years. As men-
tioned in Section 2.4, the LCC includes external and internal costs. Equation (7) was used
to calculate the internal cost of biodiesel, which was calculated to be 24.33 USD/ton. The
external cost was calculated using Equation (8), estimated at 3558.16 USD/ton. Therefore,
the LCC of biodiesel calculated via Equation (6) was 3634.9 USD/ton. Table 8 shows the
economic assessment results. Moreover, the overall economic assessment results are shown
in Table 9.
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Table 9. Results of economic assessment.

Costs USD/Year

Capital Costs

Capital cost 878,665.35
Installation cost 25,065.85

Operation and Maintenance

Maintenance cost 3387.61
Utility cost 30,037.31
Labor cost 50,827.92

Electricity cost 19,981.72
Total cost 104,234.56

Benefits

Biodiesel 596,443.87
Recovery 33,428.84

Metals 8966.920
Total benefits 638,839.631

LCC (USD/ton) 3634.9

NPV 4,648,132.82

PB 4 Years

3.5. Energy Resource for Achieving Sustainable Production

A comprehensive analysis of the environmental impacts of gasoline, diesel, and
biodiesel using the LCA reveals that biodiesel significantly reduces greenhouse gas emis-
sions compared to traditional fuels. However, it also increases particulate matter (PM10)
emissions, nitrous oxide, nitrogen oxides (NOx), and nutrients that contribute to eutrophi-
cation [61]. This balanced view is essential for planning a sustainable transportation system,
considering both the environmental benefits and the challenges of biodiesel. Transportation
companies in Malaysia need help for adopting biodiesel [62]. A differentiation strategy
could help policymakers promote biodiesel usage more effectively by addressing identified
barriers [63].

Consumer attitudes towards cellulosic ethanol, another renewable energy source, were
explored in the United States. The survey data analysis revealed strong public support and
willingness to pay more for cellulosic ethanol. This highlights the significance of consumer
perceptions in the adoption of sustainable fuels [64]. The findings indicate a significant
interest in alternative fuels, with the environment, energy consumption, climate change
concerns, and gasoline prices being key determinants of one’s willingness to pay [65,66].
These regional insights reveal the complex interplay between environmental impacts, policy
challenges, and consumer attitudes in the context of sustainable biodiesel and renewable
resource mobility initiatives [67].

The current study’s findings provide key information about the environmental and
economic aspects of biodiesel production from mixed vegetable oil waste. The conversion
of mixed and different vegetable (edible and non-edible) oils in the production of biodiesel
leads to huge benefits in terms of energy generated, reductions in emissions, and reductions
in the amount of waste sent to landfills [68]. Biodiesel can be produced locally from a
variety of feedstock, reducing our dependence on imported fossil fuels. This can enhance
energy security and promote local economic development [69]. However, it also helps in
achieving a circular economy and our sustainability goals.

4. Conclusions and Future Directions

Pakistan’s energy needs can be met, and indigenous renewable energy sources in
Pakistan are highly significant. Furthermore, additional research and development on
renewable energies are needed to improve the effects of consumption. Considering a
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country’s economic and environmental conditions, this study was designed to investigate
the feasibility of biodiesel production from mixed vegetable oil waste. A medium-scale
1 t (1000 kg) biodiesel plant was designed, and from 1000 kg of mixed vegetable oil waste,
400 kg of biodiesel can be produced. Pakistan can address its energy supply disparities by
effectively implementing biodiesel in energy production. This would require supplying
energy for household cooking, powering vehicles, and supporting industrial processes,
including electricity generation. Nonetheless, a more comprehensive and thoughtful ap-
proach to research is needed to promote renewable energy technologies and establish clear
biodiesel policies for the government. This should not be marginal but rather a deliberate
focus on strengthening initial local research initiatives. Our research highlights the signifi-
cance of aligning with the United Nations’ SDGs. In particular, our work contributes to
the progress of SDG-7, which stresses the importance of accessible and clean energy, and
SDG-12, which promotes responsible consumption and production.

An LCA was performed to estimate the current project’s environmental impacts. The
functional unit was 1 t. Thus, three steps (classification, characterization, and normalization)
were performed. In addition, midpoint and endpoint assessments were also conducted.
The calculated midpoint impacts were CC: 1.36 × 10−5 kg CO2 eq, HT: 5.31 kg 1.4 DB eq,
OD: 0.00271 kg CFC-11 eq, AP: 123 kg SO2 eq, and POF: 51.4 kg NOx eq. To determine the
main contributors’ stages in the life cycle of biodiesel, the relative contribution by individual
biodiesel type was calculated. The percentage share of ecotoxicity is greater and has an
impact, particularly on marine ecotoxicity and human toxicity. Thus, its collection and
transportation at plants show that usage and transportation are leading stages. This process
is more fuel-intensive than other processes. To further alleviate the impacts, scenario
modelling was conducted, in which the electricity supply was from photovoltaic solar cells.
As a result, the global warming potential increases from 1.36 × 10−5 to 2.91 × 10−5 kg CO2
eq., and the fine particle matter formation and freshwater ecotoxicity also decrease from 44.5
to 0.725 kg PM2.5 eq. and 0.647 to 0.136 kg 1.4 DB eq., respectively. Furthermore, the effect
on freshwater consumption in the current model is 326 m3, which decreased to 279 m3 in
the scenario model. Likewise, human toxicity (cancer) and marine eutrophication decreased
from 5.31 to 0.405 kg 1.4 DB eq. and 0.134 to 0.00765 kg N eq., respectively. The economic
analysis showed that biodiesel is traded at 0.83 USD/kg, generating 2460.67 USD/day
(753,132.84 PKR/day). Recovered materials and metals are traded at 0.755 USD/bag and
0.672 USD/kg, generating 224.380 USD/day and 199.721 USD/day in revenue, respectively.
Furthermore, the total income generated by the biodiesel plant is 1821.46 USD per day
(0.6 million PKR/day) for 100 tons of processed mixed vegetable oil waste. The yearly
income generated by the plant is 0.6 million USD (195 million PKR). The payback period of
the initial capital investment is four years.
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Abstract: The rapid pace of urbanization has presented cities worldwide with a range of complex
issues pertaining to the management of resources, reduction of waste, and promotion of sustainable
practices. The concepts of circular economies and sustainable smart cities have arisen as viable
solutions, converging to establish a revolutionary framework for the future of urban living. This
study conducts a bibliometric analysis using literature focusing on the past ten years (2013–2022) of
research on the circular economy and smart cities using VOSviewer. The most frequently used Scopus
database was used to extract bibliometric data. 163 articles were considered for the analysis. This
study utilizes co-authorship, co-occurrence, citation analysis and bibliographic coupling of author
keywords while grap0hically mapping the bibliographic material using VOS viewer software Version
1.6.19. The bibliographic analysis reveals that the significant themes published in journals revolve
around “circular economy”, “Sustainable development”, “sustainability”, “smart city”, “waste
management”, “recycling”, “Sustainability”, “climate change”, “smart technologies”, “municipal
solid waste”, “renewable energy”, and “planning”. The results would provide a robust base for more
research in this area. The research work paves the way for future research in the related areas and
issues of the domain, as it is an emerging issue in research, and many problems are untapped.

Keywords: bibliometric analysis; circular economy; smart cities; urbanization; smart technologies;
VOSviewer

1. Introduction

Recently, the issues of smart cities, climate change, and the circular economy have
attracted extensive scientific research on a global scale. According to predictions from the
United Nations, 68% of the world’s population will reside in cities by the year 2050, up
from around 55%. More than 70% of the world’s CO2 emissions are produced by industrial
and motorized transportation systems, which use fossil fuels and are dependent on distant
infrastructure made of carbon-intensive materials. Cities and metropolitan areas account for
approximately 70% of the world’s Gross Domestic Product [1–4]. This urbanization process
creates Environmental, Social, and Governance (ESG) issues, stressing the significance
of developing environmentally sound methods to reduce resource consumption, such as
urban mining. Smart cities use technology and data to optimize resource allocation and
reduce waste and energy consumption. For example, smart cities can use sensors and
analytics to monitor and manage energy consumption in buildings, optimize traffic flow to
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reduce fuel consumption and emissions, and use data to identify areas where waste can be
reduced and recycled. The concept of the “circular city” is a recent addition to a series of
urban sustainability concepts that advocate for fundamental alterations in urban planning,
construction, and city development. Nevertheless, this aspect frequently receives criticism
due to its inherent ambiguity. Experimentation is a commonly employed approach to urban
government to achieve revolutionary goals amid significant uncertainty and ambiguity.
However, it is important to note that experimentation is susceptible to manipulation by
many stakeholders with different and sometimes self-interested agendas [5]. On the other
hand, the goal of a circular economy is to move away from the traditional “take-make-
dispose” linear paradigm and towards a more sustainable one where resources are used for
as long as feasible while waste and pollution are reduced. This involves designing products
for reusability, recyclability, and repair ability and creating closed-loop systems where waste
from one process becomes a resource for another. The adoption of sustainable practices has
emerged as a strategic approach to gain a competitive edge in the marketplace. The effect
of this phenomenon has resulted in significant changes to organizations’ behavior in the
market, internal organizational structures, interactions with suppliers and customers, as
well as the innovation of their product and service offerings [6]. Considering the ongoing
process of global urbanization, it becomes imperative to discern and use novel urban
development paradigms and tactics to effectively address the complexities associated with
sustainable development. The increasing complexity of urban environments necessitates
the development of a comprehensive framework for assessing the circular economy in
cities, as they grapple with ongoing obstacles in achieving full circularity [7,8].

The Sustainable Development Goals (SDGs) serve as a collective agenda for nations
and serve as a focal point for progressive policy discussions. The analysis and monitoring
of the Sustainable Development Goals (SDGs) are crucial measures in assessing potential
remedial actions [9]. The primary goal of the Sustainable Development Goals (SDGs) is
to foster the attainment of a society that is characterized by inclusivity, resilience, safety,
and sustainability. Policy makers, entrepreneurs, and residents are tasked together with
a significant endeavor to maximize the efficiency of land utilization. The pursuit of sus-
tainability in urban development poses a multifaceted challenge due to its intricate nature,
characterized by a network of interdependent linkages. Determining the best equilibrium
point within this system presents practical obstacles [10].

The concepts of “Smart Cities and Circular Economies” can be complementary by
facilitating more effective resource use, lowering waste and emissions, and enhancing
the tracking and management of resources across the metropolitan system. Smart city
technology can also assist in the transition towards circular economy practices. For ex-
ample, smart city technologies can help track and trace materials throughout the supply
chain and create more effective waste management systems that reduce the amount of
waste sent to landfills. Similarly, circular economy principles can help guide the devel-
opment of smart city technologies by emphasizing the need for sustainable, long-lasting,
and resource-efficient solutions. A “Smart City” is a well-developed urban area that uses
cutting-edge, integrated infrastructure, sensors, electronics, and networks interfaced with
computerized systems made up of databases, tracking, and decision-making algorithms to
be efficient, safe, and environmentally friendly. All structures are developed, constructed,
and maintained, whether they are used for power, water, transportation, energy efficiency,
etc. Smart city policies encourage innovative ways of planning, organizing, and adminis-
tering cities and their flows on the one hand while also imposing a new moral order on
the city by establishing technical criteria to discriminate between “good” and “bad” cities.
The implementation of sustainable urban logistics is crucial to achieve urban sustainability
objectives. Within the European context, the European Union (EU) established a notably
ambitious objective in 2011, aiming to achieve urban logistics that are essentially devoid of
carbon dioxide (CO2) emissions by the year 2030. Nevertheless, the extent to which these
European Union (EU) aims have influenced the development of policies at the national and
metropolitan levels remains uncertain [11].
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A smart city is one where information and communications technology (ICT) and
traditional infrastructure are coordinated and integrated using new and innovative digital
technologies [12]. The circular economy (C.E.) may benefit from new digital technologies
such as Big Data, Machine Learning, Artificial Intelligence (A.I.), Internet of things (I.O.T.)
and Blockchain. Several global issues are believed to have solutions in these digital tech-
nologies and sustainable business models, especially those related to the circular economy’s
transition [13]. A circular economy is a crucial sustainability strategy to fight against climate
change. Several governments at various levels have been establishing a long-term circular
economy vision. The growth of circular economy capabilities depends on digital progress.
Artificial intelligence fueled by big data analytics has recently gained importance [14]. The
adoption of a circular economy (CE) is becoming more widely acknowledged as a viable
approach to address urgent sustainability issues at the urban level. Indicator-based frame-
works, also known as integrated systems of indicators, are widely recognized as valuable
instruments for monitoring the process of this shift. It is noteworthy that the majority of
frameworks primarily comprise environmental indicators, with only three frameworks in-
corporating indicators that encompass the various dimensions of sustainable development,
namely environmental, social, economic, and governance aspects [15]. The management
of electronic waste, commonly referred to as e-waste, has emerged as a pressing concern
in the contemporary era characterized by rapid technological advancements. Despite the
identification and development of several methods aimed at enhancing e-waste recycling
efficiency, the improper disposal of outdated items by end users remains a prevalent issue,
as observed in different studies [16].

Cities can become less resilient due to flooding, water pollution, adverse health
consequences, inadequate repair and maintenance of water and wastewater systems, rapid
urbanization, climate change, poor solid waste management, and water scarcity and
pollution [17]. A revolutionary idea called “smart cities” is quickly gaining acceptance
since it offers solutions to severe urban problems such as traffic, pollution, energy use,
and waste management. “Digital cities”, “green cities”, and “knowledge cities” are a few
examples of older urban planning ideas that have been combined to create “smart city”
ideas. Thus, a smart city is a progressive, long-term vision of an enhanced metropolitan
area that seeks to reduce its implications on the environment and develop the quality of
life for its citizens. It is critical to take the necessary steps to protect our world and modify
our wasteful approach to natural resources since the world is continually being pushed to
adapt to global climate change and new foreign and internal dangers. Many municipalities
worldwide have already started moving in this direction, offering everything from smart
parking places to smart benches for solar-powered charging of portable electronics.

The potential of smart cities to address environmental challenges and waste manage-
ment represents a serious issue that necessitates more profound academic research and
policy makers [18]. Modern cities aim to become smarter, yet one of the biggest obstacles is
how to process trash effectively. Citizens must be encouraged to interact with modern tech-
nology and utilize it daily, especially in emerging economies. The growth of IoT technology
has enhanced the need for designing and implementing waste management systems that
engage and include the public in the waste management process [19]. The construction
industry has a detrimental impact on the environment because of the resources it uses,
the energy it consumes, and the waste it produces. The “Circular Economy” (C.E.) is a
new paradigm that has the potential to dramatically improve the sustainability of this
sector [20].

The amount of Green House Gases (GHGs) discharged by each organization or activ-
ity is measured by carbon footprints (CFs). A starting step towards adopting sustainable
educational practices could be to report the number of CFs in CO2 from educational cam-
puses [21]. Smart technology can significantly solve today’s major population problems
and lay the groundwork for a sustainable future. Today’s key challenges are ensuring
balanced economic development of society and reducing the effects of global warming.
Much research should be performed on topics such as efficient energy conversion tech-
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nologies, integrating renewable energy systems, enabling the circular economy framework,
integrating processes effectively, and other concerns crucial to the public [22]. Ref. [23]
demonstrated a statistically significant association that was the contrary. According to their
findings, the analysis sample’s plastic recycling rate decreases as educational attainment
rises. The authors attribute the result to higher opportunity costs for households with
higher levels of education. The concept of smart cities has become a prominent subject
of scholarly investigation, with a significant focus on technological aspects in the gener-
ated knowledge. In this context, the absence of social intelligence, cultural artefacts, and
environmental qualities necessary for ICT-related urban innovation is highlighted by the
research being advocated [24].

The delivery of public services and the transition from a “take-make-dispose” to a
“circular economy” are two areas where current socio demographic expansion poses new
challenges for Czech cities. We must introduce new policies to increase city residents’
participation, awareness of the issue, and support for the reforms. It is fascinating that
younger individuals make more plastic waste than older people do. Two possibilities
are possible: either these groups consume differently, with younger consumers buying
more plastic packaging products, or younger consumers are more eager to sort and recycle
plastic garbage [25]. Since only 42% of post-consumer plastic packaging waste is recycled
in Europe, European Regulation 2018/852 set the crucial target of a 55% plastic packag-
ing waste recycling rate by 2030. Plastic Circle was developed as a project supported by
the European Union’s Horizon 2020 research and innovation as an initiative to promote
packaging recycling, improve all stages of garbage pickup, and encourage responsible
consumption [26]. Stakeholder Value Creation (SVC) is a fundamental theoretical concept
under Stakeholder Theory, as stakeholder-oriented management is primarily concerned
with fulfilling the needs of stakeholders [27,28]. The concept of Stakeholder Value Cre-
ation (SVC) has the potential to contribute to the promotion of urban sustainability. The
Sustainable Development Goals (SDGs) serve as effective instruments for examining and
evaluating sustainable development processes. The relationship between social value
creation (SVC) and urban sustainability is evident, but the specific impact of SVC on the
achievement of the Sustainable Development Goals (SDGs) remains unclear. Social value
creation (SVC) plays a significant role in advancing several Sustainable Development Goals
(SDGs) inside urban areas, particularly SDGs 11, 17, 9, and 8. The contribution of smart
sustainable cities (SVC) to the Sustainable Development Goals (SDGs) is primarily centered
around consensus building, as well as the establishment of innovative ecosystems. These
key elements play a crucial role in advancing the objectives of the SDGs [29]. The inte-
gration of social, economic, and institutional dimensions within the framework of urban
sustainability is comprehensive. However, there is a need for improved integration of the
Environmental Dimension. Hence, the present dyadic phenomenon might be categorized
as either unsustainable or characterized by weak sustainability [30].

The recycling of end-of-life vehicles (ELVs) and the associated methods for assessing
their quality in Malaysia are subject to limitations and face numerous significant obstacles.
The obstacles encompass the absence of suitable recycling procedures that fully optimize
material recovery, as well as concerns regarding the quality and dependability of com-
ponents utilized in the implementation of circular economy principles [31]. Promoting
recycling and reuse methods at the household level can also significantly impact waste
creation. Paper, plastic, glass, metal, textile, kitchen, and garden garbage are just a few of
the nine material types of waste that have had waste practices related to generation, reuse,
and recycling documented and examined [32]. The literature on a crucial area such as
smart cities contributing to the circular economy is relatively limited. From the researcher’s
point of view, much work needs to be conducted in this area. There is a necessity for
a study abroad that reviews the available literature and organizes the knowledge and
conclusions from past studies. Thus, this research will provide significant awareness of
the concept of smart cities and circular economies and cover how smart cities contribute
to circular economies. It will also include other vital areas addressed in the literature and
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suggest untouched areas for future research. Readers will gain an up-to-date perspective
on the circular economy by reading this paper, which will also identify the most prominent
authors, publications, and theme structure output relevant to the circular economy. The
establishment of a robust collaboration between individuals with social and technological
expertise poses a novel and significant undertaking for academics across various disciplines.
The management of product end-of-life has garnered significant attention, with a focus on
developing technologies that effectively handle this waste. This approach aims to assess
the economic and environmental advantages via the lens of the circular economy idea [33].

The purpose of this bibliometric analysis is to comprehensively examine the scholarly
terrain concerning the incorporation of circular economies in sustainable smart cities.
This analysis aims to provide stakeholders with a structured overview of this intricate
and dynamic field, facilitating their understanding and navigation within it. This study
covers data of 10 years. The remaining part of this study addresses various sections. The
following section addresses the research methodology, and the next section addresses the
data analysis; the next section addresses discussions and findings leading to the scope for
further research directions, implications of the study, and conclusions.

2. Materials and Methods

The current study uses bibliometric analysis to assess the literature’s effectiveness and
intellectual and social structure on sustainable cities and the circular economy. Bibliometric
analysis is a scientific method for analyzing literature in which publication and citation data
are analyzed using quantitative methods [34–36]. The current study explicitly follows [35] a
four-step method for bibliometric analysis, which entails defining the objectives and scope
of the study, selecting the appropriate analytical techniques, gathering the necessary data,
conducting the research, and summarizing the results. The technique’s ability to manage
enormous amounts of bibliographic information is its vital benefit [37]. Similarly, it helps
in analyzing a significant amount of data for decision-making that researchers may have
ignored. It helps in the exploration and analysis of past data related to a research topic,
with the help of which investigators can identify concealed patterns in their studies [38].
Appendix A shows Top Cited 15 Articles Included for Bibliometric Analysis.

The research performs a bibliometric analysis to analyze the dispersed work in the
smart city area and its impact on creating a circular economy and assess the significant
trends in its theoretical and intellectual association. The work attempts to answer the
subsequent research questions, which translate the scope of the research work.

(RQ1) How has the research publication productivity in smart cities and circular
economies evolved?

(RQ2) Which journals and researchers are the top performers in the field of smart cities
and circular economies?

(RQ3) What are the collaborative networks in smart cities and circular economies?
(RQ4) What are the most searchable topics and themes on smart cities in becoming

circular economies?
The dataset for the analysis was extracted using “Smart city” and “Circular Economy”

as keywords. After fetching the results, the following filters were applied to refine the
results: information related to these documents in the title, authors, abstracts, and keywords
was extracted after using the above filters. After the extraction, the file was exported in
plain text format, and then search result extraction was performed using VOSviewer. The
file was imported in the same format for further processing.

A total of 163 articles were found in the Scopus database accessed on 21 December
2022. The search was limited to document type (research article and review), source type
(journal), language (English), and year of publication (2013 to 2022). Full-text articles were
considered for analysis. The data for the bibliometric analysis were collected from the
Scopus database and exported in a “.csv” (Microsoft Excel) format for use [39]. Scopus was
selected as the database for extracting the articles for this study because it is the largest
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database of intellectual papers and is considered the most acceptable choice among the
various multidisciplinary databases [35,40,41].

3. Bibliometric Analysis and Findings

According to the research questions, we conducted an in-depth analysis of the pub-
lication trend over ten years related to Circular Economy and Smart City with the help
VOSviewer. In particular, results about influential articles, publication productivity, promi-
nent themes and keywords, and promising application areas are related to the first, second,
third, and fourth research questions.

The scientific output of this study is described in this section, with the results broken
down into co-occurrence mapping, co-authorship mapping, bibliographic coupling, citation,
and co-citation analysis. The findings from the bibliometric analysis are presented based
on the research questions they address.

3.1. Publication Output

The bibliometric data frame, comprising the period from 2013 to 2022, as no time filter
was used while fetching the database. This shows that this area lacked research work in the
last ten years with only 163 articles during the above period, and improvement is required
in the amount of collaboration among the authors.

The study of smart cities and circular economies has garnered considerable attention
in recent times because of the worldwide focus on sustainability, the complexities of
urbanization, and improvements in technology. To offer a comprehensive analysis of the
progression of research publishing production in these respective domains, it is possible
to categorize it both chronologically and thematically. The origins of smart cities and
circular economies can be attributed to the discourse surrounding sustainability and urban
development throughout the latter part of the 20th century.

Although the specific terminology of “smart cities” and “circular economies” may not
have been widely used, scholarly investigations commenced to prioritize sustainable urban
design, effective resource allocation, and the utilization of technology to augment urban
living conditions. The concepts of “smart cities” and “circular economies” were formally
introduced and distinguished in the academic literature throughout the early 2000s.

The proliferation of the Internet and digital technologies has had a significant impact
on the development of cities that utilize technology to enhance governance, infrastructure,
and services for their citizens. Simultaneously, there emerged apprehensions regarding the
depletion of resources, management of waste, and damage of the environment, prompting
the formulation of the circular economy framework. This framework places emphasis on
the principles of recycling, reusing, and waste reduction. During the 2010s, there was a
notable increase in scholarly investigations centered on smart city solutions and circular
economy concepts, driven by the rapid growth of urban populations and the escalating
effects of climate change. The fields under consideration experienced a significant surge
in publication output during the latter half of the 2010s, which can be attributed to the
heightened worldwide concern and fascination around these domains. Research has
explored the potential of data analytics, the Internet of Things (IoT), and smart governance
to facilitate circularity within urban contexts. The research productivity in this convergence
field had significant growth, as evidenced by several publications that concentrated on
case studies, best practices, and technology breakthroughs aimed at advancing smart and
sustainable urban settings.

The emergence of technologies such as artificial intelligence (AI), blockchain, and 5G is
expected to contribute to the ongoing expansion of research productivity, enabling the explo-
ration of novel aspects pertaining to intelligent, sustainable, and circular urban environments.

Annual Scientific Production and Growth Trend:
The number of publications on Smart City contribution towards Circular Economy is

shown in Figure 1. The annual scientific output in the research domain shows an upward
trend from 2013–2022. We have seen a good number of publications in this domain between
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2018 and 2021, reaching a level of 48 in 2021. It reflects a growing interest among researchers
globally, and it’s gradually emerging as an upcoming field of interest.

Figure 1. Scientific output.

3.2. Co-Occurrence Mapping
3.2.1. Analysis Based on All Keywords

With the help of the full counting method, all keywords were considered as the
analysis unit in the co-occurrence mapping. This study also imposed some restrictions on
the field of investigation. For instance, a limiting factor was established as a minimum of
five (5) instances of a keyword. Therefore, only 47 keywords out of 1401 from 163 articles
met the criterion. The links refer to the occurrence of two items together (for example,
two keywords). The total number of cited references between any two items is represented
by the overall link strength [42]. The occurrences represent the number of articles in which
the keyword was found [4].

Figure 2 illustrates the keywords most frequently used by the authors and the most
critical topics in this research area. The keywords that appeared most were “Circular Econ-
omy” (total link strength 343), which had the highest frequency of appearance, followed by
“Sustainable Development (total link strength 253), “Smart cities” (total link strength 244),
“Waste Management” (total link strength 132), “recycling” (total link strength 131) and
“Sustainability” (total link strength 131) and “climate change” (total link strength 84) as
shown in Table 1.

Network visualization was also used to show how often the terms occurred to-
gether [43]. Figure 2 illustrates how 1401 keywords were able to group into 5 clusters
and 560 links: cluster 1 (red) had 14 items, cluster 2 (green) had 13, cluster 3 (blue) had
11, cluster 4 (yellow) had 7, and cluster 5 (purple) had 2. The size of the circles and texts
in each cluster indicates how frequently they occur alongside other keywords. The lines
and item distances simultaneously display the relatedness and connections between the
keywords. Three distinct visualizations—network visualization, overlay visualization and
density visualization—can be used by VOSviewer to depict bibliometric maps.

The overlay visualization in smart cities and circular economies is shown in Figure 3.
The update for each phrase is displayed in the visualization overlay. The uniqueness of each
phrase is indicated by its color. The area’s level of impact increases with color brightness.
Circular economies and smart cities are the current research hot topics. Consequently, this
could be a crucial subject for future research to identify various themes associated with
smart cities and the circular economy.
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Figure 2. Network analysis with keywords (VOSviewer software).

Table 1. Top Keywords.

Item Total Link Strength

Circular Economy 343

Sustainable Development 253

Smart City 244

Waste Management 132

Recycling 131

Sustainability 131

Climate Change 84

Municipal Solid Waste 69

Internet of Things 66

Industry 4.0 54

Figure 3. Overlay analysis with keywords (VOS viewer software).
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According to the density visualization shown in Figure 4, the more frequently a
term appears, the darker or brighter the yellow hue is, and the larger the diameter of
the term’s circle. This indicates that there are more studies being conducted on relevant
topics. There will be fewer studies on a phrase as its color ages and becomes more similar
to the background color. According to Figure 4, many studies have been conducted on
smart cities, the circular economy, sustainability, waste management, recycling, climate
change, artificial intelligence, blockchain, Internet of Things, and their economic and social
implications. According to the results of the data mapping of the articles gathered, the
keywords that most frequently appeared are the circular economy, smart city, recycling,
waste management, Internet of Things, blockchain, and sustainability. We can use this
information to search for smart cities and circular economy studies.

Figure 4. Density Visualization of Keywords.

3.2.2. Co-Occurrence Network of Most Frequently Used Author Keywords

A total of 550 keywords from 163 research publications were given a threshold of 2,
resulting in 78 distinct keywords that were used more than twice as shown in Figure 5. The
number of highly referenced articles overall is represented by the bubble size, while link
strength and clustering are indicated by the line thickness and color, respectively.

Figure 5. Co-occurrence network of most frequently used author keywords.
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3.3. Co-Authorship Visualization Analysis

The authors, connected institutions, and countries that publish on circular economies
and smart cities were examined using the function module of VOS viewer’s coauthorship
visualization. The threshold value for the minimum number of documents was set at two,
and the minimum citation was left at one to make it simple to identify the well-known
authors who had made contributions in the form of publications in this field. Some of the
551 authors, however, were not linked to the other writers in the network. Only 26 authors
met the criteria as shown in Figure 6.

Figure 6. Co-Authorship Analysis of Collaboration of Author (Overlay Visualization).

Based on the bibliographic data collected from the Scopus database, a country co-
authorship network visualization map was created (Figure 7) with VOSviewer. In the
process of mapping Figure, the minimum document threshold of a nation was set at two,
and the minimum number of citations of a country was set at one. Thirty-nine countries out
of fifty-seven countries met the thresholds. Figure 7 shows seven clusters between countries
involved in smart cities and circular economy research. Researchers from Italy, United
Kingdom, China, Romania, and the US are prominently networking countries working in
this area.

Figure 7. Coauthor network visualization analysis of countries/regions.

The northern regions of Italy exhibit superior performance, with the province of Trento
ranking at the forefront. This is followed by the region of Valle d’Aosta and the province of
Bolzano, so reaffirming the triumvirate that had already emerged in the preceding year.
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An intriguing observation pertains to the expansion of central regions, which exhibit a
tendency to approach a value similar to that of the northern regions. Notably, the regions of
Toscana, Marche, and Lazio exhibit commendable performance. Furthermore, it has been
verified that the southern areas consistently occupy the lowest positions in the ranking,
with the sole exception of Abruzzo. Italy presents itself as a strategic focal point for the
promotion and advancement of the Sustainable Development Goals (SDGs) to transform
the Mediterranean region into a pivotal hub within the future global economy [9].

Regarding the obstacles impeding the implementation of Circular Economy (CE) prac-
tices, three distinct categories have been identified: financial, bureaucratic, and regulatory.
Companies believe that besides enhancing their brand name and practices, this approach
has resulted in advantageous outcomes, including decreasing carbon dioxide emissions
and regenerating components within a perpetual cycle. The transition towards a long-term
perspective and mindset involves considering not just the economic impact but also the
overall performance of the organisation and the consequences of each action. It is impor-
tant to acquire a circular mindset that can effectively guide the transition to a Circular
Economy (CE) or the creation of a Circular Supply Chain (CSC) rather than solely focusing
on individual circular initiatives [44].

Italy has been a key contributor to the advancement and advocacy of the circular
economy, both domestically and within the European context. The ability of small and
medium-sized enterprises (SMEs) to adopt a circular business model and achieve success
is contingent upon the level of support provided by various factors. These include the
establishment of a company culture that embraces environmental sustainability, with both
staff and managers demonstrating a “green” mindset. Additionally, the presence of a local
or regional network comprising other SMEs and supporting entities plays a crucial role
in facilitating information sharing and raising awareness. Lastly, the advantages derived
from cultivating a “green” image and being acknowledged as a supplier committed to
sustainability by customers contribute significantly to the overall success of SMEs in
transitioning to a circular business model [45]. The nation actively encourages innovation
by providing financial resources and assistance to startups and businesses that prioritize
circular economy ideas and solutions [46].

3.4. Citation Analysis
3.4.1. Most Cited Authors

Citation is the most frequent method for assessing the influence of an author, journal,
and country since it allows for the quick identification of significant works in the chosen
area. By taking 1 document and 1 citation as a minimum number of papers and citations of
an author as a criterion for citation analysis, we have 444 authors meeting the thresholds
out of 551 authors of 163 articles as shown in Table 2. A research paper written by [17] has
372 citations, followed by researchers such as [18,20,22,34,47–50].

Table 2. Most Cited Authors.

Name of Author/s Documents Citations

Koop et al. 1 372

Esmaelian et al. 1 232

Nizetic et al 1 234

Hens et al. 1 259

Pencarelli 1 171

Fatimah et al. 1 243

Chauhan et al. 1 146

Sodiq et al. 1 148

Norouzi et al. 1 118
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3.4.2. Most Cited Countries

Figure 8 and Table 3 shows that Italy leads the number of publications and United
States lead in the number of citations. United Kingdom leads the total link strength. Coun-
tries such as India, China, Romania, Colombia, Cuba, Chile, and Belgium are connected, as
reflected in Cluster 1. Cluster 2 includes Australia, Iran, Italy, Jordan, Qatar, South Africa,
and Spain. The third cluster comprises the Czech Republic, Denmark, France, Indonesia,
Slovakia, and Ukraine. The fourth cluster includes Brazil, Germany, Malaysia, Singapore,
and the United States. Canada, Croatia, Greece, Russia, and the UK are significant collab-
orators in Cluster Five. Researchers from India has 13 documents with 187 citations and
Researchers from Spain has 11 documents with 171 citations.

Figure 8. Citation Analysis of Most Cited Countries.

Table 3. Country-wise Production.

Country Documents Citations Total Link Strength

United Kingdom 15 119 22

China 11 215 16

Brazil 10 504 13

Greece 7 249 13

Italy 23 241 13

Malaysia 5 110 11

United States 7 530 10

Cyprus 4 20 9

France 3 55 9

Netherlands 6 260 9

Taking 1 document and 1 citation as a minimum number of papers and citations of an
author as a criterion for citation analysis, we have 77 journals meeting the threshold out
of 117 journals. Figure 9 reflects the top cited journals. The Journal of Cleaner Production,
Sustainability, Waste Management, Environment, Development and Sustainability tops the
list of most cited sources as shown in Table 4.

302



Sustainability 2023, 15, 15892

Figure 9. Analysis of Most Cited Sources/Journals.

Table 4. Most Cited Sources/Journals.

Source Documents Citations

Journal of Cleaner Production 13 851

Sustainability 9 137

IOP Conference Series: Earth and Environmental Science 7 9

Circular Economy and Sustainability 2 2

Environment, Development and Sustainability 2 372

Journal of Urban Regeneration and Renewal 2 17

3.5. Bibliometric Analysis of Bibliographic Coupling of Authors, Institutions and Countries

Bibliographic coupling is something that is observed when two authors make refer-
ences to a shared collection of prior works, so suggesting a certain degree of thematic or
topical affinity in their respective research endeavors. Bibliographic coupling pertaining
to older works may suggest that the writers have established a distinct expertise within a
specific field of research. This particular area of expertise, which is grounded in extensive
historical or foundational knowledge, enables individuals to conduct more thorough inves-
tigations into subjects and generate more profound understandings. When two documents
cite the same source, this is known as “bibliographic coupling” [51–53]. The bibliographic
coupling map of authors is shown in Figure 10. Citations are used in bibliographic coupling
to describe the similarities between two texts, authors, institutions, or nations. This method
is grounded on the notion that two papers citing a third paper are highly connected and
should be grouped in the visualization map’s cluster solution. Using a criterion of a mini-
mum of 1 citation of 163 documents, a total of 108 met the threshold. Eleven clusters were
obtained from the analysis. Cluster 1 includes 13 items, and the research area is the circular
economy (shown in red). The Red Cluster was anchored by [54], whose research focuses
on how automated smartphone recycling could be supported by Artificial Intelligence
(A.I.) and could also act as an enabler for Circular Smart Cities (C.S.C.). Research work
conducted by researchers [55] from the same cluster considers the circular economy from
the perspective of sustainable development, which is one of the main goals of contempo-
rary societies. The main characteristic of a circular economy is the requirement to increase
resource efficiency through waste reduction and recycling.
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Figure 10. Bibliometric Coupling of Authors (Authors Own Work).

The other clusters are anchored by Arias (green) with 12 items, anchored by Benltoufa
(blue) with 11 items, and anchored by Andrade (yellow) with 11 items. The green cluster
mainly focuses on research work related to green infrastructure [56] and the environment,
highlighting nature and biodiversity [57,58] circular strategies and urban regeneration [59]
and the Internet of Things [60]. The blue cluster focuses on smart cities, waste man-
agement [48,61], the circular economy, urban branding [48,62], smart technology, and
sustainable development [63]. The yellow cluster focuses on smart cities and the circular
economy [64], sustainable consumption and the sharing economy [65], municipal solid
waste and energy recovery [66], and sustainable business [67].

The analysis of bibliographic coupling among universities with respect to older publi-
cations demonstrates a common focus on fundamental knowledge and research approaches.
The aforementioned concentration of efforts, together with the advantages derived from
extensive immersion in well-established knowledge, can elucidate the exceptional perfor-
mance of these establishments within their respective fields. Researchers can gain a more
comprehensive perspective by actively engaging with non-recent scholarly works. The use
of a holistic perspective enables researchers to establish linkages between historical and
contemporary discoveries, so cultivating a more comprehensive comprehension of their
own discipline. A comprehensive understanding of existing research and scholarship is
essential to prevent institutions from duplicating efforts in areas that have already under-
gone extensive investigation. Alternatively, individuals have the capacity to expand upon
preexisting knowledge, so challenging conventional limits while maintaining a foundation
in established ideas. Bibliographic coupling of institutions occurs when publications from
two institutions reference publications from a third common institution. Figure 11 shows
the bibliographic coupling of the institutions with network visualization. The minimum
number of publications for an organization was one, and the minimum number of citations
was one. Of the 360 organizations, 280 met the thresholds. For each of the 280 organizations,
the total strength of the bibliographic coupling links with other organizations was calcu-
lated. The organizations with the highest total link strength were selected. Key Laboratory
of Poyang Lake Environment and Resource.

Utilization, Ministry of Education, China, was at the top of this list with two publica-
tions, 17 citations, and a network strength of 2289. We can observe some other institutions
that are contributing to the field and dominate the coupling and anchor its most significant
clusters: Academy of Romanian Scientist, Bucharest, Romania), University of Buffalo (New
York, NY, USA), Western New England University (Springfield, MA, USA), Georgia Insti-
tute of Technology (Atlanta, GA, USA), Massachusetts Institute of Technology (Cambridge,
MA, USA), and Pontifical Catholic University of Paraná, Curitiba, (Paraná, Brazil).

304



Sustainability 2023, 15, 15892

Figure 11. Bibliographic coupling of institutions (network visualization).

Figure 12 presents the bibliographic coupling of countries. Bibliographic coupling of
countries occurs when publications from two countries reference publications from a third
country. According to this graph, scholars from Brazil make a substantial contribution to
this field of study, along with those from Canada, Croatia, Cyprus, Poland, and Greece.
Figure 12 also shows how frequently coupling occurs among other nations, including
Australia, Finland, Germany, India, Mexico, and Romania.

Figure 12. Bibliographic coupling of countries.

4. Conclusions

This study highlights the scope of smart cities and circular economy research using
bibliometric analysis, collecting datasets from 2003 to 2022. It further portrays the research
topic’s theoretical, intellectual, and community structure. The present study tries to in-
tegrate the fragmented literature on the topic with the help of VOSviewer. The dataset
for this study was extracted from the Scopus database due to its extensive coverage and
quality. The dataset shows that the research domain shows an upward trend. Even though
it is still in its initial stage, the circular economy is a crucial sustainability strategy that
global and corporate leaders use in the battle against climate change. By incorporating
relevant elements of the economy, technology, mobility, quality of life, and other areas that
contribute to the well-being of its citizens, a smart city is highly developed, inventive, and
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environmentally friendly [68]. Rapid environmental degradation, a growing number of
cars on the road, and a shortage of resources are issues that circular cities and a circular
economy can resolve. Our cities are developing into more livable and sustainable places. It
is essential to emphasize the value of smart cities through pilot projects that will serve as
the testing grounds for the later expansion of CE concepts on a broader, more global scale.

The phenomena of urbanization and climate change are compelling cities to navigate
unexplored trajectories to achieve sustainable outcomes. Numerous urban areas are em-
bracing the captivating notion of the ‘Circular Economy’ (CE) as a guiding principle for
this shift. The concept of the Circular Economy (CE) proposes a novel approach to the
management of resource flows within economies, aiming to create a closed-loop system [69].
The circular economy aims to shift away from a linear economy to one that is more circular
and turns waste into resources. All interested parties, including the public sector, business
sector, and public, must work together and be willing to do this. Many European Union
member states currently lack the requisite waste-handling infrastructure. It is crucial to
establish precise long-term policy goals to direct actions and expenditures, create systems
and methods for waste treatment, and prohibit recyclable materials from being used at
the bottom of the waste hierarchy [70]. A circular economy in cities will require unprece-
dented levels of cross-sector and public–private cooperation in the twenty-first century.
The time has come to make the most of the numerous opportunities circular cities offer and
establish a system that will benefit the environment, society, and economy over the long
run. The circular economy has emerged as one of the most widely used theories to address
environmental problems. However, research on the circularity subject is still developing,
particularly at the firm level [71]. Cities and metropolitan areas can lead circular economies
while supporting the use of renewable energy, energy efficiency, sustainable production
and consumption, sustainable transportation, resource conservation, and sustainable waste
management. Goal 11 of the Sustainable Development Goals 2030 Agenda was to “Make
cities and human settlements inclusive, safe, resilient, and sustainable” to achieve these
objectives. Research is required to determine how sustainable finance may improve the
circular economy and investment opportunities. The circular economy exhibits consid-
erable potential in facilitating the attainment of various Sustainable Development Goals
(SDGs), encompassing SDG 7 pertaining to Affordable and Clean Energy, SDG 8 concerning
decent work and economic growth, SDG 11 addressing sustainable cities and consumption,
SDG 12 focusing on responsible consumption and production, SDG 13 targeting climate
action, SDG 14 emphasizing life below water, and SDG 15 centering on life on land [6].

The term “smart city” was first introduced in the 1990s, but research started gaining
momentum in the early 2010s. The circular economy as a concept has been around for
decades, but research on the topic has increased in recent years, particularly since the pub-
lication of the [72] report “Towards the Circular Economy” in 2012. Technology is a crucial
part of the global endeavor to reach net zero, but as we move from our current behaviors to
a more climate-friendly society, its adoption necessitates practical sacrifices [73].

There are several journals and researchers that are top performers in the field of
Smart Cities and Circular Economy. Journal of Cleaner Production, Waste Management,
Sustainability, Environment, Development and Sustainability are the journals with the
maximum contribution to smart cities and circular economies. Overall, these journals
and researchers represent some of the top performers in the field of smart cities and
circular economy and have contributed significantly to the knowledge and understanding
of these topics. Research publication productivity in both smart cities and the circular
economy has experienced significant growth in recent years, reflecting the increasing
interest and importance of these fields in addressing environmental and social challenges.
The study found that there is a growing body of research on smart and circular cities,
with a steady increase in research publications and citations over the past decade. The
study also found that research on smart cities and the circular economy is becoming
increasingly interconnected, with more studies exploring the potential synergies between
the two concepts. The United States, Brazil, China, and Italy have the most citations
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and research publications. Countries such as India, China, Romania, Colombia, Cuba,
Chile, and Belgium have a good collaboration network. Taking a circular approach can
also tackle many other socio-economic problems afflicting cities, for example, providing
access to affordable accommodation, expanding and diversifying the economic base, and
building more engaged and collaborative communities in cities [74]. Cleaner Production
(CP) entails the reduction of energy and materials consumption, as well as the replacement
of environmentally and health-hazardous products with less damaging alternatives [47].
In order to gain a more comprehensive understanding of the dynamics, difficulties, and
facilitators of sustainable consumer behaviour within the circular economy, it is imperative
to conduct longitudinal studies [75].

The analysis revealed that the research on smart cities and the circular economy is
multidisciplinary, involving researchers from various fields, including urban planning, en-
gineering, economics, and environmental science. The most common research topics were
“Circular Economy”, “Sustainable Development”, “Smart cities”, “Waste Management”,
“recycling”, “Sustainability” and “climate change”. Refs. [18,22,34,48–50,76,77] were the
top cited researchers. The study suggests that there is a growing recognition of the potential
for smart cities and the circular economy to work together to create more sustainable and
livable urban environments. The research in this area is becoming more integrated and
sophisticated over time. The intersection of smart cities and the circular economy has
generated interest and study in recent years, and several topics and themes have emerged
as the most searchable. Here are some examples:

• Smart and circular infrastructure: This involves using smart technologies to optimize
the use of infrastructure and resources in a circular economy context. Examples include
the use of sensor networks and data analytics to improve energy efficiency, waste
management, and mobility.

• Circular business models: This focuses on the development of business models that
enable circularity in the city, such as product-as-a-service, sharing economy, and
closed-loop systems. Smart technologies such as blockchain and IoT can facilitate
implementing and scaling these models.

• Circular design and manufacturing: This involves the integration of circular principles
into the design and manufacturing of products and materials, such as using recycled or
renewable materials and designing for disassembly and repair. Smart technologies can
support the implementation of circular design principles, such as digital fabrication
and 3D printing.

• Circular supply chain management: This topic involves using smart technologies
to optimize the circular supply chain, such as real-time tracking of materials and
products and using data analytics to improve resource efficiency and reduce waste.

• Circular and smart governance: This topic focuses on the role of governance in en-
abling and supporting the transition to a circular and smart city. Examples include poli-
cies and regulations promoting circular business models and smart technologies and
using open data and citizen engagement to support circular and smart city initiatives.

4.1. Potential Areas for Future Research

The bibliometric analysis shows that smart cities and circular economies are emerging
areas for policymakers and researchers. In the last ten years, less research has been con-
ducted, and keyword analysis shows that the research primarily focused on smart cities,
circular economies, waste management, climate change, technology, and sustainability. The
research study also depicts numerous studies on the adoption and diffusion of mobile bank-
ing. One should consider including alternative metrics, sometimes referred to as altmetrics,
in addition to standard citation counts. Altmetrics encompass a broader range of indicators,
such as online mentions, social media shares, and other forms of digital engagement.

The integration of bibliometric analysis with qualitative research methodologies allows
for a more comprehensive exploration of the content within publications, enabling the
examination of nuanced conversations, case studies, and contextual factors.
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In light of potential geographical variations in the adoption of circular economies
within smart cities, it is advisable to conduct distinct bibliometric analysis for different
areas or nations. This approach can yield more context-specific insights.

To enhance the comprehensiveness of data sources, it is recommended to include gray
literature, conference proceedings, and non-academic publications. By incorporating these
sources, a broader spectrum of discussions can be captured.

4.2. Implications of the Study

The current study will help marketers’ practitioners frame and implement various
plans and policies related to smart cities and build a circular economy covering issues such
as climate change, energy efficiency, climate change, and waste management. By identify-
ing the most frequently cited authors, publications, and keywords, this analysis can help
researchers to understand the research landscape and to identify gaps and opportunities
for further research. This can help to identify potential collaborators and opportunities for
joint research initiatives and highlight gaps in the collaboration that need to be addressed.
By identifying the most highly cited publications and the most frequently used keywords,
policymakers and practitioners can better understand the key concepts and approaches in
this field and use this information to inform their work. Overall, a bibliometric analysis
of smart cities and the circular economy can provide valuable insights for researchers,
policymakers, and practitioners, helping to identify trends and gaps in research, highlight-
ing opportunities for collaboration, and informing policy and practice in this critical and
rapidly evolving field.

As urban areas embark on the process of enhancing their services to tackle urgent
sustainability concerns, policymakers and urban planners encounter the task of compre-
hending intricate, multifaceted systems and assessing the potential impact of proposed
investments or policies on these systems [78]. Digital technology has the potential to
decrease the quantity of Municipal Solid Waste (MSW) that is not recycled, while also
preserving natural resources and lowering both operational expenses and Green House Gas
(GHG) emissions. The process of digitalization enhances the resilience of cities by reinforc-
ing local waste management practices in order to effectively address the global COVID-19
pandemic [79]. According to the bibliometric analysis, policymakers and scholars are
increasingly interested in circular economies and smart cities. Little research has been con-
ducted in the last ten years. A keyword analysis reveals that this study mainly concentrated
on smart cities, circular economies, waste management, climate change, technology, and
sustainability. It is nevertheless easy to overlook significant articles despite efforts to mark
at a base as complete as possible, particularly those that are not peer-reviewed or published
in less accessible places, such as conference proceedings. Circular economies and smart
cities are still relatively fresh and developing ideas. Because of this, there can be variations
in how authors define and use these terms, which could cause problems with comparison
and interpretation. This research paves the way for future research in the related areas
and issues of the domain, as it is an emerging issue in research, and many problems are
untapped. Additionally, it highlights the emerging themes of the field on which future re-
search can be conducted. Pragmatic sustainability presents a practical and flexible strategy
for attaining a sustainable future, whereas sustainable education equips individuals with
the requisite knowledge and resources to actively contribute to this overarching goal. The
simultaneous integration of these principles has the potential to guide society towards a
state of enhanced equilibrium and a more mutually beneficial cohabitation with our planet.
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Appendix A

Table A1. Top Cited 15 Articles Included for Bibliometric Analysis.

S. No Title Journal Citations Reference No

1 The challenges of water, waste and
climate change in cities

Environment,
Development and
Sustainability

372 2017, 19(2), 385–418

2 On the evolution of “Cleaner Production”
as a concept and a practice

Journal of
Cleaner Production 259 2018, Volume 172, 3323–3333

3

Industry 4.0-based sustainable circular
economy approach for smart waste
management system to achieve
sustainable development goals: A case
study of Indonesia

Journal of
Cleaner Production 364 2020, Volume 269, 122263

4
The future of waste management in smart
and sustainable cities: A review and
concept paper

Waste Management 232 2018, 81, 177–195

5
Smart technologies for promotion of
energy efficiency, utilization of sustainable
resources and waste management

Journal of
Cleaner Production 234 2019, Volume 231, 565–591

6 The digital revolution in the travel and
tourism industry

Information
Technology & Tourism 171 2020, 22(3), 455–476

7
The interplay of circular economy with
industry 4.0 enabled smart city drivers of
healthcare waste disposal

Journal of
Cleaner Production 146 2021, Volume 279, 123854

8
Towards modern sustainable cities:
Review of sustainability principles
and trends

Journal of
Cleaner Production 148 2019, Volume 227, 972–1001

9
Circular economy in the building and
construction sector: A scientific
evolution analysis

Journal of Building
Engineering 118 2021, 44, 102704

10

Promoting digital transformation in waste
collection service and waste recycling in
Moscow (Russia): Applying a circular
economy paradigm to mitigate climate
change impacts on the environment

Journal of
Cleaner Production 57 2022, Volume 354, 131604

11 The First Two Decades of Smart-City
Research: A Bibliometric Analysis

Journal of
Urban Technology 607 2017, 24(2), 3–27

12 Circular economy business models: The
state of research and avenues ahead
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Abstract: Acceptance by the local public is the key determinant for the successful implementation of
NIMBY (Not-In-My-Backyard) infrastructures and may be shaped in different ways among different
infrastructure types. Based on social cognitive theory (SCT), this study clarifies the specific mechanism
shaping local public acceptance of NIMBY facilities with two types of hazardous effects (i.e., pollution
and psychological exclusion) using a large-scale questionnaire survey and structural equation model.
The results reveal that, firstly, SCT provides a solid theoretical basis for exploring the mechanism
under the joint action of environmental and personal factors. Secondly, it is verified that self-efficacy
indirectly predicts local public acceptance by influencing perceived risk. The effect of the positive
affect tag is mediated by perceived risk in shaping acceptance of polluting facilities but not of
psychologically excluded facilities. In general, people tend to have a lower perceived risk, higher
perceived benefit, stronger sense of self-efficacy, and more positive attitude when faced with the
siting of psychologically excluded NIMBY facilities over polluting ones. These findings are helpful
for planning and decision-making of NIMBY facilities with different types of hazardous impacts,
reducing NIMBY conflicts and promoting the construction of NIMBY infrastructures. Furthermore, it
contributes to the achievement of Sustainable Development Goal (SDG) 16 (promoting peaceful and
inclusive societies for sustainable development) and (SDG) 11 (building inclusive, safe, resilient and
sustainable cities and human settlements).

Keywords: NIMBY facilities; public acceptance; social cognitive theory; polluting; psychologically
excluded

1. Introduction

The editorial in the Sustainable Development Goals states that “Inclusive and partic-
ipatory governance is a cornerstone of sustainable development, ensuring that decision-
making processes are transparent, accountable, and responsive to the needs of all stake-
holders” [1]. The siting, construction, and operation of NIMBY facilities are a complex
process involving multiple stakeholders, including the government, the local public and
relevant experts. Therefore, based on the specific mechanism in shaping local residents’
acceptance towards NIMBY facilities, the corresponding governance methods are discussed
to ensure a transparent decision-making process in the site selection, construction, and
operation of NIMBY facilities, enhance public participation and responsive to the needs of
all stakeholders. This is a concrete response to the idea of achieving sustainability presented
in the editorial.
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Local residents are worried that the construction of some high-pollution and high-
energy projects will bring great pressure on the local environment, leading to the deteri-
oration of air, water, soil, and other environmental qualities, as well as potential health
risks, so they take a highly emotional and collective opposition or even resistance behavior,
which is called the NIMBY phenomenon [2]. As SDG 16 refers to “promoting peaceful and
inclusive societies for sustainable development” and SDG 11 refers to “building inclusive,
safe, resilient and sustainable cities and human settlements”, NIMBY conflicts can lead to
social discord and hinder the construction of NIMBY facilities, which is not conducive to
the achievement of the SDGs. Therefore, exploring the specific mechanism in shaping local
residents’ acceptance towards NIMBY infrastructures, enhancing public acceptance, and
reducing NIMBY conflicts will help achieve SDG 16 and SDG 11.

NIMBY (Not-In-My-Backyard) facilities (e.g., nuclear power plants, waste-to-energy
facilities, etc.) face considerable and strong opposition from the local communities in which
they are situated [3,4] because they have a potentially negative impact (e.g., smell and
illness) on the local environment and health of the public, even though their development
can enhance the comprehensive carrying capacity of cities. NIMBY infrastructures can
be divided into polluting facilities and psychologically excluded facilities, the former
impacting human physiological health (e.g., waste incineration power plants and sewage
treatment plants). Polluting facilities will produce a lot of harmful gases during operation,
affecting carbon emissions. According to existing research, the increase in carbon emissions
is a threat to human health and safety [5]. And the latter concerns human mental health
(e.g., funeral homes and prisons) [6,7]. NIMBY facilities with different types of hazardous
effects have different public acceptability [8,9].

Previous studies show that the mechanism shaping local public acceptance of NIMBY
facilities (hereinafter termed “the mechanism”) is related to many factors, including per-
ceived risk, perceived income, social trust, fairness/justice, and transparency in decision-
making [10,11]. For example, [12,13] show public acceptance of nuclear energy to be
positively correlated with perceived benefits and [14] finds the public acceptance of waste-
to-energy (WTE) projects depends on the perceived potential danger. Other studies show
public acceptance of nuclear power plants to be significantly influenced by ecological prob-
lems, geographical location, and the perceived benefits involved [3], while Li et al., (2019)
indicate that the three main aspects affecting public acceptance of dangerous chemical
factories to be perceived risk, distrust of the government, and the “positive affect tag” of
social cognitive theory (SCT) [15]. More recently, other researchers have also established an
extended SCT model based on the benefit-risk perception trade-off of public acceptance
of electric power NIMBY facilities [16]. Emotional dependence (e.g., local dependence,
place identification, and place dependence) on the local area also seriously affects public
acceptance [17,18]. The detailed influencing factors and related conclusions are shown in
Table 1.

Table 1. Brief summary of factors affecting public acceptance towards NIMBY facilities.

Factors Findings Literature

Perceived risk Higher level of perceived risk leads to lower level of
acceptance

Liu et al., 2018 [4]
Wang et al., 2021a [16]

Perceived benefit Higher level of perceived benefit leads to higher level of
acceptance

Chung and Kim, 2009 [2]
Ong et al., 2022 [19]

Perceived fairness Higher level of perceived fairness leads to higher level of
acceptance

Wolsink et al., 2010 [11]
Liu et al., 2018 [4]

Public trust Higher level of public trust leads to higher level of acceptance Zhou et al., 2022 [20]
Chung and Kim, 2009 [2]

Emotional state More positive emotions lead to higher level of acceptance Li et al., 2019 [15]
Wang et al., 2021a [16]

Demographic characteristics Local residents who are male, elder, or highly educated hold
higher level of acceptance

Ren et al., 2016 [21]
Finucane et al., 2013 [22]
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From social, psychological, and cultural perspectives, different theories have been
applied for a long time to seek the determinants of the public’s willingness to accept
NIMBY facilities and explore the mechanism involved. For example, people with dif-
ferent demographic characteristics have different subjective conscious judgments and
acceptance [21,22].

However, research into this issue is currently insufficient. First, many theories have
been applied to describe the mechanism; for example, research based on stakeholder theory
shows that effective public participation can reduce NIMBY conflicts, but does not take
into account the social impact [19,23,24]. Studies based on affective heuristic theory show
that personal perception and emotion can effectively control public acceptance, but ignore
the role of external factors [15]. Some scholars combined the theory of planned behavior
and the theory of protective motivation to prove that public acceptance is controlled by an
individual’s perceived behavior [19,23]; in addition, under the perspective of values theory,
previous studies have explored the influence of personal values, beliefs, and emotions on
public acceptance of nuclear power and nuclear energy, only considering the influence
of personal factors [25–27]. Nevertheless, such theories often only consider the influence
of personal factors on the mechanism, including personal emotion, personal perception,
subjective norms, perceived behavior control, etc., but rarely focus on the mechanism under
the joint action of personal and environmental factors.

Second, previous studies have pointed out that people have different degrees of
acceptance of NIMBY facilities with different types of hazardous effects [28]. However, no
detailed analysis has been made of the mechanism.

Third, studies normally focus on single facilities, such as nuclear power plants and
WTE incineration facilities [29,30], with little attention paid to multi-case studies.

To bridge these research gaps, the present study is conducted within a viable and
classic analytical framework from the perspective of SCT for understanding the mech-
anism under different types of hazardous effects involving the joint action of personal
and environmental factors. Social cognitive theory is a powerful theory of human intent
and behavior that does a good job of extending internal determinants to the outside and
is recognized as the established theory for exploring patterns of behavior [28]. It points
out that people’s behavior intention or behavior pattern is controlled and shaped by per-
sonal factors and environmental factors [30–32]. From the perspective of social cognitive
theory, public acceptance is a decision jointly affected by personal cognition and social
environment, which can provide a solid theoretical basis for studying the mechanism in
shaping local residents’ public acceptance of NIMBY infrastructures under the joint action
of personal factors and environmental factors. In contrast with previous work, multi-case
studies are also undertaken to enable more general and persuasive research conclusions to
be made.

In the following chapters, Section 2 presents the relevant literature review and the
corresponding research hypothesis. Section 3 reports on the research design, including re-
search framework, questionnaire design and sample data collection and analysis. Section 4
describes the research results, including descriptive analysis, t-test analysis, and struc-
tural equation analysis. Section 5 provides a discussion of the research results. Section 6
summarizes the overall research content, practical significance and shortcomings of the
study.

2. Literature Review and Research Hypotheses

2.1. NIMBY Facilities

O’hare put forward the concept of NIMBY facilities in 1977, which refers to those
having a positive effect on society and generating benefits for the public to share, while
their costs tend to be localized and have certain negative externalities [33]. Previous
studies have shown that the urban resilience index system consists of four dimensions,
including infrastructure resilience [34], and the development of infrastructure can promote
the acceleration of urbanization. Although NIMBY facilities can increase a city’s capacity,
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the negative impacts on the environment, reputation, and property values often generate
strong opposition, with people questioning why they should be burdened by problems
caused by others [27,35]. The negative externalities associated with NIMBY facilities
have triggered many well-known conflicts in China, such as the Yuhang Jiufeng waste
incineration plant incident in Zhejiang Province [10], the Maoming PX project incident in
Guangdong Province [10], and the Lianyungang nuclear cycle project incident in Jiangsu
Province [36].

NIMBY facilities include not only risk-gathering amenities (nuclear power plants,
substations, etc.) and polluting facilities (garbage incineration power plants, sewage
treatment plants, etc.), but also those that create a sense of unhappiness, such as funeral
homes, drug rehabilitation centers, prisons, etc. [9,37]. At the same time, risk-gathering
NIMBY facilities are characterized by having a high risk, large scale, and being small in
number, which have an obvious industrial nature.

2.2. Formation of Public Acceptance

Public acceptance plays a pivotal role in the construction and operation of large-scale
urban infrastructures and affects whether or not NIMBY facilities can be smoothly built and
put into operation [15]. The mechanism is also complex [3] and has been the subject of many
long-term studies, revealing the involvement of such factors as trust, public perception,
and self-efficacy [3].

In WTE facilities, the researchers demonstrated that public acceptance of NIMBY
facilities is not only related to how well the public knows about the facility [38], but also is
related to perceived physical and psychological distance [20]. Junjun et al. (2021) propose
a model called cognition and emotion coupling to explain how individual behavior is
influenced and, by using a structural equation model (SEM) to measure the interdependence
and causal relationships between different factors, establish the mechanism for shaping
local public acceptance [39]. For NIMBY risk perception, Kraft and Clary (1991) introduce
a basic model that indicates there to be a positive correlation between public attitudes
towards NIMBY facilities and the perceived risks associated with their proximity [40]. For
nuclear power generation projects, Park et al., (2014) point out that the importance of trust
in the inspectorate is emphasized as a factor influencing the public’s decision to oppose or
reluctantly accept such projects [41]. Additionally, a comparison between the health risks
and benefits of nuclear power reveals that developing nuclear energy within the framework
of risk-benefit analysis is feasible [42]. In a survey of public perceptions of biomass energy
projects in the UK, the key determinant of public acceptance is identified as public trust [43].
Furthermore, for nuclear power, the public’s acceptance of nuclear energy is positively
correlated with the perceived benefit [16].

2.3. Social Cognitive Theory

In the late 1970s, SCT was introduced by the American psychologist Bandura as a
classic theory in pedagogy and social psychology. Building upon social learning theory
(SLT), Bandura emphasizes the concept of self-efficacy and proposes that individual beliefs
in their own abilities are a crucial factor influencing their motivational behavior [44]. SCT
encompasses several key components, including ternary reciprocal determinism, obser-
vational learning, and self-efficacy, among which ternary reciprocal determinism is the
central focus [31]. Bandura extensively researched the dynamic and mutually influential
relationship between individuals, environment, and behaviors. He conceptualized personal
factors, environmental factors, and behavioral factors as theoretical entities that are both
independent and interconnected, leading to a mutual determination [45], as shown in
Figure 1. Of these, personal factors include self-efficacy, self-control, and result expecta-
tion; environmental factors include social environment, social fairness, and social trust;
and behavioral factors include individual acceptance, rejection, and choice [32]. Research
into SCT is currently more in-depth and extensive, which has been widely applied to
knowledge-sharing management, enterprise management, behavioral willingness to partic-
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ipate, information system acceptance behavior, innovation and entrepreneurship behavior,
education, human resources, and other fields [46,47]. Bandura proposes a five-factor struc-
ture model in his subsequent studies of SCT, pointing out that self-efficacy can act on
outcome expectations and thus interfere with the occurrence of behavioral patterns [48].
Outcome expectation, a common psychological determinant, usually represents an individ-
ual’s anticipation of certain behavioral consequences, including perceived risks, benefits,
rewards, and sanctions [49].

Figure 1. Three-way interaction diagram of social cognitive theory.

2.4. Perceived Risk, Perceived Benefit, and Public Acceptance

As a crucial psychological factor in behavioral research, perceived risk is considered to
be a reaction to psychological activities and a subjective judgment of the negative impacts of
potentially dangerous things or behaviors [50]. Due to the lack of knowledge, the public’s
risk cognitive judgment of some unfamiliar or potentially dangerous risk sources is mostly
based on emotion and lacks objective understanding [51]. Previous studies have shown
that a high-risk perception of NIMBY facilities will lead to lower public acceptance [2,52].

Perceived benefit refers to the perceived possibility that the measures taken positively
impact the results [53]. Specifically, when people act in ways they think will benefit
them, the result is expected to remain positive for a long time [31]. Although NIMBY
facilities pose threats to the physical and mental health, living environment, and social
reputation of the local public, their development creates society management benefits, social
benefits, economic benefits, etc. [15]. The perceived benefit is regarded as a critical factor
in determining the public acceptance of NIMBY facilities [54,55]. In previous studies of
the public’s attitude towards potentially dangerous facilities or things (e.g., nuclear energy,
nuclear power facilities), it has been confirmed that perceived benefits are significantly
positively correlated with public acceptance [23,55,56], prompting these hypotheses:

H1. Perceived risk has a negative impact on the public acceptance of NIMBY facilities.

H2. Perceived benefit has a positive impact on the public acceptance of NIMBY facilities.

2.5. Positive Affect Tag

SCT provides a profound theoretical perspective for understanding the role of emo-
tional experience. As a sign or information for judging one’s own ability, emotional state
is one of the four key sources of self-efficacy [57]. Studies have shown that people can
measure their self-confidence by their emotional state when participating in an action [58].
When individuals experience positive emotional states, such as happiness, they are more
inclined to anticipate success than when they experience negative emotional states, such
as anxiety or stress. This positive emotional state tends to result in higher levels of self-
efficacy [59,60]. Affect heuristic theory holds that emotion can be understood as a feeling
state [61]. During the site selection, construction, and operation of NIMBY facilities, the
public primarily relies on its subjective feelings and perceptions. It has been demonstrated
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that there is a higher perception of benefit and a lower perception of risk when people have
positive emotions [62,63], prompting these hypotheses:

H3a. A positive affect tag has a negative impact on perceived risk.

H3b. A positive affect tag has a positive impact on perceived benefit.

H3c. A positive affect tag has a positive impact on self-efficacy.

2.6. Self-Efficacy

Self-efficacy refers to an individual’s belief in their ability to perform a certain behavior
in a certain situation, which is a key internal force driving the occurrence of behavior
patterns [64,65]. It is defined as the local public’s self-assurance to improve the efficiency
of the construction and operation of the NIMBY facilities and to avoid the risks they
create [16].

Studies indicate that people are more likely inclined to refuse to perform a certain
behavior when they lack confidence in themselves to perform it; in contrast, they are often
willing to accept such behavior when they can guarantee their ability to avoid the risks and
enjoy the benefits [66]. In other words, self-efficacy can directly affect behavior patterns
and guide the occurrence of behaviors [67]. On the other hand, the influence of self-efficacy
on behavior patterns is mediated by outcome expectations (e.g., perceived risk, perceived
income) [68]. Self-efficacy can significantly affect perceived risks and perceived benefits [53].
Research into the public acceptance of NIMBY facilities has verified that those with high
self-efficacy can see a greater perceived benefit [68], while the perceived risks of people
with low self-efficacy are amplified, leading to lower acceptance of NIMBY facilities [68],
prompting these hypotheses:

H4a. Self-efficacy has a negative impact on perceived risk.

H4b. Self-efficacy has a positive impact on the public acceptance of NIMBY facilities.

H4c. Self-efficacy has a positive impact on perceived benefits.

2.7. Social Environment

According to SCT, behavior is influenced by personal factors and restricted by ex-
ternal environmental factors. Individuals in different situations have different behavior
patterns [69,70]. As an inseparable part of SCT, the social environment potentially impacts
individual perception and behavior patterns [71]. Within the SCT framework, on the one
hand, the social environment directly affects behavior and guides people’s behavioral
intentions or choices [31,68]. On the other hand, environmental reactions cause changes in
individual subjective emotions and cognition (self-efficacy), which further affect behavioral
intention. In other words, the behavioral pattern results from the interaction of individual
cognition (self-efficacy) and the social environment [64]. In addition, the latter can also
interfere with behavioral intention, attitudes, and choices by adjusting the expectation of
results, such as perceived risk and perceived benefit [28,41], prompting these hypotheses:

H5a. The social environment has a positive impact on self-efficacy.

H5b. The social environment has a negative impact on perceived risk.

H5c. The social environment has a positive impact on perceived benefits.

H5d. The social environment has a positive impact on the public acceptance of NIMBY facilities.
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Figure 2 shows the final conceptual framework. Based on SCT, self-efficacy and
outcome expectation (perceived risk and perceived benefit) are chosen as personal factors,
social environment as environmental factors, and public acceptance as behavioral patterns,
which constitute the basic framework of this study. Moreover, it has been shown that
public acceptance of NIMBY facilities can be regarded as the behavioral pattern in SCT [16].
Moreover, the positive affect tag is extended outside the basic framework of SCT as another
control variable. The assumed relationships between public acceptance of NIMBY facilities,
perceived risk, perceived benefit, positive affect tag, self-efficacy, and social environment
are integrated.

Figure 2. Conceptual framework.

3. Research Design

3.1. Research Framework

The traditional hypothesis testing method is adopted. Firstly, the conceptual model
was established based on SCT, and the corresponding assumptions and variable measure-
ments were identified by a large literature search and content analysis. Secondly, according
to the geographical location and population distribution of Zhejiang Province, residents
within 3 km of polluting facilities and psychologically excluded facilities were investigated
by a questionnaire in Hangzhou, Taizhou, Quzhou, and Shaoxing to obtain data relating to
the social environment, self-efficacy, positive affect tag, perceived risk, perceived benefit,
and public acceptance. Finally, an SEM was used to compare the mechanism in terms
of polluting and psychologically excluded facilities, as well as a t-test to compare the
difference in the local public’s views of different types of hazardous effects from different
dimensions.

3.2. Questionnaire Design

The research questionnaire comprises two parts. The first involves such demographic
information as gender, age, and education level, and the second part is used to measure the
six dimensions constructed in the model. The measurement items of the questionnaire are
all taken from previous studies. The items relating to perceived risk and public acceptance
are derived from [4], while items concerning perceived benefit, self-efficacy, and social
environment are derived from [16] and three positive affect tag measurement items are
raised by [15]. Participants are asked to rate their level of agreement with the statements
on a five-point Likert scale from 1 (“extremely disagree”) to 5 (“extremely agree”).

To ensure the reliability and validity of the questionnaire, a small-scale pilot survey
was conducted in Hangzhou. A total of 100 respondents around the facility were involved,
and a total of 86 valid questionnaires were collected. Then, Cronbach’s alpha was used to
analyze the reliability and validity of the resulting data. The results showed that Cronbach’s
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alpha of each dimension was between 0.871 and 0.908, and the KMO was between 0.707
and 0.875, indicating the designed questionnaire had good reliability and validity.

3.3. Sample and Data Collection

According to data analysis and news reports, there have been several NIMBY conflicts
in Zhejiang Province, such as the Yuhang Jiufeng waste incineration plant incident, the
Ningbo PX project incident, and the Haiyan waste incineration plant incident. Due to their
anticipated huge negative impact on the local public, these NIMBY projects were strongly
resisted, and construction was forced to stop. Therefore, Zhejiang Province was selected
as the research city. According to the geographical distribution of Zhejiang Province,
four prefecture-level cities (Hangzhou, Shaoxing, Quzhou and Taizhou) were randomly
selected as specific research sites by a random sampling method in accordance with the
four directions of east, south, west, and north. According to existing studies, polluting
facilities mainly affect people’s living environment and physical health, typically including
waste incineration power plants, sewage treatment plants, etc; psychologically excluded
facilities mainly have potential threats to people’s mental health, such as funeral homes,
drug rehabilitation facilities, and other facilities [6,7]. So, in the current study, for polluting
facilities, WTE incineration facilities, waste transfer stations, sewage treatment plants, etc.,
were chosen because such facilities are more likely to pose threats to the human living
environment and health. As for psychologically excluded facilities, such facilities as funeral
homes, prisons, and drug rehabilitation centers, were chosen for their potential to harm
people’s mental health and make them feel rejected.

The questionnaire was conducted from 15 June 2022 to 18 September 2022. A polluting
and a psychologically excluded facility were randomly selected in each prefecture-level
city. Therefore, eight facilities were finally selected, including four polluting and four
psychologically excluded facilities. According to previous research, respondents living
farther than 3 km from a NIMBY facility were unlikely to show much interest in the facilities
or would even be aware of [21]. Therefore, defining the research area as within 3 km of the
selected facilities is more appropriate. Potential target respondents for the survey were
identified as local residents residing in the selected survey areas. The respondents were
selected by a stratified random sampling process. A total of 600 questionnaires (300 for both
polluting and psychologically excluded facilities) were dispatched to selected respondents.
After eliminating responses with missing items and multiple options, 513 valid question-
naires (246 and 267 for polluting and psychologically excluded facilities, respectively)
were collected—a final response rate of 85%. Compared with traditional social surveys,
although the overall efficiency of 85% is clearly very high, previous studies have shown
that face-to-face field surveys can substantially increase the response rate, especially in
China [21]. Present research refers to the previous studies of scholars [9] and drew the
regional distribution of sample data in this survey, as shown in Figure 3.

Table 2 provides details of the survey and socio-demographic data of the respondents.
The present study conducted a survey in Zhejiang Province, so we selected the demographic
data to be investigated according to the demographic information released in the latest
statistical yearbook of Zhejiang Province. Gender, age and education level were selected
as survey indicators. Following the data published in the Statistical Yearbook of Zhejiang
Province in 2022, the gender and age distribution of the respondents indicates the sample
of respondents to be reasonably representative of the population in Zhejiang Province.

Regarding education level, most of the psychologically excluded facilities are located
in urban areas, since the sites of such facilities are far less remote than those of polluting
facilities. As a result, the proportion of respondents with postgraduate education in the
survey samples of psychologically excluded facilities is much higher than that of polluting
facilities.
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Figure 3. Regional distribution of sample data.

Table 2. Demographic characteristics of the respondents.

Profile Category
Frequency (%)

Type A Type B Zhejiang

Gender
Male 122 (49.6%) 130 (48.7%) 33.7 million (52.1%)

Female 124 (50.4%) 137 (51.3%) 30.9 million (47.8%)

Age
18–34 56 (22.8%) 66 (24.7%) 9.8 million (23.2%)
35–59 118 (47.9%) 131 (49.1%) 20.4 million (48.3%)
≥60 72 (29.3%) 70 (26.2%) 12.1 million (28.5%)

Education
Level

≤Junior High School 132 (53.6%) 124 (46.4%)
Senior High School 51 (20.7%) 60 (22.5%)

Junior College 34 (13.8%) 35 (13.1%)
Undergraduate 27 (11.0%) 32 (12.0%)
≥Graduate 2 (0.8%) 16 (6.0%)

Note: Types A and B denote polluting and psychologically excluded NIMBY facilities, respectively.

3.4. Data Analysis

The data analysis process is divided into three steps. Firstly, the respondents’ attitudes
towards polluting and psychologically excluded facilities are assessed using descriptive
statistical analysis. Secondly, SEM is used as it is a widely utilized statistical method
in academic and professional domains and is employed in numerous research studies,
including those examining contractor’s construction waste management behaviors [72], as
well as individual’s food waste behaviors [73], which is well suited to empirically test the
hypothesized relationships and compare the mechanism with different types of hazardous
effects. Finally, the t-test is used to compare the differences in local public opinions of
facilities with different types of negative effects because it measures the significance of the
differences in mean values between the two data groups.

4. Results

4.1. Descriptive Statistics

Table 3 summarizes the results of the descriptive statistical analysis of the survey
data of polluting and psychologically excluded facilities. For polluting facilities, the mean
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scores of perceived risk and perceived benefit are 3.21~3.50 and 1.74~2.20, respectively,
indicating the local residents’ perceived risk degree to polluting facilities is relatively high,
yet the perceived benefit is very low. The average score range of self-efficacy, positive affect
tag, social environment, and public acceptance is between one and three, which means
that people hold a quite negative attitude toward polluting facilities. For psychologically
excluded facilities, the perceived risk and perceived benefit scores range from 2.26 to
2.69 and 2.23 to 2.42, respectively, revealing that local residents believe such facilities
may not bring them much risk and benefit. Moreover, the mean scores of the other four
control variables, including self-efficacy, positive affect tag, social environment, and public
acceptance, are higher than three, which suggests the local residents have a relatively
greater positive attitude to psychologically excluded facilities, with stronger inclusiveness
and higher acceptance.

Table 3. Statistical results of the descriptive variables.

Type A Type B

Variables Item Mean Std. Dev Mean Std. Dev

Perceived risk

Q1 3.50 1.038 2.38 1.144
Q2 3.21 1.052 2.46 1.153
Q3 3.44 1.069 2.69 1.292
Q4 3.23 1.045 2.26 1.020

Perceived benefit

Q5 1.95 0.848 2.23 0.985
Q6 2.20 0.986 2.42 1.094
Q7 1.96 0.880 2.33 1.077
Q8 2.00 0.872 2.33 0.996
Q9 1.74 0.765 2.25 1.041

Self-efficacy
Q10 2.29 0.977 3.09 0.930
Q11 2.15 0.960 3.13 1.001
Q12 1.93 0.915 2.74 0.920

Positive affect tag
Q13 2.12 1.004 2.90 0.871
Q14 2.12 0.972 2.96 0.858
Q15 2.40 1.080 3.35 0.830

Social environment
Q16 2.42 1.124 3.12 1.081
Q17 2.26 0.958 3.10 1.014
Q18 2.51 0.996 3.19 0.923

Public acceptance
Q19 2.49 1.023 3.21 0.968
Q20 2.12 0.969 3.01 0.964
Q21 1.97 0.956 2.97 1.023

4.2. t-Test Analysis

Table 4 shows the t-test results, indicating that there are certain differences in the
mechanism with different types of hazardous effects. From the perspective of perceived
risk, perceived benefit, self-efficacy, positive affect tag, social environment, and public
acceptance, the p values are all less than 0.001, which indicates that there are significant
differences in the mechanism shaping the acceptance of facilities with different types of
hazardous effects: polluting and psychologically excluded facilities. At the same time, the
standard deviations are all between zero and two, and most of them are between zero and
one, which indicates that the data are small in dispersion, close in aggregation, and close to
the true value. In general, the acceptance of polluting facilities is much lower than that of
psychologically excluded facilities.

4.3. Structural Equation Analysis

Table 5 shows, through SEM analysis, the model fitting indices for the total sample
and two kinds of sub-samples for polluting and psychologically excluded facilities. These
show that the indices of all samples have reached the recommended values except for the
psychologically excluded facilities sample, in which the GFI is slightly less than 0.9, which
indicates that the survey data fit the model sufficiently well.
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Table 4. Comparison of public acceptance mechanism of different types of NIMBY facilities.

Item Type Average Value Standard Deviation t-Value Sig

PR
type A 3.35 0.889 10.626 ***
type B 2.45 1.022

PB
type A 1.97 0.675 −4.865 ***
type B 2.31 0.906

SE
type A 2.12 0.844 −11.653 ***
type B 2.98 0.831

PAT
type A 2.21 0.913 −11.835 ***
type B 3.07 0.723

SEN
type A 2.40 0.896 −9.209 ***
type B 3.14 0.923

PA
type A 2.19 0.840 −11.484 ***
type B 3.06 0.873

Note: *** p < 0.001.

Table 5. Recommended value of fit indices and actual value.

Fitness Index χ2/df RMR RMSEA GFI NFI IFI TLI CFI

Recommended value <3 <0.08 <0.08 ≥0.9 ≥0.9 ≥0.9 ≥0.9 ≥0.9
Model A 1.761 0.040 0.054 0.902 0.910 0.959 0.951 0.959
Model B 1.889 0.055 0.059 0.892 0.911 0.956 0.947 0.955

Total 2.120 0.041 0.047 0.936 0.953 0.956 0.947 0.955

Note: See Table 2 note.

It can be seen from the above analysis that the SCT provides a solid theoretical basis
for exploring the mechanism under the joint action of personal factors and environmental
factors, with the latter having a significant influence.

As Figure 4 shows, all the hypothetical relationships are well supported except for
H2 and H3b in Model A (polluting facilities) and H2, H3a, H3b, and H4a in Model B
(psychologically excluded facilities). In addition, perceived risk is significantly positively
correlated with self-efficacy and significantly negatively correlated with the positive affect
tag for polluting facilities but not significantly so for psychologically excluded facilities.

Figure 4. Standardized path coefficients. Notes: *** p < 0.001, ** p < 0.01, * p < 0.05.

5. Discussion

The present study shows that, firstly, SCT provides a solid theoretical basis for ex-
ploring the specific mechanism shaping local public acceptance of NIMBY facilities under
the joint action of personal and environmental factors. Secondly, there is a significant
difference in the mechanism with different types of hazardous effects. Compared with
polluting facilities, the local public has a more positive attitude towards psychologically
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excluded facilities. Although nimbyism is usually regarded as negative, it is interesting that
the public seems more accepting of psychologically excluded nimbyism than of polluting
nimbyism.

According to the SEM analysis, three important findings are obtained. First, a per-
ceived benefit is not an important determinant of local public acceptance of NIMBY facilities,
which is quite different from most previous research results [56,63,74]. On the one hand,
NIMBY facilities have created a series of hazards to the local public. They are so unbearable
and have expressed strong concerns about the negative external effects and pay more atten-
tion to the risk. In particular, it will be difficult for people to change their attitude towards
NIMBY facilities when they have already formed a fixed perception that they threaten
them [75]. On the other hand, studies have confirmed that it is only when local people
are experiencing serious economic difficulties that they can change their attitudes [76].
However, in the context of rapid economic development, the benefits that NIMBY facilities
can create are negligible. Consequently, public acceptance is mainly controlled by perceived
risk rather than perceived benefit.

Second, the positive affect tag indirectly predicts public acceptance through perceived
risk for polluting facilities, which corresponds with existing studies [15,77]. However,
strangely, no similar results have been found in terms of psychologically excluded facilities,
and the role of the positive affect tag on perceived risk is not significant. Studies have
shown that emotion plays a key role in determining the public’s attitude toward NIMBY
facilities [78]. Due to the lack of relevant professional knowledge or information, emotion
can become the main source of the public’s risk perceptions. In our research, local public
risk perception of polluting NIMBY facilities mainly depends on emotional judgment
because of the lack of relevant professional knowledge. As for the psychologically excluded
facilities, most of the surrounding NIMBY staff residents have more professional knowledge
about the facilities and the degree of threat involved, which leads to many local residents
tending not to rely entirely on emotional judgment of the risks involved.

Finally, the influence of self-efficacy on the perceived risk is confirmed in terms of
polluting NIMBY facilities, but such an effect is not significant in terms of psychologically
excluded facilities. A previous study has shown that self-efficacy may not be consistently
associated with perceived risk: even if people believe they can manage to avoid the risks
associated with the facility, they can still be convinced that the facility poses a significant risk
to their mental health, living environment, etc. [79]. In addition, perceived risk is usually
influenced by factors other than personal self-efficacy, such as community participation,
trust in facility operators, and the perceived benefit of facilities [4,41], which may even
affect people with a high sense of self-efficacy. Another explanation is that the relationship
between self-efficacy and perceived risk may be related to the specific characteristics of
NIMBY facilities. The project’s success depends on the perceived benefits involved and a
comprehensive understanding of their characteristics [80]. In other words, psychologically
excluded NIMBY facilities themselves may not be seriously harmful, leading to the public’s
low level of perceived risk despite a low sense of self-efficacy.

The t-test results raise three main issues. First, the local public’s perceived risk of
polluting NIMBY facilities is much greater than that of the psychologically excluded
facilities. In contrast, the perceived benefit is much weaker. People tend to think more
about physical health than mental health when considering the potential benefits and
risks associated with each facility. Polluting NIMBY facilities create more obvious and real
risks to the local public than psychological exclusion. For example, odors and pollutants
discharged from landfill sites or waste treatment plants will affect air quality and harm
human health [4,10]. But drug rehabilitation centers and prisons may not have any direct
physical impact on the surrounding environment. Moreover, the operation of polluting
NIMBY facilities is usually more difficult for laypeople to understand. Studies have
shown that people are often afraid of what they do not understand, and for unfamiliar or
potentially threatening technologies or facilities, a lack of expertise usually leads to a higher
perception of risk [41,81]. In addition, environmental issues have become more prominent
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over time, while mental health has only recently begun to receive more attention from
society [82]. People may be more aware of the risks related to pollution because they have
been exposed to pollution for a long time through news reports and social media platforms.

Second, from the two dimensions of self-efficacy and positive affect tag, the public
has lower self-efficacy and more negative emotions towards polluting NIMBY facilities. It
has been shown that people tend to experience lower self-efficacy when they think that
threats are difficult to manage and uncontrollable [83]. The risks created by polluting
NIMBY facilities are tangible and uncontrollable, for example, the pollutants such as sulfur
dioxide, nitrogen oxides, and particulate matter produced by garbage incineration. These
pollutants lead to respiratory diseases, including asthma and bronchitis [10]. Moreover,
people are usually faced with unknown and ambiguous problems owing to the complicated
operations and management procedures of polluting NIMBY facilities, often leading to
lower self-efficacy and increased negative emotions [84].

Thirdly, when the public considers psychologically excluded NIMBY facilities, the
social environment is perceived to be less disrupted. Previous studies have shown that
a credible and fair social environment can improve the public’s judgment of the value of
NIMBY facilities and enhance public acceptance [11,28]. Polluting NIMBY facilities are
usually opposed by local communities because most of their costs tend to be localized [4].
Therefore, the local government is more inclined to avoid opposition through opaque
and unfair decision-making procedures (e.g., the decision-announcement-defense (DAD)
model) [85]. As a part of the social environment, distributive justice also causes different
public views of the social environment and affects the acceptance of NIMBY facilities [16].
Compared with psychologically excluded NIMBY facilities, polluting facilities create a
stronger sense of unfair cost-benefit distribution to the local public. It may be an important
reason for the public to show the otherness in the social environment dimension when they
faced NIMBY facilities with different types of hazardous effects.

In nimbyism, the construction of NIMBY facilities will not only be resisted by the local
public, but also by local administrators or politicians [86]. “NIMBY being accompanied by
NIMTO” is a common phenomenon, especially in urban planning and development. The
NIMBY (Not-In-My-Backyard) term is generally given a negative connotation regarding
all types of local opposition led by opportunistic behavior of residents, while NIMTO
(Not-In-My-Term-Of-Office) is the opposition of local administrators or politicians, they are
reluctant to approve the construction of these facilities during their term of office because
they fear it will affect their political future [87,88]. Additionally, nimbyism may, in some
cases, be used by powerful groups to preserve the status quo, prevent social and economic
change, and use their wealth and influence on lobby governments against changes to the
status quo, even if those changes are socially and environmentally beneficial [89].

These research findings not only have profound theoretical significance but also have
certain practical application value. The research results are conducive to the planning
and decision-making of NIMBY facilities with different types of hazardous effects and
the formulation of related policies and provide certain practical references for relevant
government departments and decision-makers in the siting, construction, and operation of
NIMBY facilities, so as to better deal with potential environmental or health risks, improve
public satisfaction, and maintain social order and stability, and to promote the high-quality
and sustainable development of NIMBY infrastructure projects in China.

6. Conclusions

Given the key role of public acceptance in the successful incorporation of NIMBY
facilities into a community, the present study conducts a viable and classic analytical frame-
work for understanding the specific mechanism involved in shaping this acceptance under
the joint action of personal and environmental factors from the perspective of SCT and
further analyzes the differences in the mechanism with different types of negative effects by
SEM and t-tests. The results reveal that, firstly, SCT does provide a solid theoretical basis
for exploring the mechanism under the joint action of personal and environmental factors.
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Secondly, self-efficacy indirectly predicts public acceptance by influencing perceived risk.
The effect of the positive affect tag on public acceptance is mediated by the perceived
risk in shaping the local public’s acceptance of polluting NIMBY facilities, but not for
psychologically excluded facilities. Moreover, the public acceptance of NIMBY facilities
with different types of hazardous effects is mainly affected by the perceived risk but not con-
trolled by a perceived benefit. In general, the public tends to possess lower perceived risk,
higher perceived benefit, a stronger sense of self-efficacy, and a more positive attitude than
polluting NIMBY facilities when faced with the siting of psychologically excluded facilities.

Based on these findings, this study has the following practical significance and appli-
cation value. The research results are helpful for decision-makers, relevant governments,
and enterprises to reasonably introduce relevant policies and measures, provide practical
references, and better deal with potential risks in the location, construction, and operation
of NIMBY infrastructures. In addition, it can help contain NIMBY conflicts, maintain social
stability and harmony, and contribute to the achievement of Sustainable Development
Goal (SDG) 16 (promoting peaceful and inclusive societies for sustainable development)
and (SDG) 11 (Building inclusive, safe, resilient and sustainable cities and human settle-
ments). In practical applications, we can formulate different plans for different types of
NIMBY facilities, take different benefit compensation measures, risk response measures,
etc., to promote the sustainable and high-quality development of different types of NIMBY
facilities.

Although this study counters the deficiency of previous research into the public ac-
ceptance of NIMBY infrastructures by exploring the differences in the mechanism shaping
the local public’s acceptance of NIMBY facilities with different types of hazardous effects,
it has certain practical significance to promote the high-quality development of NIMBY
infrastructures in China; there are also some limitations. The research data are restricted to
Zhejiang province and the influence of regional differences is not considered. Moreover,
the applicability of these research conclusions in other countries has not been verified, and
extrapolating the research conclusions to other countries and contexts requires us to have
a deep understanding of the cultural and social background of other countries, consider
cultural differences, and conduct localized research to ensure that our research conclusions
can be effectively applied to other countries. On the one hand, specific regions or popu-
lations that future research could focus on, for example, the central region, the western
region, and even in the whole country, can turn this limitation into an opportunity for
further study. On the other hand, further work is needed to explore how cross-culturalism
affects the shaping of local public acceptance of NIMBY infrastructures and to establish the
extent to which the findings generalize to other parts of China and similarly placed regions
worldwide.
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Abstract: Electrified transportation systems are emerging quickly worldwide, helping to diminish
carbon gas emissions and paving the way for the reduction of global warming possessions. Battery
remaining useful life (RUL) prediction is gaining attention in real world applications to tone down
maintenance expenses and improve system reliability and efficiency. RUL forms the prominent
component of fault analysis forecast and health management when the equipment operation life cycle
is considered. The uprightness of RUL prediction is vital in providing the effectiveness of electric
batteries and reducing the chance of battery illness. In assessing battery performance, the existing
prediction approaches are unsatisfactory even though the battery operational parameters are well
tabulated. In addition, battery management has an important contribution to several sustainable
development goals, such as Clean and Affordable Energy (SDG 7), and Climate Action (SDG 13).
The current work attempts to increase the prediction accuracy and robustness with selected machine
learning algorithms. A Real battery life cycle data set from the Hawaii National Energy Institute
(HNEI) is used to evaluate accuracy estimation using selected machine learning algorithms and is
validated in Google Co-laboratory using Python. Evaluated error metrics such as Mean Square Error
(MSE), Root Mean Square Error (RMSE), Mean Absolute Error (MAE), R-Squared, and execution
time are computed for different L methods and relevant inferences are presented which highlight the
potential of battery RUL prediction close to the most accurate values.

Keywords: HNEI battery; machine learning algorithms; heat map; Mean Squared Error; Mean
Absolute Error; Root Mean Squared Error; R-Squared Error

1. Introduction

One of the major challenges facing society today is reducing greenhouse gas emissions
Which has prompted the industry’s top producers to promote the progress of electric
vehicles (EVs). Since the majority of end user electronics are motorized by battery-like
technology, and the use of renewable energy sources to generate electricity is expanding
quickly, energy storage has emerged as one of the key sectors. Due to their high energy
density and lengthy cyclical and calendrical lifetime, lithium-ion batteries (LIBs), which
are efficient energy storage systems, have assumed a leading position in powering EVs.
RUL is the required amount of time, which is commonly calculated using the numerical
subsequent charge–discharge cycles, from the active profile point to the end of a battery’s
life. A battery’s lifespan ends when its remaining capacity reaches 70–80% of its initial
value, according to a widely accepted generalization. RUL is a well-liked research area
in the realm of electric battery research because it has an obvious significance for the
assessment of the safety of batteries. The length of time a machine or asset is liable
to function before needing repair or substituent is known as the remaining useful life
(RUL). In addition, it is important to highlight that good management and prediction
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of battery use can significantly contribute to improving the efficiency and sustainability
of energy storage systems, promoting the adoption of clean energy, reducing emissions,
and encouraging innovation and collaboration [1]. In this way, its contribution to several
sustainable development goals is interesting, including, for example, Clean and Affordable
Energy (SDG 7), and Climate Action (SDG 13) [2]. The Battery RUL problem is directly
related to SDG 7 by supporting the development and deployment of affordable, reliable,
and clean energy solutions. In systems relying on batteries, knowing the remaining useful
life allows for efficient planning and operation. By optimizing the use of batteries and
extending their useful life, we can enhance the sustainability of energy systems, promote
renewable energy adoption, and work toward the achievement of SDG 7’s targets for
universal access to clean and affordable energy [3]. In the same vein, solving the Battery
RUL problem contributes to SDG 13 by supporting efforts to combat climate change,
promote renewable energy, reduce greenhouse gas emissions, and enhance resilience in the
face of climate-related challenges. By extending the useful life of batteries and optimizing
their use, we can minimize the environmental and economic impact of battery-related
activities and contribute to a more sustainable and climate-resilient future [4].

The time period may be expressed in terms of days, miles, cycles, or any other number,
depending on the system you are using. RUL prediction offers early failure alerts and has
evolved into a crucial part of system prognostics and health management. Figure 1 shows
deterioration of a machine over time.

Figure 1. Prediction of RUL.

This picture illustrates how a machine degrades over time. Remaining useful life is
calculated as the interval between these two points if A is the current condition and B is the
minimal condition beyond which the machine will fail. RUL can be replaced or maintained
to prevent unforeseen downtime and financial losses if it is forecast in advance. It is crucial
to estimate RUL precisely because it is essential for operations and decision-making. The
study of the most precise RUL calculation has recently gained popularity due to the swift
advancement of situation and health tracking technology. In the most recent modelling
trends for figuring out the RUL the examination places a strong emphasis on statistical
methods that are fact-driven and use the finest readily available historical determined
records and statistical models.

The different procedures that have been suggested and put into exercise to simulate
the degradation of these complex systems have led to the evolution of two techniques:
entirely model-based techniques and information-driven techniques. Due to the model’s
complexity, its universality is also limited and usually impossible to attain. As a result, the
generalization impact cannot be determined. The kinetics of SEI generation and solvent
transportation are considered in a one-dimensional model to examine possible decline
in lithium-ion batteries. This work advises analyzing potential fade at various cyclic
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charge–discharge settings within a lithium-ion electrochemical pseudo-dimensional (P2D)
battery version.

The model exhibits a stronger relationship between battery performance and elec-
trolyte chemical characteristics by combining porosity exchange with electrolyte partial
molar concentration [3]. The changing modern pricing and cut-off voltages are expected to
cause fluctuations in the stable electrolyte interface (SEI) layer. The results show that the
porosity version and convective heat switch coefficient have a substantial impact on the
SEI layer development and battery life.

The semi-empirical cycle aging model for an LFP-based fully cylindrical cell presented
here has been improved as a result of better knowledge of aging phenomena under the
effect of DOD and Ah-throughput variables [4]. It is based on ability loss and is the primary
LLI degradation technique since it takes into account both internal resistance aging and
capacity loss. A Thevenin version has been described with a single RC branch and constant
values for all model parameters. In this work, parameters of similar circuit models that
account for battery aging and qualities for resistance aging, as well as several internal
battery capabilities are included [5].

A substitute is used for random initialization, a prediction model with LSTM is
initialized, and the system parameters are optimized based on test temperature and test
dates, which presents an 89.18% average accuracy [6]. A comparison has been drawn
between Naïve Bayes (NB) and Support Vector Machine (SVM): where NB is employed,
the RUL of Li-ion batteries exhibit stable and better competitive prediction performance
than SVM under constant discharge conditions [7].

A probabilistic-based adaptive estimator is used with caution for both SOE and SOC
estimation using neural networks and information-pushed methodology, and accurate
battery models are examined [8]. The voltage prediction effects that may be more accurate
for the SOC calculation are provided by an electrochemical model and an n ordered RC
equal circuit model. For SOE estimation, the relationship between the terminal voltage
and the model input is often examined using a sliding window neural network model.
The results demonstrate that the proposed voltage mistakes and records pushed neural
network models can produce accurate version predictions.

A weighted least squares assist vector device is used for online estimation of the SOH
of 2D-use lithium-ion batteries. The suggested method has been tested on a variety of
2D-use lithium-ion battery data units under various environmental conditions and battery
types [9]. The results of the application show that, in comparison to the totally BPNN-based
technique and the totally GPR-based approaches, the SOH accuracy anticipated via the
totally WLSSVM-based approach is the best because the suggested approach has a higher
ideal for nonlinear conditions with much less educational information. Battery terminal
voltage characteristics during the charge process for RUL prediction has been considered
Importance Sampling which has been employed in combination with a Feed Forward
Neural Network [10].

In ref. [11] the author worked on a fusion of 3-D CNN and 2-D CNN which yielded a
1.1% test error for battery cycle life and a 36% test error for RUL prediction. The design and
development of a lithium-ion cell version battery management system may also be used to
execute state machines for charge and discharge current limit calculations, fault manage-
ment, contactor management, and other duties [12]. The simulation model for designing
and testing these methodologies includes Li-ion battery cell parameter estimation, battery
packs with 6 and 96 cells, test documents with check cases to confirm state machine logic
and linking requirements to models. Bayesian methodology is a probabilistic method for
forecasting the RUL of a battery. When we initially offer a framework for feature extraction,
we use the RUL estimation model to apply Bayesian inference of linear regression [13].

The lithium battery deterioration model and its RUL can both be accommodated by an
integrated mastering approach that is entirely based on tracking records [14]. The relevance
vector device (RVM), the random woodland (RF), the elastic net (EN), the autoregressive
model (AR), and the lengthy quick-time period memory (LSTM) community are the five
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fundamental rookies used by the ensemble learning approach, which aims to improve
prediction performance [15]. Remaining useful life (RUL) estimation of drilling pumps
and critical components in fossil energy production is carried out with deep feature learn-
ing technique that uses a Convolutional Neural Network (CNN), Convolutional Block
Attention Module (CBAM) [16].

Rechargeable battery systems with attractive potential for commercial applications
are emerging as alternatives to traditional lithium-ion batteries (LIBs). They offer the
promise of higher theoretical energy density and lower production costs compared to
LIBs. However, despite their potential, these emerging lithium-sulfur Batteries (LSBs)
continue to face persistent challenges that hinder their widespread industrial adoption.
These issues include the inevitable dissolution of lithium polysulfide intermediates during
electrochemical reactions and significant volume expansion, sometimes reaching up to 80%,
upon the formation of Li2S. These challenges result in severe limitations on battery lifespan
and safety [17].

In this comprehensive review [18], an overview of the theoretical and experimental
advancements in Ge-based monoelemental and binary two-dimensional (2D) materials
is presented and encompasses various aspects, including crystal structures, as well as
electronic, mechanical, thermal, optical, and photoelectric properties. Furthermore, we
delve into the potential applications of these materials across a wide spectrum, including
field-effect transistors, photodetectors, optical devices, catalysts, energy storage devices,
solar cells, thermoelectric devices, sensors, biomedical materials, and spintronic devices.

Effective monomer design can lead to the creation of a sulfur-containing polymer
with advantageous characteristics. These properties encompass ion and electron conduc-
tivity, high sulfur content, suitable viscosity, processability, and controllable morphology.
These attributes hold significant promise for application in the cathodes of Li-S batteries,
facilitating high capacity and consistent discharge even at elevated rates. This review
provides a concise overview of the latest advancements in cathode materials based on
sulfur-containing polymers [19].

The introduction of lithium iodide (LiI) as a Lewis basic salt serves to prevent the
interaction between LiTFSI and the MoS2 electrocatalyst, thereby inhibiting the formation of
a surface gel layer. This electron-deficient center, induced by the trifluoromethanesulfonyl
group in LiTFSI interacting with the Lewis acidic sites on MoS2, triggers the cationic
polymerization of the 1,3-dioxolane solvent and leads to a reduction in electrocatalytic
activity. As a result of this modification, Li-S batteries incorporating the MoS2 electrocatalyst
and the LiI additive achieve an exceptionally high actual energy density of 416 W h kg−1

demonstrated at the pouch cell level [20].
Despite the notable theoretical energy density associated with lithium-sulfur (Li-S)

batteries, they grapple with practical challenges, notably sluggish conversion kinetics
and the notorious shuttle effect of polysulfides. In response to these challenges, a novel
approach has been introduced involving a nitrogen-doped continuous porous carbon
(CPC) host that firmly anchors monodispersed sub-10 nm FeS2 nanoclusters, referred to as
CPC@FeS2. This innovative host exhibits a robust capability for adsorbing polysulfides,
holding the promise of mitigating the polysulfide shuttle effect and enhancing the initial
stages of the catalytic conversion process [21].

The other sections of this paper are prepared as follows: Section 2 explains the recent
relevant works based on model-dependent and data-driven methods. Section 3 presents the
pre-requisites of the data set, ML Algorithms, and Problem formulation. Section 4 presents
Proposed Methodology of ML Methods for RUL Prediction and estimation of Performance
error indices. Section 5 shows the results of our proposed method and discussion. Finally,
Section 6 offers a conclusion and directions for future work.
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2. Literature Review

To predict the RUL of lithium-ion batteries, completely version-based and statistics-
driven techniques are frequently used. Primarily version-based procedures frequently
make use of an extension of algebraic, differential, and empirical equations. Records-
driven algorithms estimate battery RUL in the realm of mathematical fashions by utilizing
latent mappings between inputs and outputs, hidden correlations between developments
or features, hidden correlations between qualities and skills, and so on [22]. Several
approaches for estimating lithium-ion battery RUL are currently linked. RUL prediction
algorithms are classified into three categories: entirely version-based, facts-driven, and
hybrid. Figure 2 depicts a thorough evaluation of the RUL prediction methods. The
completely version-based approach makes use of modelling that is generally based on
physics to enlarge the degradation and an empirical version to disclose how a linked item
declines with time. Statistic-driven styles, on the other hand, embellish the degrading
version to expand packages using ML approaches and historical statistics. In order to
incorporate the respective advantages of the two models, hybrid-based solutions are finally
developed.

Figure 2. Classification of various RUL prediction methods for lithium-ion battery.

(A) Model Dependent Methods

Algebraic and empirical equations, linked elements, and mathematical models make
up the model-based techniques. They also include a significant amount of empirical data
gathering via experimentation. A physics or regression model can be used to create the
battery’s deterioration behavior, and the results can then be extrapolated to estimate battery
performance.

(A.1) Physics-based model

The physical and electrochemical phenomena that take place inside the battery serve as
the foundation of the physics model. The electrode porosity and reaction kinetics theories
are used to create the physics model for RUL prediction. The physical and chemical
processes, as well as calculating battery states like SOC and SOH, may also be better
understood by using the physics model. The pros and cons of using dynamic models
for the operation and diagnosis of Li-ion batteries are discussed in [23]. The summary of
models and dynamics is succinct but clear, and it also looks at the necessary advancements
for the field’s future. The fundamental processes, including their dynamics, parameters,
and time, must be understood in order to determine battery diagnostics and operation
constants. Compared to other model-based methodologies, the accuracy of physics models
is relatively poor [24]. The demand for batteries is rising as new energy electric vehicles
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and smart grids emerge quickly. An essential component of a system using batteries for
energy storage is the battery management system (BMS). The state estimation approaches
are evaluated in terms of ultimate potential and power estimation, strength functioning
prediction, lifespan and health forecasting, and other important indicators in BMS.

(A.2) Equivalent circuit model

The equivalent circuit model (ECM), which stands based on knowledge of the physical
and chemical processes involved in popular battery production, has been developed. It
is entirely predicated on the idea that different electrical element combinations can result
in outcomes that are electrically comparable to those of a battery. Consequently, a math-
ematical model can be developed using circuit assessment techniques. Additionally, the
employment of ECM results in the simulation of several significant characteristics, such as
the production of power, electricity, and heat under challenging operating conditions [25].
As the SEI movie layer matures, it has been seen that the battery’s internal resistance
continuously rises. Additionally, the electrochemical impedance spectroscopy (ECM) char-
acteristics may be seen using EIS datasets, and RUL can be predicted using a regression
model. One of the most important metrics for assessing the health of lithium-ion batteries
is the electrochemical impedance spectrum (EIS). Ref. [26] outlines a method for online im-
plementation that determines the EIS of lithium-ion batteries using a fractional-order equal
circuit model (FOECM). The parameters of the fractional-order model are first generated
based on measurements of current and voltage using a fractional-order kingdom variable
clean out and the recursive least-squares approach. The parameters that were gathered
are then used to construct the battery’s expected EIS under various ageing scenarios. The
regression version of the estimated EIS spectrum is then utilized to show how the battery is
deteriorating in terms of the rise in internal resistance. Finally, compared to tests applicable
to current FOECM-based regression models, the enhanced regression model is successfully
applied in the context of particle filtering to predict the battery’s final usable lifetime (RUL).

(A.3) Empirical model

The foundation of the empirical model is built by looking at the association between
a wide range of factual aspects. Several battery degradation traits are included in the
empirical model for RUL prediction. Empirical models can predict degradation trends using
empirical formulas or exceptional regression models to represent degradation behavior.
In [27], a framework for RUL prediction based on a logarithmic variant was established,
proving its superiority over conventional empirical models. It is important to carefully
choose version settings related to scalar quantities to prevent the introduction of complex
values for expected ability. A two-term logarithmic variant was built to reflect the 2-
segment nonlinear concave degradation of cylindrical-type Li-ion batteries. The proposed
design accurately captured the inflection factor of the two-section concave deterioration.
Reference [28] recommended a dual EKF (DEKF) based entirely on the Thevenin model for
estimating battery kingdom. When a primary-order Taylor expression was employed for
country estimate, the DEFK was used to convert a non-linear state and statement expression
hooked on a linear feature. The empirical model remains a non-linear system, therefore
conventional KF remains appropriate. The equivalent circuit version is constructed from
basic circuit components, and the modelling process is challenging. The form acts as a
real replacement for the outside function switch of battery charge and discharge. The
comparable circuit version’s parameter identification is rather straightforward; as a result,
it is frequently used. As a result, we created the second-order Thevenin equal circuit version
as well as the RC version.

(B) Data-driven-based Techniques for RUL Prediction

Utilizing past data, data-driven context predicts the rate of battery degeneration. At
this time, it is still unclear how data-driven models function and propagate. Without using
physics-based methods, the weight limitations in the data-driven mathematical context
are determined using the training data. Recently, the flexibility and applicability of data
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driven models have attracted attention on a worldwide scale. Three categories can be made
to classify the RUL estimation techniques created with data-driven methods: machine
learning (ML), statistical methods, and signal processing.

(B.1) Machine learning (ML)

RUL can be predicted using model-based, statistics-driven, or hybrid strategies using
historical data or direct statistics extraction. Developing version-based strategies in complex
devices is particularly challenging, expensive, and time-consuming because it calls for a
great deal of skill outside of the realm of machine learning, because data-driven tactics
mainly rely on machine learning (ML) techniques.

The component’s maximum useful life (MUL) is one of the most significant indicators
of expected failure. The studies on RUL prediction using ML approaches are described
in [29]. It is difficult, expensive, and time-consuming to develop totally version-based
procedures in complex equipment since it requires extensive outside device expertise.
Statistics-driven techniques had been heavily reliant on machine learning (ML) procedures.

Machine learning is employed in [30] to predict battery cycle life and early pleasant
class throughout manufacture. Information-driven machine learning algorithms have been
used to forecast and classify the early success of battery manufacture. The predictive power
of linear regression models and artificial neural networks (ANNs) were investigated using
a variety of datasets. However, the linear regression shows an equivalent look at errors
of about 13% when only a few enter features are used. The focus of the RUL prediction
investigation was on three top-ranked regions [31]. The first entails compiling battery data
using publicly and commercially available Li-ion battery data sets. The second part of the
section involves estimating battery statuses using a battery management system [32]. The
symbolic regression machine learning algorithm was used to anticipate the final useful
existence of these batteries. A single methodology for batch categorization, unit utilization,
and battery recycling is provided by the information-pushed device mastery method used
to anticipate strong state battery life. Offline training and online correction of data driven
models for RUL prediction has been worked and the author inferred that a reduction of
40% in Root Mean Square Error and 34% in mean uncertainty calibration error is achieved
with the augmented model [33].

(B.2) Statistical approach

The method of building a model for RUL prediction is statistical. A capacity deteriora-
tion model was created using data from earlier measurements. The application of statistical
modelling is straightforward and precise. In the subsections below, a few of the statistical
techniques utilized for RUL prediction are displayed.

(a) Autoregressive integrated moving average (ARIMA) technique

For battery RUL estimation, the ARIMA typical mostly substitutes the Autoregressive
version due to the predominance of underfitting at some point in version schooling. To
alleviate the problems associated with underfitting, ARIMA combines a shifting common
approach with an autoregressive model. A novel hybrid Elman-LSTM approach for estimat-
ing the amount of usable existence that a battery has left was developed using Elman neural
networks, long and short-term memory, and empirical model decomposition. This method
is made available by way of [34]. The recorded battery potential versus cycle number
data is broken down into several sub-layers using the empirical version decomposition
set of rules. Then, utilizing Elman neural networks and recurrent long and short-term
memory, high- and occasional-frequency sub-layer forecasting is performed. Large battery
test datasets were used to parameterize the models and assess their performance. The
appropriate HI for RUL prediction was determined using the capacity regeneration profile
data from the state of health (SOH) estimation. When compared to the RVM, echo state
network (ESN), and traditional ARIMA models, the determined RUL errors become in-
significant. The performance of the model can be enhanced through PDF computation,
as shown in [35]. A fractional-order equal circuit device is created using a combined Ge-
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netic Algorithm/Particle Swarm Optimization technique. The model is able to predict the
voltage response using cycle-based comprehensive testing with a root-mean-squared error
below many others. A dual fractional-order prolonged Kalman filter is suggested in order
to obtain concurrent SOC and SOH estimates. Combining GM (1, 1), the ARIMA model,
and the Variational mode decomposition (VMD) denoising scheme allowed us to forecast
RUL, as is shown in Figure 3.

Figure 3. ARIMA based RUL prediction.

(b) Grey model technique

Enhancing the grey prediction classical means that we can use it to predict the number
of users in a public road transportation system [36]. For evaluating the behavior of an
unknown system, only small amounts of data are necessary. The forecasts are based on
a small number of data points. Three different strategies are used in three different grey
prediction models that have been presented to boost accuracy. To achieve the prediction
of time series, these models convert discrete sequences into a continuous and dynamic
differential equation. Each grey model is denoted by the notation GM (H, N), where H is
the number of variables and N is the order of the differential equation. Small amounts of
data are needed by the grey models to estimate the behavior of an unidentified system. The
grey prediction model is described in greater detail in the ensuing subsections.

With the appropriate optimization of the extracted HI, the accuracy of the grey model’s
performance was increased [37]. The suggested model showed great accuracy, robustness,
and dynamic flexibility. However, taking into account dynamic circumstances such as EV
application, the provided results may vary. The RUL is predicted using an improved grey
model, GM (1, 1), based on the HI that has been given. The experimental findings demon-
strate the effectiveness and precision of the suggested strategy for battery degradation
modelling and RUL prediction.

(B.3) Signal processing approach

With the help of the signal processing technique, significant data can be extracted.
Data augmentation is one of the traits of signal processing methods. To estimate battery
RUL, one can utilize a signal processing method. The DWT method is used to split a signal
into its component parts. Although the DWT technique is rarely used for battery RUL
prediction, it is commonly recognized for removing noise during the pre-processing of
battery data. In ref. [38], lithium-ion battery remaining useful life prediction is performed
using discrete wavelet transform. The remaining usable life and health are important
factors in determining how safely and reliably an electric vehicle operates. Several methods
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have been used to estimate the RUL and SOH, with a focus on capacity loss, internal
resistance growth, voltage drop, self-discharge, and cycle count. Most works only take
batteries into account in specific circumstances. The model and identification techniques
are the most crucial elements in figuring out how accurate the prediction results would be.

3. Problem Formulation

(A) Data set

The overall performance of a battery diminishes for a variety of reasons, and the
reduction is not necessarily linear. Battery becoming older facts are required to develop
an RUL prediction set of rules and compare its balance and correctness. In the early
days of lithium-ion technology, battery life was limited. As a result, many ageing checks
are required to swiftly acquire battery growing older facts. Numerous charge–discharge
charges and ambient temperature are the most commonly utilized pressure parameters.
However, apparent battery aging checks take time, and complex and expensive sign
collection equipment is required to extract battery attributes from multiple aging cycles.
Several researchers have used publicly available battery information to validate their RUL
prediction algorithms. The Hawaii Natural Energy Institute evaluated 14 NMC-LCO
18,650 batteries with a nominal capacity of 2.8 Ah after being cycled over a thousand times
at a temperature of 25 ◦C with a CC–CV rate of C/2 and a discharge price of 1.5C. The
unique dataset is used to create features that emphasize the behavior of the voltage and
current over the course of each cycle. These characteristics can be used to calculate the
batteries’ ultimate beneficial life (RUL). The dataset contains summaries for the 14 batteries.
Finally, voltage, current, and time are used to extract seven functions from the original
datasets. The goal is to forecast the battery’s RUL using these features. The characteristics
are listed in Figures 4–6:

Figure 4. Profile of features F1, F2 and F3 in Voltage Discharge Cycle.
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Figure 5. Profile of features F4 and F5 in Voltage charge Cycle.

Figure 6. Profile of features F6 and F7 in Current charge Cycle.

Characteristic features:

• Cycle Index: number of cycle;
• F1: Discharge Time (s);
• F2: Time at 4.15 V (s);
• F3: Time Constant Current (s);
• F4: Decrement 3.6–3.4 V (s);
• F5: Max. Voltage Discharge (V);
• F6: Min. Voltage Charge (V);
• F7: Charging Time (s);
• Total time (s);
• RUL: target.

The battery life cycle databases that are available to the general public do not provide
ready-to-use data for the assignment in [39]. Despite the fact that they incorporate various
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factors such as voltage (V), current (A), time (S), discharge and fee capability (Ah), and
charge and discharge energy (Wh), not all of these factors can be employed for this enter-
prise. Voltage, cutting-edge, and time are the best inputs allowed. However, using such
variables as inputs right away is impractical because they provide worthless information
and are insufficient to construct a version. As a result, they must be used as a starting point
and adjusted to produce new qualities, which the neural community can use to educate.

(B) Elucidation of ML Algorithms

Machine learning (ML), a completely AI-based technique, teaches a machine to mimic
human behavior in order to carry out previously impossible tasks. It also encourages
communication between individuals and ML systems in order to make ML outcomes intel-
ligible to humans. Figure 7 depicts the extensive classification of gadget learning methods.
The ML era has the potential to improve both prognostic accuracy and computing efficiency
for predicting the RUL of Li-ion-based batteries. Machine learning aims to discover styles
and laws mechanically, using data experiments or in-person interactions [40].

Figure 7. Classification of Machine learning algorithms.

This type of guide vector tool technique has grown in popularity during the last
ten years. While using the technique as a regression strategy, its critical functions can be
maintained. When records are regressed using the SVM, it is known as support vector
regression (SVR). The RUL for Li-ion batteries can be predicted using the SVR technique.
We decided to use a hybrid version of the SVR particle elimination technique [41]. For the
terminal life cycle, an RUL prediction version that would offer the charge of RUL while
updating the possibility distribution was provided. The results confirmed the efficacy of
the cautioned RUL function prediction algorithms.

A simple and effective technique called KNN has been widely used in sample recogni-
tion for categorization. Using KNN and a specific number (k) of its closest neighbors in the
feature area, a testing factor is categorized. These neighbors are chosen from a selection of
educational websites with the right established categories. KNN regionally approximates
the feature and waits to compute it because it is a lazy studying collection of rules [42].

Supervised Learning:

The supervised learning approach uses an enter-and-output pair-based learning
dataset with the goal of implicitly establishing the mapping and intentional links be-
tween the inputs and outputs. The enter-and-output pairs’ class output for the education
dataset addresses a constrained set of discrete classes that need labelling. Information
input and output are mapped as the basic goal of supervised learning. As it depends on
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supervision, supervised learning is analogous to when a student studies under a teacher’s
direction. Two further sorts of supervised learning issues can be identified:

(i) Classification;
(ii) Regression.

Unsupervised Learning:

Unsupervised learning is a sort of machine learning in which the computer is free to
make decisions based solely on the information provided. The algorithm wishes to act on
those records without supervision, thus the unsupervised models may be trained using the
unlabeled dataset, which is neither categorized nor labelled. The version in unsupervised
learning digs through the enormous number of facts in search of insightful data rather than
providing a deliberate outcome. They are used to overcome the Association and Clustering
difficulties As a result, they can be split into two groups:

(i) Clustering;
(ii) Association.

Reinforcement Learning:

When an agent uses reinforcement learning, it engages with its surroundings and
learns from the feedback it receives. The agent receives feedback in the form of prizes;
for instance, he gets a high compliment for every admirable activity and a bad reward for
every distasteful conduct. The agent is not subject to any supervision. The decision-making
process, which includes reinforcement algorithms, can be further divided into:

(i) Q-learning;
(ii) R-learning;
(iii) TD-learning.

Some of the popular machine learning algorithms which are used for prediction
purpose are:

1. Linear Regression Algorithm;
2. Random Forest;
3. Decision Tree;
4. Support Vector Machine;
5. Naïve Bayes;
6. K-Nearest neighbor;
7. Gradient Boosting Regressor;
8. Deep Neural Network;
9. K-means Clustering;
10. Q learning.

(C) Work Objective and Problem Formulation

A twofold objective is proposed for the present work. The first step is to extract and
build new features based on voltage, current, and time from the given source datasets. And
the second is to predict a battery’s RUL by working with machine learning methods using
Python 3.6.8 in Google Co laboratory. The methods employed produce the outcome in
terms of performance evaluation metrics like MSE, MAE, RMSE, and R2.

4. Proposed Methodology

(A) Framework for RUL Prediction

Although data-driven models can train quickly since they are based on historical
data, choosing the right hyperparameters for effective model training requires human
judgement. In this research, we suggest a novel RUL prediction framework. RUL prediction
implementation is broken down into three stages, which are covered below.

Stage 1: Extraction of characteristics from considered dataset and subsequent pre-
processing of data is performed.

Figure 8 shows the stage 1 flow chart. Here the battery dataset is obtained from Hawaii
Natural Energy Institute (HNEI). By evaluating the charging profile data and capacity the
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input parameters voltage, current, and time are chosen, methodical sampling is employed.
The capacity degradation data are attained from discharging cycles, and normalizations of
data are done in this process.

Figure 8. Extraction and Processing of data.

Stage 2: Data Division and Model Training
Figure 9 shows the flow chart of the stage 2 process. In the second stage, the data are

divided into two components to facilitate model training, i.e., train and test the data. By
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using the hit and trail method for solution of focused parameters input features are selected
and suitable algorithms are applied.

Figure 9. Data division and model training.

Stage 3: Prediction and Investigation
In the last stage, as displayed in Figure 10, RUL prediction and performance indices

are calculated by Root Mean Square Error (RMSE), Mean Absolute Error (MAE), Mean
Square Error (MSE), and Root Square (R2), and various training dataset combinations
are employed.

Figure 10. Prediction and Investigation of data.

(B) Selected ML Algorithms

The efficacy of a battery is determined by determining its remaining usable life.
Through the identification of elements that will raise and improve their efficiency, it sup-
ports the development and testing of numerous EV variations. The method involves a
number of parameters. Engineering difficulties with non-linearity and complexity can
be modelled using machine learning approaches. ML approaches offer a non-invasive
alternative with good accuracy and little processing, in contrast to the temporal constraints
of battery degradation. The report provides a thorough and impartial assessment of the dif-
ficulties. Individual studies of numerous RUL evaluation methods are conducted. Finally,
an overview that focuses on applications is provided, emphasizing the benefits in relations
of accuracy and efficiency. The planned technique has six different algorithms that are used
for obtaining the values of MSE, MAE, RMSE, and R Squared error. Figure 11 shows the
flow chart for the proposed method.
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Figure 11. Flow chart for proposed method.

Random Forest Regression:

Random Forest, RF, may be applied for each type and regression, and it can manage
a tremendous quantity of information. Many parallels exist between decision tree and
random forest. The most basic distinction is that after the set of rules is run at some time in
education, RF generates a larger number of DTs. The three primary benefits of using RF are
that it eliminates the overfitting problem, has extremely high predictive accuracy, and is
simple to use. The Gini index, which is frequently used, must be understood when using
random forests that are entirely dependent on categorization data. The formula used to
decide how nodes on a decision tree branch is given below.

Gini = 1 − ∑c
i=1(pi)

2 (1)

The capacity to anticipate batteries for the purpose of maintaining a consistent supply
of energy and the best possible use of that energy, remaining usable life (RUL), must be
calculated beforehand. When it comes to accurately anticipating the battery management
systems’ state of charge, we decided to forecast RUL using a random forest model. With the
help of this model, data may be gathered, pre-processed, and classified in order to forecast
RUL. In terms of R2 and Root Mean Square Error (RMSE), the simulation is run. According
to the findings, the ensemble random forest model has a greater level of prediction accuracy
shows in Table 1. The random forest approaches utilized for RUL prediction are depicted
in Figure 12.
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Table 1. Features of random forest method.

Parameter Value/Description

n_estimators 42

Max_features 09

Min_sample_leaf 10

Criterion Gini Impurity

Max_leaf_nodes 10

Figure 12. Flow chart for RF method.

Decision Tree Regression:

Although it can also be used to address regression problems, the decision tree approach
to supervised learning is commonly used to solve classification problems. It is properly
suited to each unique and continuous variable. Figure 13 depicts a tree-like structure with
nodes and branches, beginning from the root node and progressing along extra branches
to the leaf nodes. The central node represents the dataset’s features, whereas branches
indicate decision-making techniques, and leaf nodes represent results.

Figure 13. Decision tree Regression.

To determine which direction the node should head in, entropy analyzes the likelihood
of a chosen outcome. It is more theoretically difficult to calculate than the Gini index since
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it uses a logarithmic feature. Entropy can also be used to analyze the branching patterns of
nodes in a selection tree.

Entropy = ∑c
i=1 −Pi ∗ log2 Pi (2)

The DT classifier generates a final tree with leaves that reflect the final prediction and
branches that represent the observations [43]. The dataset is split up into a number of
subsets while the process is running, and these subsets are subsequently utilized to create
the DT. The well-known classifier DT is applicable to both classification and regression.
DT can therefore be applied to both numerical and categorical data. DTs are useful in a
range of applications because they work well when the dataset contains missing values.
Figure 14 shows the steps for predicting decision tree regression for RUL calculations shows
in Table 2.

Figure 14. Decision tree regression for RUL.

Table 2. Features of decision tree method.

Parameter Value/Description

Splitter Random subset of features

Max_depth -

Min_sample_split Two

Criterion Gini

Max_leaf_nodes -

Min_sample_leaf One

Max_features Nine

Class_weight -

Min_weight_fraction_leaf -

Linear Regression (LR):

Linear regression is one of the most well-liked and straightforward device mastery
procedures for predictive evaluation. Predictive analysis is used to explain what is pre-
dicted, and linear regression anticipates continuous values such as age, profitability, and
other factors. In response to the unbiased variable (x), the dependent variable (y) adjusts,
and the linear dating between the structured and independent variables is confirmed. The
regression line is the path that aims to maximize the statistics among the dependent and
independent variables. The equation for the regression line is:

y = a0 + a∗x + b (3)

where y = dependent variable; x = independent variable; and a0 = Intercept of line.
Procedures for linear regression are applied if the output is a continuous variable.

Instead, grading algorithms are utilized when output is classified into categories like
pass/fail, good/average/bad, etc. [44] shows in Table 3. The LR method is the basic
regression algorithm, but we also have other regression algorithms or classifying behaviors.
Figure 15 displays the flow chart for the linear regression model.
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Table 3. Features of linear regression.

Parameter Value/Description

Linearity Relationship between x and mean of y

Homoscedasticity For any value of x, variance of residual is same

Observations Independent

Normality For any fixed x, y is normlly distributed

Figure 15. Flow chart for linear regression.

Gradient Boosting Regression:

An electric vehicle’s battery management system must be reliable and durable in order
to anticipate the state of charge. Lithium-ion batteries are heavily dependent on ageing
information, which is occasionally pricey, or no longer accessible online. For the purpose
of electrical car programs, it is strongly advised in [45] that the state of rate estimate of
lithium-ion battery systems be carried out using a gradient boosting approach, which may
also accumulate the nonlinear relationship model through offline training. The intensive
gradient boosting methodology, which successfully works and accelerates, is used in the
tree-based learning method.

To correct the flaws in the prior model, gradient boosting tree ensembles upload more
timber at each stage. Those models are typically applied when the heterogeneity of the
features is excessive. Unlike other boosting techniques like AdaBoost, this uses gradients to
identify flaws. Additionally, the Gradient Boosting model is more resilient against outliers
than the AdaBoost approach [46]. Evidently, gradient boosting is an expanded form of
AdaBoost that is capable of handling unique loss features showed in Table 4. Typical
loss features used in regression models include “huber” and “absolute” loss capabilities.
More protection against outliers is provided by these loss features than by squared loss
capabilities. We employed the Huber loss function as the loss function parameter in our
gradient boosting regressor model. x Consider a training set (xi, yi) with i = 1, 2, 3, . . .,
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N and a differential loss function (L(yi, z), here referred to as “deviance”), where z is the
predicted value. Set the model’s parameters to:

f0(x) = argminz∑
i=n
i=1 L(yi, z). (4)

Table 4. Features of gradient boosting regression method.

Parameter Value/Description

n_estimators 500

Max_features Nine

Learning rate 0.1

Random_state 100

For each observation in each tree calculate the gradient which is given by:

θjm = argminz∑ L(y, z + f (xi)). (5)

Now, update the model of the succeeding tree with the gradient of the previous tree.
This is given by:

fm(x) = fm−1(x) + ∑j=Jm
j=1 ljm ∗ I. (6)

For each x which belongs to the region of that tree (i.e., Rjm), the overall output is given
by fm(x).

The steps evolved for prediction of RUL using GBR are given below:

Step 1: Load the data.
Step 2: Define the target variables.
Step 3: Split the data into training and test sets.
Step 4: Initialize the GBR.
Step 5: Model the training data.
Step 6: Predict the target.
Step 7: Evaluate the performance.

Known as a Bayesian network, certain types of probabilistic graphics use Bayesian
reasoning to calculate probabilities. Bayesian networks represent conditional dependency
as edges in a directed graph with the objective of explaining conditional dependence and,
by extension, causality. Using factors, these correlations can readily be exploited to extract
data about the random variables in the graph [47].

To fully comprehend a Bayesian network, it is necessary to first grasp probability
theory. It is vital to remember that the joint probability distribution of the random variables
A_0, A_1, . . ., A_n, abbreviated as P(A_0, A_1, . . ., A_n), equals P(A_1|A_2, . . ., A_n) *
P(A_2|A_3, . . ., A_n) *... * P(A_n). As it comprises N components, each with a localized
probability, we can think of it as a factorized representation of the distribution.

P(
n⋂

k=1

Ak) =
n

∏
k=1

P(Ak|
k−1⋂
j=1

AJ ) (7)

A and B are independent as long as C has a known and stable value. Remember
that the conditional independence between the random variables A and B equals C * P B,
assuming that C is the only other random variable. This can also be expressed in the way
we will utilize it, which is C = A community software.

A Bayesian network’s nodes and edges are directed acyclic graphs that represent
conditional relationships and discrete random variables, respectively. Because the region
(A, B) within the graph that implies A connects the random variables A and B, the joint
opportunity distribution explicitly considers this. In order for it to execute inference, we
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must be aware of the P(B) possible values of A and B. Bayesian networks satisfy the nearby
Markov asset, which asserts that a node is conditionally independent of its non-descendants
given its parents. After simplification, In the Table 5 joint distribution of a Bayesian network
is equal (mother and father(node)), as shown below:

P(X1....Xn) =
n

∏
i=1

P(Xi|X1, ....Xi − 1) =
n

∏
i=1

P(Xi|parents(Xi)) (8)

Table 5. Features of Bayesian Network.

Parameter Value/Description

Probability Posterior—updated after evidence is
considered

Conditional independence Subset of variables

Directed acyclic graph Continued valued variables

This feature allows us to drastically reduce the amount of processing required in larger
networks because most nodes often have few parents relative to the size of the network as
a whole.

(C) Performance Error Indices

To assess the model’s accuracy and gauge how well it is functioning in its predictions,
the process of developing system mastering models must include this step. The evalu-
ation metrics vary depending on the problem type. The main issue with the regression
problem—possibly the most famous example of this kind of issue—is that a dataset’s
objectives can only include real values [48]. The errors display how frequently the version
makes erroneous predictions. The fundamental concept behind accuracy evaluation is to
use a set of criteria to compare the original aim with the anticipated one. Following are the
evaluation metrics:

C.1. MAE (Mean Absolute Error) is the difference between the original and predicted
values calculated by averaging the absolute difference over the facts set. As the projected
aim is the same, MAE is primarily a degree of accuracy for the labored model expressed on
the same scale. If MAE is closer to zero, the more accurate the model is.

Mean Absolute error =
1
n∑n

i=1(yi − ŷ) (9)

C.2. MSE (Mean Squared Error) depicts the variance between the original and pre-
dicted values as determined by square rooting the mean variance throughout the data set.

Mean Square Error =
1
n∑n

i=1(yi − ŷ)2 (10)

C.3. The error rate by the square root of MSE is known as (Root Mean Squared Error)
RMSE.

Root Mean Square Error =
√

MSE=

√
1
n∑n

i=1(yi − ŷ)2 (11)

C.4. R-Squared (Coefficient of determination) represents the degree to which the
values fit the initial values. the proportions of values in the range of 0 and 1. The model
improves as the value increases.

R Squared = 1 − ∑(yi − ŷ)2

∑(yi − y)2 (12)
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5. Results Analysis

Heat Map:

To show how closely related various factors are, these coefficients are presented as
a warmth map. It aids in locating trends that are useful for constructing device learning
models. The warmth map converts the correlation matrix into a color-coding system. The
correlation matrix displays how the variables are connected to one another on a scale of −1
to 1, with 1 signifying an extremely bad connection and −1 a flawless exceptional correla-
tion. The main function of the Heatmap in Seaborn is to show a color-coded correlation
matrix enabling easy visualization of the relationships between the statistical data.

From the heatmap in Figure 16, it can be inferred that:

• Features Time Constant Current’ and Charging Time have a strong positive correlation
with a value of 0.95.

• Features ‘RUL’ and ‘Maximum Voltage Discharge’ also have a strong positive correla-
tion with a value of 0.78.

• Another positive correlation is between features ‘Time at 4.15 V’ and ‘Discharge Time’
with a value of 0.78.

• Feature ‘Minimum Voltage Discharge’ has a strong negative correlation with features
‘RUL’ and ‘Maximum Voltage Discharge’ with values −0.76 and −0.72, respectively.

Figure 16. Heat map for the features of the source dataset.

Table 6 illustrates the numeric RUL prediction errors of the Hawaii Natural Energy
Institute (HNEI) dataset’s batteries. In addition, it compares ML strategies. We looked
at five separate machine learning algorithms for predicting assessment metrics and the
range of evaluation predictive accuracy. In this case, the records are educated, and the high-
quality version forecasts are evaluated using the four outstanding overall performance error
indices MSE, RMSE, MAE, and R-Squared. In this case, inputs are defined for a wide range
of voltages, moderns, and temperatures for separate charging and discharging cycles. This
provides a simple framework for including an expansion of input features for prediction,
as well as general elapsed real time for training all algorithms. The battery RUL problem
is crucial for the efficient and reliable operation of battery-dependent systems and is an
active area of research and development, particularly in industries where batteries play a
vital role in powering critical applications. Predicting RUL accurately can help extend the
lifespan of batteries, reduce maintenance costs, and enhance overall system performance
and safety [49].
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Table 6. Comparison of ML methods with evaluation metrics.

ML ALGORITHMS MSE RMSE MAE R-Squared TIME

Random Forest
Regression 14.1186 3.7574 2.0930 0.9998 0.0651

Decision Tree
Regression 26.8489 5.1816 2.2296 0.9997 0.1510

Linear Regression 54.5430 7.3853 4.6441 0.9994 0.0248
Bayesian network 54.5478 7.3856 4.6483 0.9993 1.2356
Gradient Boosting
Regression 57.4476 7.5794 4.9842 0.9990 2.5640

In summary, the battery RUL problem is closely related to various Sustainable De-
velopment Goals, particularly those related to clean energy, sustainable infrastructure,
climate action, responsible consumption, economic growth, and collaboration. Addressing
the battery RUL problem through research and innovation can contribute significantly to
achieving these global sustainability development goals:

Affordable and Clean Energy (SDG 7): one of the targets of SDG 7 aims to ensure
access to affordable, reliable, sustainable, and modern energy for all. Batteries play a
crucial role in energy storage and the transition to renewable energy sources such as solar
and wind. Extending battery run-time can make these energy sources more reliable and
accessible, helping to achieve the goal of clean and sustainable energy for everyone [50]. In
systems relying on batteries, knowing the remaining useful life allows for efficient planning
and operation. This information helps to ensure that energy storage systems and devices
continue to function reliably until the end of their expected lifespan [51].

Climate Action (SDG 13): It’s aims to combat climate change and its impacts. Batteries
are essential for electric vehicles and renewable energy systems, both of which play a critical
role in reducing greenhouse gas emissions. Improving battery run-time can accelerate
the adoption of these technologies and contribute to mitigating climate change. Further
regarding goal 13.1, one of the key targets is to strengthen resilience and adaptive capacity
to climate-related hazards and natural disasters [52].

The comparison graph of RF, DT, LR, BN, and GBR are shown in Figure 17 and it is
observed that the random forest regression (RF) method achieves the best value in MSE
measurement with 14.1186 which is lower than all the other four methods. Therefore, this
learning prediction method has higher robustness and better applicability. Accurate esti-
mation of a battery’s remaining useful life is crucial in various climate-related applications,
such as renewable energy systems and electric vehicles. By optimizing battery usage and
ensuring batteries operate at their full lifespan, we can reduce the need for premature
replacements and the associated environmental impacts, such as the carbon footprint of
manufacturing and disposing of batteries [53].

Figure 17. Mean Squared Error for different machine learning methods.
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Figure 18 shows the training and prediction result for battery RUL prediction based
on RMSE evaluation. It can also be seen that the random forest (RF) model stages the best
performance for RUL prediction in terms of RMSE. This also verifies the advantage and
superiority of all the five different machine learning algorithms.

Figure 18. Root Mean Squared Error for different machine learning methods.

The MAE prediction of battery RUL is shown in Figure 19. This also verifies five
different ML algorithms for prediction and determines that the random forest regression
model has a good prediction capacity for determination of a battery’s RUL. This also
validates the effectiveness of the model for prediction.

Figure 19. Mean Absolute Error for different machine learning methods.

The statistical indicator R-Squared is predicted for RF, DT, LR, BN, and GB as shown
in Figure 20. This performance indicator describes the amount of uncertainty explained
by an independent variable. From these performance error indices, it determines which
approach achieves good efficiency with the other outperformed all the other methods.

The main contribution of this study is that it finds the optimized version and effectively
captures characteristics of RUL model prediction with less execution time. Figure 21
shows the execution time obtained for all five of the ML algorithms to perform different
performance error indices. This also shows the shorter training time and advantage features
of all the models proposed for prediction of RUL.
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Figure 20. R-Squared Error for different machine learning methods.

Figure 21. Time taken by different Machine Learning Methods.

In addition, the following two SDGs are also positively impacted by addressing battery
run-time problem:

Responsible Consumption and Production (SDG 12): Sustainable batteries that last
longer reduce the frequency at which batteries need to be replaced, resulting in less waste
and fewer raw materials used in manufacturing. This aligns with SDG 12’s target to ensure
sustainable consumption and production patterns. Replacing batteries prematurely can be
costly, especially in applications such as electric vehicles, where batteries are a significant
part of the overall cost. Accurate RUL predictions help optimize the replacement schedule,
reducing unnecessary expenses, waste, and raw materials used [54].

Industry, Innovation, and Infrastructure (SDG 9): SDG 9 emphasizes the development
of resilient infrastructure and the promotion of sustainable industrialization. Longer battery
run-time can contribute to the development of more efficient and sustainable transportation,
communication, and industrial systems, reducing energy waste and promoting sustainable
infrastructure [55].

The profile of the five performance error indices of the given data set using all five
different machine learning algorithms is shown in Figure 22.
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Figure 22. Error indices for different Machine Learning Methods.

6. Conclusions

This article studied the RUL prediction for the Hawaii Natural Energy Institute’s
(HNEI) real life battery dataset with various machine learning algorithms such as linear
regression, gradient boosting, random forest, decision tree, and the Bayesian network.
Subsequently the error metrics such as Mean Square Error (MSE), Root Mean Square Error
(RMSE), Mean Absolute Error (MAE), R-Squared, and execution time were determined
for the considered battery dataset. The proposed data driven model with all the ML
algorithms was executed in python with Google Co-laboratory. Each algorithm exhibited a
notable deviated relevancy with regard to the different system error indices. It is observed
from the obtained results that the random forest method had better optimized evaluation
metrics with less execution time and was also well suited for accurate RUL prediction. A
heatmap in seaborn was also generated for the dataset where voltage, current, and time
were considered to extract seven functions from the original datasets. A correlation matrix
has also been computed to illustrate the association between the coefficients as presented
in the warmth map.

In a global context, where energy sector emissions represent more than 75%, it is
important to highlight that good management and prediction of battery use can significantly
contribute to improving the efficiency and sustainability of energy storage systems. In
addition to promoting the adoption of clean energy, good battery management can help
reduce sector emissions and encourage innovation and collaboration between members of
the supply chain. In this way, the proposed methodology is interesting for its contribution
to several sustainable development goals, such as Clean and Affordable Energy (SDG 7),
and Climate Action (SDG 13).

The research findings highlighted in this article may be useful for the researchers
in predicting the battery RUL accuracy enhancing the overall battery efficiency. Future
research can be focused on further improving the accuracy of prediction by employing
Deep Learning, Hybrid Learning algorithms.
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Abbreviations

Abbreviation Explanation

LIB Lithium-ion battery
RUL Remaining useful life
SOH State of health
SOC State of charge
ML Machine learning
SVR Support vector regression
KNN K-Nearest neighbor
DT Decision Tree
GBR Gradient Boosting Regressor
DNN Deep Neural Network
MAE Mean Absolute error
MSE Mean Square Error
RMSE Root Mean Square Error
HNEI Hawaii National Energy Institute
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Abstract: The goal of this research is a static geographic comparison of the degree of Sustainable
Development Goal 8 (SDG8) implementation and to compare its dynamics for the European Union
(EU) in the period of 2002–2021 with the consideration of the COVID-19 pandemic. The level of
implementation of the 2030 Agenda for Sustainable Development objectives is monitored both jointly
and individually. This research uses the COPRAS, the Dynamic Time Warping (DTW) and the
hierarchical clustering methods. The study confirmed the geographical diversity in the degree of
SDG8 implementation. Nordic countries have the highest degree of implementation, while Greece,
Spain, Italy, Romania and Slovakia have the lowest. Some less-developed countries (Czechia, Poland
and Malta) were in the cluster where the implementation improved, and some well-developed
countries (France, Luxembourg and Portugal) were in the cluster in which the situation did not
improve or improved at a low degree. It was not possible to identify geographical diversity in the
dynamics of changes in the degree of SDG8 implementation. The COVID-19 pandemic caused the
decline in the degree of SDG8 implementation. The added value of the study consists of comparing
the dynamics of the degree of implementation of SDG8 using the DTW method. The obtained
conclusions may help to create policies for EU countries in this regard.

Keywords: sustainable development; SDG8; COPRAS method; dynamic time warping; hierarchical
clustering; COVID-19

1. Introduction

In 2015, the United Nations General Assembly approved the universal 2030 Agenda
for Sustainable Development [1]. It includes 17 distinct Sustainable Development Goals
(SDGs) and 169 individual targets under these goals. They were at first thought to be
aspirational and global goals, and national governments were expected to decide how
they should be integrated into national planning, policy and strategy processes. The goals
were seen as milestones, setting the direction of changes but not defining implementation
at the national level. The level of achievement of individual goals is monitored. Studies
such as this one are carried out both for all the goals together and for individual goals.
The conclusions of the evaluation activities are intended to assist in their implementation.
Undoubtedly, disruptions in their implementation may be caused by crises of a local nature,
i.e., affecting one country. However, due to the globalisation of socio-economic processes,
the greatest disruptions to the implementation of the Sustainable Development Goals are
brought about by crises of a global nature. Reporting on progress towards the Sustainable
Development Goals is extremely important in terms of creating appropriate policy [2]. An
analysis of trends in publications in the area of the Sustainable Development Goals shows
that one of the less highlighted goals is Sustainable Development Goal 8 (SDG8—Decent
Work and Economic Growth) [3].

The goal of this research is a static geographic comparison of the degree of Sustainable
Development Goal 8 implementation and to compare its dynamics for the European Union
(EU) in the period 2002–2021 with the consideration of the COVID-19 pandemic. The
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analysis was conducted in two planes. The first one was a static analysis in which the EU
countries were divided into homogeneous clusters with regard to the degree of achievement
of SDG8 in selected years: 2002 (the beginning of the research period), 2009 (the peak of the
financial crisis) and 2021 (the health crisis resulting from the COVID-19 pandemic). The
second aspect was a dynamic analysis that compared the dynamics of the degree of SDG8
implementation and the influence of the COVID-19 pandemic. The following research
methods were applied: linear ordering using the COPRAS method, the Dynamic Time
Warping method and a hierarchical cluster analysis with the application of Ward’s method.
The stated research objective is to identify the most divergent countries from those with
the highest degree of SDG8 implementation (static analysis). The objective of the dynamic
analysis was to identify groups of countries with a similar direction of change in the degree
of SDG8 implementation. This may allow similar policies to be implemented to support
sustainable development. The dynamics of the composite measure will identify which
clusters of countries were most severely affected by the pandemic and which would require
specific support. The use of less frequently used statistical and mathematical methods in
the construction of composite measures can be considered an added value of the study [3].

This paper is organised as follows: Section 2 contains a discussion of the SDG8 targets
and a literature review. In Section 3, the data used in the study and applied research
methods are described. Section 4 contains a discussion of the results of the empirical study.
Section 5 contains a discussion and Section 6 contains conclusions, directions for future
research and limitations of the study.

2. Sustainable Development Goals

The Sustainable Development Goals were established by the United Nations General
Assembly in 2015 (Resolution approved by the General Assembly) [1]. Progress towards the
objectives is measured, monitored and evaluated using 17 goals. Sustainable Development
Goal 8 (SDG8) is to “promote sustained, inclusive and sustainable economic growth, full
and productive employment and decent work for all. SGD8 is the aspiration that the
economic sector of each country should provide its citizens with the necessary needs for
a good life, regardless of their origin, race or culture”. SDG8 has a total of twelve targets.
They are included in Figure 1.

Figure 1. Sustainable Development Goal 8 targets. Source: own elaboration on the basis of [4].
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All Sustainable Development Goals are connected to each other. Research conducted
by Fonseca et al. [5] indicates that SDG8 is positively correlated with most of the other
SDGs. It is strongly and positively correlated with SDG2–SDG5, SDG7, SDG9, SDG11 and
SDG16, and strongly negatively correlated with SDG12 (Responsible Consumption and
Production). It should be noted here that SDG12 is negatively correlated with most of the
other targets.

There is no doubt that crisis situations have an impact on the realisation of the Sus-
tainable Development Goals. In recent years, the COVID-19 pandemic has been such an
event. It has affected the socio-economic phenomena [6–10]. The Sustainable Development
Goals Report 2021 [11] indicates that even before the pandemic outbreak, global economic
growth had slowed. However, the beginning of the pandemic in 2020 severely disturbed
global economic activity. The COVID-19-driven recession was assessed as the worst since
the Great Depression.

As Kreinin and Aigner [12] highlight, SDG8 hinders society’s ability to achieve other
Sustainable Development Goals and prevent disastrous environmental crises. They point
out that a focus on economic growth and a focus on an increase in employment lead to
unsustainable and inequitable consequences. Currently, only sub-goals 8.4, 8.7 and 8.8 are
adequate in achieving the overall SDGs and 2030 Agenda goals of ending poverty and
ensuring prosperity and protection of the Earth. The authors proposed a redesigned SDG8
framework, together with new targets and a new set of indicators, which together are
expected to contribute to harmonising SDG8 with the overall goals of the 2030 Agenda.

Projections for the SDG targets in Austria for 2020 were presented by Bilek-Steindl
and Url [13]. They showed that the SDG8 targets are strongly linked to the underlying
economic situation and that the outcomes of the COVID-19 pandemic are evident in the
results for 2020. In particular, the evaluation of indicators involving the economic aspect
has rapidly declined with the economic crisis. The authors point out that some of the data
on the SDG8 target are insufficiently up to date. They present ‘in-work at-risk-of-poverty
rate’ and the ‘resource productivity’ as examples. The lack of data published with sufficient
frequency makes forecasting difficult.

Regional organisations play an important role in the implementation of the SDGs.
Both the Association of Southeast Asian Nations (ASEAN) and the European Union are
examining and experimenting with various institutional mechanisms to participate in the
achievement of these goals. The result of these experiments is the creation of new institu-
tional mechanisms and initiatives. These new institutional instruments and mechanisms
are characterised by varying degrees of effectiveness [14].

One of the issues that inhibits efforts to predict progress in implementing the Sustain-
able Development Goals is the lack of data on crises and the poor quality of some data [15].
Despite this, numerous attempts are being made to assess the impact of the COVID-19
pandemic on the SDGs. The research conducted by Alibegovic et al. [16] presented the
impact of the pandemic on the SDGs in Italy. They found that SDG1 (No Poverty), SDG4
(Quality Education) and SDG8 (Decent Work and Economic Growth) were the goals most
affected by COVID-19. In contrast, research by Shulla et al. [17] indicates the impact of
COVID-19 on stronger links between SDG4, SDG8, SDG3 (Health and Well-Being) and
SDG13 (Climate Action) goals. In Portugal, implementation of SDG8 during the first wave
of the pandemic was threatened by corporate bankruptcy and the increase in unemploy-
ment [18]. The research conducted by Lucas and Landman [19] consisted of an analysis of
the impact of COVID-19 on target 8.7. They point out the major limitations of the study
caused by limited data availability. As Ranjbari et al. [20] indicated, there was an urgent
need for action to support the achievement of the SDGs, particularly in the following direc-
tions: (1) opportunities for transformative sustainable development following COVID-19
with a focus on SDG12 (Consumption and Production) and SDG9 (Industry, Innovation
and Infrastructure), (2) innovative solutions for economic resilience in support of SDG1
(No Poverty), SDG8 and SDG17 (Partnerships for the Goals), and (3) an in-depth analy-
sis of the long-term implications of COVID-19 for social sustainability to achieve SDG4,
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SDG5 (Gender Equality) and SDG10 (Reducing Inequalities). The research conducted by
Ranjbari et al. [21] attempted to identify priority areas for action after the COVID-19 crisis
towards the implementation of the SDGs under the 2030 Agenda for Sustainable Develop-
ment. Target 8.3 (development-oriented policies for supporting creativity and job creation)
was identified as one of the highest priorities for action.

Most often, measures are taken to reduce the impact of crises negatively affecting
the overall level of sustainable development. However, the impact of crises is not always
negative. An example is the crisis resulting from the COVID-19 pandemic. The pandemic
increased the demand for working from home, especially for parents with young children
or school-age children. As a result, teleworking has gained attention and is estimated to
continue in the future. Thus, a new form of employment in relation to the conventional
workplace has become widespread [22,23]. Also, the acceleration of digitalisation may soon
create more employment opportunities [24]. These factors have the potential to positively
influence employment by using more effective approaches that can strengthen the progress
towards the implementation of SDGS8 [25].

In their report, Sciarra et al. [26] ranked countries by the SDGs-GENEPY (GENeralised
economic comPlexitY) framework [27] and SDG Index [28]. European and North American
countries are at the top of these rankings. African and South Asian countries are in the
worst situation. The analysis conducted by Pakkan et al. [29] points to correlations between
the goals. SDG8 is often studied in conjunction with SDG9. In contrast, research conducted
for Australia by Bandari et al. [30] indicates a strong link between SDG8 and SDG2 (Zero
Hunger), and Rai et al. [31] argue that SDG8 focuses on Decent Work and Economic Growth
insufficiently. In addition, they argue that SDG8 is at odds with SDG5, which calls for the
value of domestic work and unpaid care to be recognised. On the other hand, the SDG8
implementation is positively influenced by the development of high-quality education,
which is embedded within SDG4 [32].

The European Union is pursuing an accelerated transformation from the present linear
economy to a circular one (CE). The CE is considered as a tool to achieve SDGs [33,34]. The
research conducted by Rodríguez-Antón et al. [35] showed a significant positive correlation
between the implementation of SDG8 and adherence to CE targets. This is particularly
evident in such countries as Austria, Belgium, Denmark, France, Germany, Italy, the
Netherlands and the United Kingdom.

Finally, Jianu et al. [36] investigated labour market inequalities in the EU, as expressed
by specific indicators used for SDG8 of the 2030 Agenda for Sustainable Development
on the basis of a cluster analysis for the 27 Member States. The first cluster comprised
the majority of EU countries, geographically located in Eastern and Central Europe along
with the Baltic countries, as well as two Mediterranean countries—Portugal and Greece.
The principal characteristics of these countries were low values of the real GDP per capita,
resource productivity and domestic material consumption and high values recorded for
the NEET indicator for young people, the in-work at-risk-of-poverty rate the and long-term
unemployment rate.

The analysis of the literature provided the basis for the following research hypotheses:

H1. It is possible to identify regions of the European Union with a similar level of SDG8 implemen-
tation.

H2. It is possible to identify regions of the European Union with similar dynamics of change in the
degree of SDG8 implementation.

H3. The COVID-19 pandemic caused the decline in the degree of SDG8 implementation.

The problem addressed in H1 is reflected in the available literature. The contribution
of this study is to present the changes in the geographical distribution of countries with a
similar degree of SDG8 implementation over a long research horizon. The verification of
H2 fills a research gap related to the assessment of the dynamics of change in the degree
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of SDG8 implementation and its comparison using the DTW method. Also, the study of
the impact of the COVID-19 pandemic on the degree of SDG8 implementation using a
synthetic measure created with the COPRAS method (verification of H3) is the added value
of the research.

3. Data and Research Methodology

In this study, a pre-defined set of indicators included in the Eurostat database was used.
There are criticisms and proposals for new indicators in the literature. In their study, Kreinin
and Aigner [12] suggest a new SDG8 framework consistent with the strong sustainability
concepts of ‘Sustainable Work and Growth’. Similarly, Coscieme et al. [37] stress that
pursuing unconditional GDP growth risks failing to achieve the Sustainable Development
Goals. SDG8 implementation through continued GDP growth will make it more difficult to
achieve environmental and inequality reduction goals. They propose guidelines for the
selection of alternative indicators related to the achievement of SDG8. In addition, another
problem arises. Many of the SDG indicators used to monitor implementation of the goals
have long publication delays [38].

The Eurostat database collects data on sustainable development. These are grouped
according to individual headline goals and include variables to examine these targets. The
SDG8 data from period 2002–2021 were applied. There are eight variables related to the
implementation of SDG8:

1. x1—GDP per capita in constant prices from year 2021 (in Euro);
2. x2—Investment share of GDP by institutional sectors (percentage of GDP);
3. x3—Young people (aged 15–29 years) neither in employment nor in education and

training by sex (NEET) (percentage of total population);
4. x4—Employment rate (for persons aged 20–64 years) (percentage of total population);
5. x5—Long-term unemployment rate (percentage of total population in the labour

force);
6. x6—In-work at-risk-of-poverty rate (percentage of total employed persons, aged

18 years and more);
7. x7—Fatal accidents at work per 100,000 workers;
8. x8—Inactive population due to caring responsibilities (percentage of population aged

20–64 outside the labour force and wanting to work).

The Eurostat data are public and freely available. They are collected in accordance
with statistical reporting rules and have a high degree of reliability. These data do not
require ethical considerations. The calculations were conducted in R language [39] with the
use of the following libraries: clusterSim [40], dtw [41], NbClust [42] and factoextra [43].

The survey was conducted in several stages according to the following scheme
(Figure 2).

In the first step of the static analysis, the pattern, i.e., best values of all variables, were
determined (Table 1).

Table 1. Pattern values of indicators.

Specification x1 x2 x3 x4 x5 x6 x7 x8

Value EUR
86,550.00 53.59% 4.70% 81.80% 0.60% 2.70% 0.45 2.40%

Country/
year

Luxembourg
2021

Ireland
2019

Denmark
2006

Sweden
2018

Czechia
2019

Finland
2017

Malta
2017

Sweden
2002

Source: own calculations on the basis of Eurostat data.

The best values of variables vary across the countries and years. For half of the
variables, their best values were in the Nordic countries. This confirms the initial finding
that these countries are the ones with generally the highest degree of SDG8 implementation.
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Figure 2. Research scheme. Source: own elaboration.

The static analysis (verification of H1) consisted of the selection of the homogeneous
clusters of countries, with the artificial one being the pattern country (the hypothetical one
with the best values of variables, as presented in Table 1). Although such an analysis can
be performed every year, the size would exceed the capacity of this research. Therefore,
three years were selected: 2002 (the beginning of the research period), 2009 (the peak of
the financial crisis) and 2021 (the health crisis resulting from the COVID-19 pandemic).
The agglomerative clustering method with Ward’s method for minimising the total within-
cluster variance was used [44]. The hierarchical clustering was based on the distance matrix.
For the static analysis, the Euclidean distance matrixes between the countries were applied.

The dynamic analysis allowed for verification of H2 and H3. Its first stage was the
assessment of the degree of SDG8 implementation every year by means of linear ordering.
Linear ordering methods are types of multivariate statistical analysis. The idea of linear
ordering methods is the creation of a composite measure from a set of a larger number of
variables. There are many linear ordering methods, which can be divided into two main
groups: the pattern and patternless methods. The pattern methods assess the position
of every object by means of the weighed distance of them from the so-called pattern or
anti-pattern, which is the hypothetical object with the best (worst) values in the dataset.
The patternless methods are based on the weighed sums of normalised variables. One of
the patternless methods—the COPRAS method—was selected. In the second stage of the
dynamic analysis, we compared the time series created from the composite measures by
means of the DTW method and used the results in hierarchical clustering to distinguish
homogeneous clusters of EU countries with respect to the dynamics of the degree of SDG8
implementation (verification of H2). In the third stage of the dynamic analysis, we assessed
the influence of COVID-19 on the degree of SDG8 implementation (verification of H3).

It is worth noting that the static and dynamic analyses are complimentary, and thus
cannot be directly compared. The static analysis was conducted for every year separately,
while the dynamic one was conducted for the whole period (2002–2021).
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3.1. The COPRAS Method

The COPRAS (the COmplex PRoportional Assessment) method was invented by the
Lithuanian researchers Zavadskas et al. [45]. It was created for the needs of the decision
theory and belongs to the group of Multiple-Criteria Decision-Making (MCDM) methods.
MCDM methods are used to analyse the Sustainable Development Goals [46]. There are no
clearly defined ways of selecting methods. When it comes to ranking, different methods
may give different results [47]. The COPRAS method is also applied in the analysis
of socio-economic phenomena [48–51]. However, it can also be used in multivariate
statistical analysis. There are five steps of the COPRAS method. In the first one, there is the
observation matrix X:

X =
[
xij

]
=

⎡
⎢⎢⎢⎣

x11 x12 · · · x1m
x21 x22 · · · x2m

...
...

. . .
...

xn1 xn2 · · · xnm

⎤
⎥⎥⎥⎦ for i = 1, ..., n; j = 1, ..., m (1)

where the components are as follows:

xij—Value of j-th variable in the i-th object;
n—Number of objects;
m—Number of variables.

In the second step, the data are normalised in order to remove units and ensure that
the variables have the same order of magnitude. In this research, one of the quotient
inversions, given by the following formula, was selected:

zij =
xij√

∑n
i=1 x2

ij

for i = 1, ..., n j = 1, ..., m (2)

where zij is the value of the j-th variable in the i-th object after normalisation.
In the third step, the weighted normalised values of variables are calculated:

tij = zijwj, i = 1, . . . , n; j = 1, . . . , m (3)

where wj is the weight of the j-th variable, satisfying the following conditions:

wj ∈ 〈0, 1〉 (4)

m

∑
j=1

wj = 1 (5)

There are many methods used to assess the weights of variables. In this research, equal
weights were assumed. The reason for this was that the weights allocated by statistical
methods (on the basis of variation or correlation between variables) would vary from year
to year. By contrast, using expert methods to assign weights would have resulted in a
high level of subjectivity. As it is difficult to state whether some variables are of greater
importance than others, equal weights are assumed. In the fourth step, the weighted sums
for stimulants (S+

i ) and destimulants (S−
i ) for all objects are calculated:

S+
i = ∑

j∈J+
tij for i = 1, . . . , n (6)

S−
i = ∑

j∈J−
tij for i = 1, . . . , n (7)

where the components are as follows:

365



Sustainability 2023, 15, 13327

J+—Variables that are stimulants;
J−—Variables that are destimulants.

Stimulant variables are the ones where the highest values are the most preferred, and
destimulants are the opposite. In our case, the variables x1, x2 and x4 are the stimulants.
The remaining variables are the destimulants. In the fifth step, the value of the synthetic
variable is obtained:

qi = S+
i +

∑n
i=1 S−

i

S−
i ∑n

i=1
1

S−
i

for i = 1, . . . , n (8)

The value of qi is not normalised; max
i

{qi} is the best object and min
i
{qi} is the worst

object. The composite measures for every country every year were calculated. These
variables then created the time series of the degree of SDG8 implementation, which were
compared with the use of the Dynamic Time Warping (DTW) method.

The advantage of the COPRAS method in this study over methods based on distances
from the pattern and anti-pattern is due to the fact that their values also deteriorate during
crises, which does not necessarily translate into a deterioration of the synthetic variable.
Relying on the weighted sums of the normalised values alone (as in the COPRAS method)
results in a decrease in the value of the synthetic measure when the indicators deteriorate
and an increase if they improve. A disadvantage of the COPRAS method is that there must
be at least one variable that is a destimulant. In this study, this assumption is satisfied.

3.2. Dynamic Time Warping (DTW)

DTW measures the similarity between time series. This method uses dynamic pro-
gramming to find the optimal match between them with respect to a given score function. It
was proposed by Bellman and Kalaba [52] and first used for speech recognition [53,54]. Its
primary use has been in technical sciences, although more and more often its applications
cover the areas of finance [55–57], labour markets [58,59] and energy markets [60–62].

There are four steps of the DTW method. Let X = (x1, x2, . . . , xN) and Y = (y, y2, . . . , yM)
be two time series. In the first step, the time series are normalised. The z-normalisation was
selected. In the second step, the local measure of cost for two elements of X and Y is specified.

c
(
xi, yj

)
=

∣∣xi − yj
∣∣ for i = 1, 2, . . . , N, j = 1, 2, . . . , M (9)

In the third step, the time warping path is constructed, which is the point-to-point
match between X and Y by means of the following sequence:

p = (p1, . . . , pL), pl = (nl , ml) ∈ {1, . . . , N} × {1, . . . , M} (10)

for l ∈ {1, . . . , L}(L ∈ {max(N, M), . . . , N + M − 1}).
This satisfies the boundary, monotonicity and step-size conditions. The first condition

provides that the first and the last element of p are p1 = (1, 1) and pL = (N, M) (the first
(last) index from the first sequence must be matched with the first (last) index from the
second one). The monotonicity and step-size conditions provide that the path always goes
up, right or up and right of the current position, i.e.,

pl+1 − pl ∈ {(1, 0), (0, 1), (1, 1)}for i = 1, . . . , L − 1 (11)

In the fourth step, the optimal match is found. It satisfies all the aforementioned
restrictions and minimises the total cost cp(X, Y) of a warping path p. This cost is calculated
using the following equation:

cp(X, Y) =
L

∑
l=1

c
(
xnl , yml ) =

L

∑
l=1

∣∣xnl − yml

∣∣ (12)
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Therefore, the optimal alignment between X and Y is

DTW(X, Y) = cp∗(X, Y) = min
{

cp(X, Y)
∣∣p ∈ P

}
(13)

where P is the set of all warping paths.
The DTW distance, i.e., a stretch-insensitive distance between the two time series,

which is also the minimum distance between the series X and Y, is therefore defined as

DTW(X, Y) = D(N, M) (14)

The degree of similarity between time series can also be tested using other distance
measures, such as the Euclidean metric or other known distance measures. The first
advantage of the DTW method in this respect is that the time series being compared do not
have to be of equal lengths. The second advantage of this method is that it adjusts much
better to differences in the cycles.

The calculated distances were applied in hierarchical clustering. The assessed simi-
larities between the analysed time series by means of DTW were used in the hierarchical
agglomerative clustering. A dendrogram was built with the use of the Ward’s method.

4. Empirical Results and Discussion

The data used in the study covered the years 2002–2021. The static analysis was
conducted for each year separately. The exact results of the cluster analysis for three years
are presented: 2002 (the first analysed year), 2009 (the peak of the financial crisis) and 2021
(the COVID-19 pandemic). The countries were also joined by a hypothetical ‘ideal’ country
with values for the variables that are the pattern of development. The variables were
normalised by using the data.Normalization function from the clusterSim R package.
In every analysed year, we specified the number of clusters by using the NbClust function
from the NbClust R package and applying the Beale index [63]. The results are presented
in Figures 3–5 (the dendrograms were drawn by using the fviz_dend function from the
factoextra R package).

Figure 3. Homogeneous clusters of the European Union countries and the pattern—the degree of
SDG8 implementation in 2002. Source: own calculations.
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Figure 4. Homogeneous clusters of the European Union countries and the pattern—the degree of
SDG8 implementation in 2009. Source: own calculations.

Figure 5. Homogeneous clusters of the European Union countries and the pattern—the degree of
SDG8 implementation in 2021. Source: own calculations.

4.1. Results of the Static Analysis

The static analysis was used to verify H1.
In each of the three analysed years (2002, 2009 and 2021), the hypothetical pattern

country always formed a separate cluster. This means that even the countries with the
overall best situation with respect to the implementation of SDG8 had some weaker areas
that did not allow them to be in the same cluster as the hypothetical pattern country.
In 2009 only, Luxembourg had the most similar situation with respect to the degree of
implementation of SDG8 as the pattern country (Figure 4). In each of the three analysed
years, Sweden, Denmark, the Netherlands and Finland were in one cluster. They were
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the countries that, in the majority of the analysed years, were at the top of the degree
of SDG8 implementation. Poland, Bulgaria, Romania, Croatia, Greece and Malta were,
at the beginning of the period under analysis, in the group of countries with the lowest
degree of SDG8 implementation (Figure 3). Over the years, Slovakia’s position improved
slightly, and Italy and Spain joined the cluster of countries with the lowest degree of SDG8
implementation. Germany, Belgium, Ireland and France were the countries forming clusters
with a good (but not the highest) degree of SDG8 implementation throughout the analysed
period. The remaining countries that joined the EU in 2004 were among those with an
average degree of SDG8 implementation. The degree of SDG8 implementation in Ireland
and Luxembourg was high, but their membership in the clusters was the most changing.
The next two countries whose membership in the clusters was variable were Poland and Malta.
They, in turn, are at the other pole of the degree of SDG8 implementation. Crisis periods have
most severely deteriorated the degree of SDG8 implementation in Spain and Italy. This is also
reflected in their membership in the clusters in 2009 and 2021 (Figures 4 and 5).

4.2. Results of the Dynamic Analysis

The dynamic analysis was used to verify H2 and H3. In the first stage of the dynamic
analysis, the degree of SDG8 implementation was assessed by means of the COPRAS
method. In each year, the synthetic measures were calculated for every country. Thus, the
obtained time series of the synthetic measure for every country were compared pairwise by
using the DTW method. In the second stage of the dynamic analysis, on the basis of these
comparisons, the DTW distance matrix for the whole period by using the dtw function
from the dtw R package was obtained. This matrix reflects the comparison of dynamics
of the degree of SDG8 implementation and was the basis for the hierarchical clustering
(Ward’s method). Similarly, as in the static analysis, the Beale index in the NbClust function
from the NbClust R package was applied to obtain the optimal number of clusters and the
fviz_dend function from the factoextra R package to draw the dendrogram. The results
of this analysis verify H2 and are presented in Figure 6.

Figure 6. Homogeneous clusters of the European Union countries—dynamic analysis of the degree
of SDG8 implementation. Source: own calculations.

A total of 15 clusters with respect to the similarity of dynamics of the degree of SDG8
implementation were obtained. Italy (further referred to as Cluster 1), Spain (Cluster 2),
Sweden (Cluster 3), Greece (Cluster 4), Portugal (Cluster 5), Ireland (Cluster 6), Slovenia
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(Cluster 7), Bulgaria (Cluster 8), Cyprus (Cluster 9) and Croatia (Cluster 10) formed separate
single clusters. The dynamics of the synthetic variable formed clusters for the following
countries:

• Estonia and Lithuania (Cluster 11);
• Romania, Czechia, Slovakia, Belgium and Latvia (Cluster 12);
• Malta, Hungary, Germany and Poland (Cluster 13);
• Denmark, Luxembourg and Austria (Cluster 14);
• France, the Netherlands and Finland (Cluster 15).

It can be found that the similarity of countries with the degree of SDG8 implementation
(static analysis) does not have much in common with their dynamics. In general, it was hard
to distinguish well-separated clusters with respect to dynamics of the SDG8 implementation.
That is why the optimal number of them is that big. The results indicate that it is hard to
find similarities between the dynamics of the degree of SDG8 implementation between
the EU countries. The most similar countries with regard to the dynamics of the degree of
SDG8 implementation were Poland and Germany, while Portugal was the most dissimilar
with respect to all other EU countries. In the cases of Greece and Spain, the degree of SDG8
implementation at the end of the analysed period was lower than at the beginning. For
Portugal (the most dissimilar country with comparison to other ones), it was the most
steady (the degree of SDG8 implementation in Portugal had only small fluctuations). The
highest increase was observed in the case of Ireland.

In the last stage of the dynamic analysis, H3 was verified. The average values of the
COPRAS measure for each of the 15 clusters, obtained in the previous stage, are presented
in Figure 7.

Figure 7. Dynamics of the degree of SDG8 implementation in the clusters of the EU countries in years
2002–2021. Source: own calculations.

The dynamics of all clusters varies, which confirms the findings from the second
stage (Figure 6). However, some common regularities for each cluster can be seen. Firstly,
the financial crisis of 2007–2008 did not cause a significant decline in the degree of SDG8
implementation. Some clusters (3 and 15) showed its high increase. The second common
regularity for all clusters is the decline in the year 2020 (the first year of the COVID-19
pandemic). In 2021, the degree of SDG8 implementation increased in most clusters. Only
Clusters 3, 6, 8, 14 and 15 reported a further decline in SDG8 implementation. Therefore,
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this confirms H3, that the COVID-19 pandemic caused deterioration in the degree of SDG8
implementation. However, high differences between the clusters’ dynamics (especially
since Clusters 1–10 consist of single countries) indicate that the directions of changes are
different. This makes the implementation of a common policy with regard to the degree of
SDG8 implementation difficult, if not impossible.

5. Discussion

The first research hypothesis concerned the geographical variation in the degree of
SDG8 implementation. It was verified positively. The conducted study confirms the results
of other studies. The results of the analysis by Rocchi et al. [64] showed that in 2019, the
Nordic countries were the most advanced among European countries in terms of achieving
the SDGs. These countries were at the top of the ranking for all dimensions, except for
the environmental dimension in the case of Denmark. Moreover, Barbier and Burgess [65]
explain such results by the institutional effectiveness and good governance associated with
long-term development and success in sustainable development. This fact can explain
the high position of the Nordic countries in terms of SDG implementation. The EU Baltic
States and the post-communist countries performed the worst. The low position of the
EU post-communist countries is due to their later accession to the EU. It should be noted
that their accession had a positive impact on economic development, including the labour
market [59]. However, the question of whether the economies of EU members are ‘driving’
the economies of EU candidates depends on a number of factors and is still open [66].

The high position of Sweden in terms of the implementation of all SDGs was pointed
out by Stanujkic et al. [67]. And although this country was not leading in all the goals
implemented, it ranked very high (e.g., SDG8) or high in all of them. Their research
indicates a weak position of Romania, as well as Bulgaria. This is consistent with our
analysis. Both countries are Eastern European ones and joined the EU in 2007. These
countries have not included sustainable development as a demand in their policies yet.
Interestingly, Romania ranks high in terms of implementing SDG7 [61]. Studies indicate an
improvement in the energy use process in this country [68]. However, improvements are
needed in the targets included in SDG8.

The targets and their constituting indicators of SDG8 in 2019 were assessed by Skvar-
ciany and Astikė [69]. They showed that the most important indicator is the annual growth
rate of the real GDP per employed person. In 2019, the countries that progressed the most
in the implementation of SDG8 were Germany and France. Finland and Latvia made less
progress in SDG8 implementation. The level of SDG8 implementation in EU countries
between 2001 and 2020 was analysed by Grzebyk et al. [70]. Their results confirm that in
most EU countries there have been positive changes in its implementation in the years
studied. This is demonstrated by the increasing values of the synthetic measure calculated
for each of the EU27 countries. According to their ranking in 2020, the Netherlands and
Sweden were in the highest positions and Bulgaria and Romania were in the lowest po-
sitions. The latter two countries formed a separate cluster of countries in our 2021 study.
In contrast, our analysis with respect to dynamics of the degree of SDG8 implementation
indicated that both countries at the top of the ranking and at the bottom of the ranking were
in separate clusters. This shows that changes in the implementation of the SDG8 targets in
these countries have occurred in different ways. In contrast, in Carlsen’s [71] ranking of the
EU27 countries for 2019, the first two are Sweden and Austria and the last two are Greece
and Bulgaria. In creating this ranking, the author considered the five main indicators that
characterise SDG8. These were in relation to our variables: x1, x2, x3, x4 and x5. The ranking
created for 2020 by Kuc-Czarnecka et al. [72] showed that the best positions were held by
the Netherlands and Finland, and the worst positions were held by Greece and Cyprus. In
the latter study, the authors used different weights for all variables.

In the static analysis, Luxembourg and Ireland were often the outliers. This is con-
firmed by the study conducted by D’Adamo et al. [73]. As the authors point out, the
distinguishing feature of these countries is a very attractive tax system, which appears
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to have succeeded in stimulating economic growth but has failed to reconcile it with the
Sustainable Development Goals.

The verification of H2 was based on the DTW method, which is rarely used in studies
on the SDGs. An example of such application was the study of SDG7 by Dmytrów et al. [61].
This study was able to identify homogeneous clusters of countries geographically. Unfor-
tunately, it was not possible to extract such clusters in the current study on SDG8. A very
large number of clusters were obtained, which were highly internally heterogeneous, as well
as many clusters consisting of individual countries. This demonstrates the high diversity of
EU countries according to the dynamics of the degree of SDG8 implementation. This may
be related to the fact that EU countries are diverse in terms of their policies. There is a need
to tailor programmes to the specifics of each region [74]. In addition, the main implications
of the research by Anselmi et al. [75] are that Europe is moving towards the Sustainable
Development Goals in an uneven manner, and so there is a need to define an agenda that
allows for greater cooperation between several countries.

The third research hypothesis states that the COVID-19 pandemic caused a decline
in the degree of SDG8 implementation. This is consistent with the research conducted by
Grzebyk et al. [70]. In the last year of their study, 2020, the effect of the COVID-19 pandemic
was observed. Also, other conducted studies are consistent with H3 [16–20]. Research
conducted by Shuai et al. [76] identified progress towards the SDG targets after COVID-19
in the period 2020–2024 by means of predicted GDP and population growth and machine
learning models. They justified that the total implementation of the SDGs declined by 7.7%
in 2020 globally, with the performance of the 12 socio-economic SDGs (including SDG8)
declining by 3.0–22.3% and the performance of the 4 environmental SDGs increasing by
1.6–9.2%. By 2024, progress on the 12 Sustainable Development Goals (including SDG8)
will be delayed by one to eight years in comparison with their pre-COVID-19 trajectories,
while the 4 environmental SDGs will gain additional time. Only the trajectory of SDG5
remained unchanged.

6. Conclusions

Decent Work and Economic Growth remains central to the prosperity of countries.
Emerging crises cause countries around the world, including in the European Union, to
face unexpected challenges.

It follows that the sustainable development of European countries is not uniform. It
depends on their level of economic development, political and historical circumstances and
the level of development of society. It will be interesting to see whether all countries will
reach their targets in 2030. Therefore, research in this area is worth continuing.

A study of this type has some limitations. On the one hand, data for individual SDGs
are available in the Eurostat database and grouped accordingly. On the other hand, the
individual targets overlap. Hence, the question arises whether other variables should not
also be taken into account when assessing the degree of achievement of a selected SDG.
It is also interesting to note the proposals in the literature for other indicators. However,
it happens that the data needed for the determination of other types of indicators are
not collected with sufficient frequency and concern, for example, five-year periods. In
addition, the data used for the classic indicators are provided with a delay of at least one
year. Having more up-to-date data is essential in order to make effective and timely policy
decisions. Another critical aspect is the fair assignment of weights. Researchers are also not
consensual in assigning weights to individual indicators. Their inclusion may contribute to
interesting new research results.

The conducted research allowed the first research hypothesis to be positively verified.
The regions of the European Union with the highest degree of SDG8 implementation were
the Nordic countries together with the Netherlands. On the other hand, the countries
of Southern and Southeastern Europe were characterised by the lowest degree of SDG8
implementation. The second research hypothesis could not be positively verified. The dy-
namics of change in the degree of SDG8 implementation did not depend on the geographic
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location of a country, and no clearly differentiated clusters could be identified. The positive
verification of the third hypothesis indicates a negative impact of the COVID-19 pandemic
on the level of SDG8 implementation in EU countries.

This analysis may also encourage us to draw some policy recommendations. Countries
with a low level of the degree of SDG8 implementation should follow the realisation of
policy with respect to the Nordic countries, as they are the best in this regard. In the
need for analysing the dynamics of the degree of SDG8 implementation, Ireland should
be considered, as in the case of this country the increase in the indicators was the highest.
The conclusions of this research may have a number of implications for governing bodies
and policy makers in EU governments. When SDG8 implementation is low, it is necessary
to change the governance model and take rigorous action. It is also important to establish
cooperation between good and weak countries in order to equalise the level of SDG8
implementation. There is a need to adapt policies and programmes to the specific needs
and characteristics of each region. There is unlikely to be a one-size-fits-all approach to
guarantee success. The specific economic, social and environmental circumstances of the
regions must always be taken into account.
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68. Bąk, I.; Tarczyńska-Łuniewska, M.; Barwińska-Małajowicz, A.; Hydzik, P.; Kusz, D. Is Energy Use in the EU Countries Moving
toward Sustainable Development? Energies 2022, 15, 6009. [CrossRef]
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Abstract: The Space Race in the second half of the 20th century was primarily concerned with getting
there and back. Gradually, technology and international collaboration opened new horizons, but
human activity was mostly restricted around Earth’s orbit, while robotic missions were sent to solar
system planets and moons. Now, nations and companies claim extraterrestrial resources and plans are
in place to send humans and build bases on the Moon and Mars. Exploration and discovery are likely
to be followed by exploitation and settlement. History suggests that the next step is the development
of space industry. The new industrial revolution will take place in space. Chemical engineers have
been educated for more than a century on designing processes adapted to the Earth’s conditions,
involving a range of raw materials, atmospheric pressure, ambient temperature, solar radiation, and
1-g. In space, the raw materials differ, and the unique pressure, temperature and solar radiation
conditions require new approaches and methods. In the era of space exploration, a new educational
concept for chemical engineers is necessary to prepare them for playing key roles in space. To this
end, we introduce Astrochemical Engineering as an advanced postgraduate course and we propose a
2-year 120 ECTS MEng curriculum with a brief description of the modules and learning outcomes.
The first year includes topics such as low-gravity process engineering, cryogenics, and recycling
systems. The second year includes the utilization of planetary resources and materials for space
resources. The course culminates in an individual design project and comprises two specializations:
Process Engineering and Space Science. The course will equip engineers and scientists with the
necessary knowledge for the development of advanced processes and industrial ecologies based
on closed self-sustained systems. These can be applied on Earth to help reinvent sustainability and
mitigate the numerous challenges humanity faces.

Keywords: chemical engineering; astrochemical engineering; curriculum development; extraterrestrial
environment; space engineering; sustainable education

1. Introduction

Chemical Engineering (ChE) has evolved dramatically over the past thirty years,
embracing advances in the broader areas of nanotechnology, biotechnology, and computer
science. Bio-, info-, and nano- are not new concepts to ChE but the exponential development
of these areas has had a profound effect on the evolution of the discipline. Nanotech-
nology was first introduced in 1959 with a lecture by the Nobel-prize-winning physicist
Richard Feynman, entitled There’s Plenty of Room at the Bottom (Data Storage), where he
envisioned the possibility of directly manipulating individual atoms as a powerful form
of synthetic chemistry [1]. ChE embraced nanotechnology in the 1990s; suitable modules
were integrated into the curriculum and research has been evolving at an accelerating
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pace. In recognition of biology as an important science impacting ChE, a number of
ChE departments changed their names to include some bio terms [1], such as Chemical
and Biomolecular Engineering (e.g., Georgia Tech, Atlanta, GA, USA), Chemical and Bio-
logical Engineering (e.g., Princeton, NJ, USA), Chemical Engineering and Biotechnology
(e.g., Cambridge, UK), and Chemical and Biomedical Engineering (e.g., Florida State
University, Tallahassee, FL, USA). The new hybrid plays a key role in advancing biopro-
cesses, biomaterials, and biomedicine. In tandem, a revolution in process engineering was
brought about by computers in the 1990s [2]. The increasingly powerful hardware and
software created unimaginable opportunities. ChE is undergoing a transformation driven
largely by the booming of data science [3]. A new term, i.e., Industry 4.0, has emerged to
represent the fourth revolution that has occurred in manufacturing driven by digitalization.
There is ample evidence that the next revolution in ChE will be data-driven and powered
by artificial intelligence [3].

The potential human bases on the Moon and Mars are coming within the reach of our
current technological capabilities and Astropolitics shapes national strategies worldwide [4].
Several disciplines have embraced the new opportunity; Astrochemistry deals with the
chemical evolution occurring in space and it is a recognized field of research [5,6], Space
Chemistry is defined as the performance of chemistry in space [6], Astrobiology is the study
of life in the universe, Space Biology is aimed at addressing the basic questions regarding
the extent to which gravity plays a role in the growth, morphology, and function of cells in
the space environment [7], Astropharmacy and Astromedicine address the question of how
human explorers can receive effective medical and pharmaceutical care in the context of
space [8], and Civil Engineering is expanding towards the design and construction of lunar
and Martian structures, habitats, and outposts [9]. ChE contributes to space industry as well
in a number of ways; life support systems (LSSs), materials, energy systems, and propulsion
are a few examples. However, as Lobmeyer and Meneghelli argued two decades ago, ChE
has been laboring in the shadows of other disciplines, namely Physics and Mechanical
Engineering [10]. The situation has not changed much since then. In New Directions for
Chemical Engineering published by the U.S. National Academy of Sciences, bio and info are
thoroughly discussed but space is absent [3]. In Revisiting the Future of Chemical Engineering,
where some of the profession’s thought leaders share their visions of the future of ChE,
data science and biotechnology (among others) are identified as strong forces shaping the
future of ChE; however, again, space is not considered [11].

Looking beyond the immediacy of current space projects, we envision a significant
future expansion of space exploration and exploitation of space resources. We believe
that the current ChE curriculum does not adequately prepare students for leadership in
space engineering. We therefore created and present in this paper a new 2-year curriculum
leading to an MSc in Astrochemical Engineering to fill this anticipated need. Section 2
discusses the role of ChE in space exploration. Section 3 discusses the differences between
space and terrestrial processing, and interprets these as both challenges and opportunities.
That is followed by Section 4, where the structure of the 2-year course is presented. The
first year is on the theory and fundamentals of space engineering from the ChE perspective
and the second year is dedicated to space exploration applications. The course comprises
seven core modules, four modules for Process Engineering, and four for the Space Science
specializations and a Design Project. An important part of space processing is so-called
circular or cyclic systems, where spent outputs are reprocessed to produce new useful input
materials. In typical terrestrial processes, such spent outputs are often discharged to the
environment, where they typically pollute and require great effort to mitigate. Eventually, as
these circular systems designed for space applications also become available for terrestrial
applications, they will contribute to sustainability goals.

The 2030 Agenda of the United Nations (UN) revolves around the Sustainable Devel-
opment Goals (SDGs), and to achieve the related objectives, scientific production should
align with the SDGs’ achievement [12]. Universities should try to make the most of the
many opportunities that the SDGs offer, not only in the field of teaching and research,
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but also in their university extension activities [13]. This commitment in universities is
advancing with the help of academics who individually include it in their disciplines
and course design but consider that there is still a long way to go [14]. The innovative
technologies built to push humanity into space can also support sustainable development
on Earth. Many projects related to sustainable development across industries make use of
space-based technologies and services to contribute to the goals. In particular, space tech-
nologies directly support Good health and well-being (SDG3), Affordable and clean energy
(SDG7) and Industry, Innovation and infrastructure (SDG9) and Climate Action (SDG13).
Also, according to UNESCO, five other SDGs have direct reference to Quality Education
(SDG4), including SDG3 (Target 3.7) and SDG 13 (Target 13.3). Thus, by educating chemi-
cal engineers for space applications, the proposed curriculum is focused on fulfilling all
these SDGs. The modules, and in particular the Circular Systems module of the proposed
curriculum, bring together theoretical approaches and innovative knowledge by providing
students with the skills and knowledge to apply sustainable development solutions in
extraterrestrial environments.

Space was a central theme in science fiction for centuries, but it is only recently
that fiction and reality have converged. Science fiction as an educational resource was
recognized from the very beginnings of the genre, but its use in ChE education was first
discussed in a paper published in Education for Chemical Engineers in 2011 [15]. In the
science fiction book Reach for the Stars published in 2021 by John Wegener, Ethan Richards,
a space traveler, was sponsored by NASA to study Astrochemical Engineering at UCLA; to
the best of our knowledge, this is the first time the term was used. Hereby, we argue that
it is time to make science fiction a reality and introduce Astrochemical Engineering into the
ChE curriculum.

“There is a tide in the affairs of men
Which, taken at the flood, leads on to fortune;
Omitted, all the voyage of their life
Is bound in shallows and in miseries.
On such a full sea are we now afloat;
And we must take the current when it serves,
Or lose our ventures.”

William Shakespeare, Julius Caesar (Act IV, Scene III, lines 218–224)

2. Space Exploration and Chemical Engineering

The contribution of ChE to space exploration is not new and can be traced in the
literature back to 1979; Waldron et al. discussed the possibilities and conditions of con-
structing and operating processing plants in space using materials taken from the lunar
surface [16]. They list a number of processes, such as the electrolysis of molten silica,
carbothermic/silicothermic reduction, the carbon–chlorination process, NaOH basic-leach
process, and HF acid leach. Life support systems, low-gravity processes, and the associated
automated control systems have long been identified as areas where ChE can contribute [17].
In a conference paper published in 2001 [10], Lobmeyer and Meneghelli list cryogenics,
ISRU, miniaturization, launchability, and power/process efficiencies as several areas where
chemical engineers can provide support for the exploration of space. ChE played a central
role in the development of propulsion systems and the latest major contribution is the
development of solid oxide electrolysis of CO2 to O2 recently demonstrated on Mars [18,19].
Also, several ChE processes are used in the Environmental Control and Life Support System
(ECLSS) developed by NASA. The ECLSS provides clean air and water to the International
Space Station (ISS) crew and laboratory animals and it consists of two key components: the
Water Recovery System (WRS) and the Oxygen Generation System (OGS) [20,21]. However,
except for propulsion systems, fuels, and Life Support Systems, hardcore ChE such as
chemical reactor engineering and separation processes has not been utilized in the core of
space research. This is about to change as the advent of in situ resource utilization (ISRU)
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brings ChE to the forefront of space programs, and it is expected to grow significantly in
importance over the coming decades.

The current cost of exploration and subsequent settlement in extraterrestrial environ-
ments is challenging but can be reduced by use of resources found in situ. ISRU is defined
as the conversion of local resources at a space destination to provide useful infrastructure
and commodities [19,22]. A seminal paper published in 1978 by Ash et al. presented a
revolutionary detailed analysis of Mars ISRU and its benefits [23]. The current ISRU inter-
ests on the Moon and Mars concentrate on building shelters and the harvesting of subsoil
water and atmospheric CO2 for the production of methane, hydrogen, and oxygen [24].
However, there is untapped potential as the Moon and Mars hold a number of other useful
materials such as oxides of silicon, aluminum, iron, and titanium; salts; hydrated minerals;
and atmospheric N2 and Ar [25,26]. Minerals that exist on Earth in very limited quantities
are abundant on some meteorites and asteroids [19,27]. The new generation of chemical
engineers should be able to capture and/or recover such critical minerals from extrater-
restrial environments as these are essential to develop smart technologies. For materials
that are not readily available, chemical engineers would have to recover them from waste
or end-of-life equipment applying circular economy strategies [28]. Clearly, ISRU is in-
complete without the development of processes that transform raw materials into useful
products—this is what chemical engineers carry out on Earth. Indeed, ChE is recognized
as one of the key disciplines involved in ISRU technologies [29]. Reverse water–gas shift
and Sabatier reactions are prime examples of reactions utilizing CO2, the main component
of the Martian atmosphere [25]. These reactions are the basis of the era of small-molecule
activation [30]. Another resource is the waste produced by humans, notably urine. The
closed-loop nutrient cycle from human urine has attracted interest in the last decade and
the number of papers published on bioregenerative life support systems is growing [31].
However, Earth technologies cannot simply be implemented on other planets and need
to be adapted to each location. There is a gap both in terms of technology and finances
stemming from the major differences on other planets regarding available resources and the
physical environment in terms of gravity, temperature, pressure, and radiation conditions.
As one recent example, consider the Mars Oxygen In Situ Experiment (“MOXIE”) that has
been converting CO2 to O2 on Mars for the past two years. This operates with a continuous
flow reactor system, where a compressor pulls the Martian atmosphere through a filter to a
higher pressure, and the flow passes through the cathode of a high-temperature electrolysis
stack, where a portion of Martian CO2 is converted to CO while a commensurate flow of
oxygen occurs in the anode. However, an undesirable side reaction can also occur that
would produce carbon that would clog up the cells and essentially destroy the electrolysis
stack. The minimum voltage required for the side reaction is greater than the minimum
voltage for oxygen production, so the voltages on the cells in the stack must be maintained
above the minimum for oxygen production, yet below that for carbon formation. The
essential technical background for MOXIE involves thermodynamics, electrochemistry, gas
flow in various regimes, the filtration of dust particles, and thermal control. All of this
must be carried out within the context of space constraints on mass, volume, power, and
reliability. Most of the work was beyond ordinary ChE education and required special
study to work effectively on the project. ChE education must evolve and equip engineers
for the Space Age.

3. Challenges and Opportunities

Throughout history, scientists and engineers have been educated to think in terms of
a 1 g environment, traditional training that must be updated to account for low-gravity
environments [32]. Unit operations in microgravity are not a new topic in ChE; for instance,
they were discussed in a paper published by Allen and Pettit in 1987 [33]. The authors
view microgravity as an advantage in crystallization processes. However, microgravity
complicates fluid handling and processes governed by density differences, such as the
stratification and separation of gases and liquids, due to the absence of buoyancy [34,35].
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In the absence of gravity, convection, sedimentation, and buoyancy become irrelevant and
mixing is not spontaneous. Diffusion is the only way that molecular heat and matter can be
transported, and microgravity conditions provide a unique opportunity to study processes
decoupled from sedimentation [36]. Microgravity benefits the formation of alloys as the
process is diffusion-controlled rather than gravity-controlled, encouraging molecules to
be distributed evenly in the material, resulting in a more uniform structure. On the other
hand, chemistry under microgravity cannot be performed in flasks because the solutions
would not mix well and reactions would not be reproducible [37]. The predominance of
diffusion is a challenge for heterogeneous catalytic processes as the absence of density-
driven convection hinders phase separation [37]. Distillation, arguably the most important
separation process in ChE, may be useless in space since microgravity removes two of the
variables in boiling: convection and buoyancy. This means that the vapor phase of a boiling
liquid does not rise and the usual model of convection currents that distributes heat in the
liquid phase that we know on Earth is no longer valid. Two-phase boiling experiments
have shown that reduced gravity considerably alters the flow patterns and heat transfer as
compared to 1 g conditions [38]. Another example is electrolysis, where under 1 g, buoyancy
leads to the detachment of gas bubbles from the electrode surface and a separation of
oxygen and hydrogen gas bubbles from the liquid electrolyte, but under reduced-gravity
electrolysis systems, this is hindered, resulting in a lower efficiency [21]. Due to the
effect of microgravity on mixing in batch systems, continuous flow is considered the best
operational mode in space. Flow chemistry studies reactions taking place in continuous
flow in tubes rather than in a flask [39]. The first journal publications regarding the overall
concept and promises of flow chemistry for microgravity applications were published in
2017 [37]. Although these effects are more intense in zero gravity and microgravity, they are
important in reduced-gravity conditions found on terrestrial planetary bodies. Moreover,
process integration to small compact systems is compulsory in space [36]. At the plant level,
the integration of extraterrestrial industrial systems needs to be complete, and process
intensification, a relatively new concept in ChE, represents a way to achieve more with less.
This is relevant to the miniaturization of processes, e.g., microreactors—in other words, to
put a plant on the scale of a small laboratory setup [40].

Beyond the profound effect of gravity, as Allen and Pettit argued in 1987 [33], low
temperature and high vacuum are advantages that space offers rather than challenges.
Indeed, space offers an infinitely available vacuum and extremely low temperatures, which
are expensive and difficult to achieve on Earth. Vacuum technology is ubiquitous and
typical applications include distillation, drying, sublimation, and filtration [41]. Low
temperature is used to produce and transport immense quantities of gas mixtures [42].
Also, we know that some reactions can be accelerated by operating at temperatures below
−150 ◦C and some can even occur at temperatures below 10 K [43,44]. A challenge is
the exposure of chemical reactions to the entire electromagnetic spectrum outside the
Earth’s atmosphere, which is likely to influence photocatalytic reactions and the stability of
molecules due to higher UV radiation [37].

Sustainable development, as defined in the World Commission on Environment and
Development’s 1987 Brundtland report, should follow humans in the journey to space,
considering circular economy principles [45]. A major challenge is to extract and transform
the available in situ resources sufficiently in circular systems. The new concept of circular
chemical processes is gaining traction [36]. In extraterrestrial environments, the objective is
the development of an industrial ecology based on closed self-sustained systems with zero-
discharge production processes. The knowledge acquired in extraterrestrial environments
can be applied on Earth to help reinvent sustainability by developing new technologies,
including smart ones that harness the power of chemistry to create sustainable products and
processes. By studying the chemical properties of materials in space, scientists can identify
new materials that are more resistant to environmental degradation. Furthermore, they can
be used to create new processes for the production of energy, such as using solar power
to create hydrogen fuel through a process known as artificial photosynthesis. Artificial
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photosynthesis can be an efficient alternative route to capture CO2 and produce food and
energy [46]. Hann et al. found a way to bypass the need for biological photosynthesis
altogether and create food independent of sunlight by using artificial photosynthesis [47].

4. The Case for Astrochemical Engineering

In NASA’s upcoming new mission “ARTEMIS II” [48], currently planned to be
launched in November 2024, four astronauts will venture around the Moon, paving the
way for future lunar missions. If we review the curriculum of the four astronauts, it will
become apparent that nexus disciplines are needed for the next generations of engineers
that intend to explore space. The commander spent hundreds of hours conducting valuable
scientific research in areas such as Human Physiology, Medicine, Physical Science, Earth
Science, and Astrophysics, and he studied Computer and Systems Engineering, with an
MSc in Systems Engineering. The pilot holds a BSc in General Engineering, MSc in Flight
Test Engineering, MSc in Systems Engineering, and MSc in Military Operational Art and
Science. The other two members as specialists hold BSc degrees in Electrical Engineer-
ing and Physics and an MSc degree in Electrical Engineering and Space Science, as well
as a PhD. The 17 members of the 2022 ESA astronaut class exhibit an amazing breadth
of disciplines: Astronautical Engineering, Aerospace Engineering, Mechanical Engineer-
ing, Human Factors Engineering, Space Engineering, Physics, Astrophysics, Biotechnol-
ogy, Neuroscience, Biomedical Engineering, Medicine, Transport Engineering, Military
Technology, Electrical Engineering, and Astronomy. One of the class members studied
Industrial Chemistry.

Beyond the standard Astronautical Engineering courses that focus on the design,
development, and manufacturing of spacecrafts, there are a number of postgraduate courses
related to space communications, data collection and processing, satellites, observation, and
remote sensing. The Technical University of Denmark (Denmark) offers an MSc course in Earth
and Space Physics and Engineering, with an astrophysics orientation and specialization
primarily in the areas of instrumentation to observe the universe, data processing, and
physical and mathematical modelling. The University of Pisa (Italy) offers a 2-year MSc of
Science in Space Engineering course focused on aerospace engineering, instrumentation,
and propulsion. Brno University of Technology (Czech Republic) offers a 2-year MSc
course on Space Applications, which is an interdisciplinary association of electrical and
mechanical engineering. Gdansk University of Technology (Poland) offers a 2-year MSc course
on Engineering and Management of Space Systems and it is broader in scope, including
robotics, gravity-related research, heat and mass transfer in zero gravity, space law, and
several modules on applications of computer science. The ESPACE—Earth Oriented Space
Science and Technology is a 2-year MSc course offered by the Technical University of Munich
(Germany) positioned at the interface between space technology and the engineering and
natural scientific use of satellite data. The 1-year Space Science MSc offered by University
College London (UK) provides a broad understanding of all aspects of space science and space
instrumentation, including modules on data, instrumentation, satellites and spacecrafts,
planetary atmospheres, and astrophysics. The University of Edinburgh released a new
master’s course (1 year) on Astrobiology and Planetary Sciences targeting the development
of knowledge on cometary and exoplanet science, investigating the origin, diversity, and
behavior of planets, asteroids, and solar systems.

A course similar in spirit to the Astrochemical Engineering concept is the 4-year
MEng course on Electronic Engineering with Space Science and Technology offered by
the University of Bath (UK), focused on the design, operation, and building of electronic
systems for the space environment. However, the modules offered do not seem to con-
sider the environmental conditions found on terrestrial planets. In this paper, we propose
a new ChE course, namely Astrochemical Engineering (120 ECTS), dedicated to enabling
space industry, which is necessary for establishing self-sustaining communities on the
Moon, Mars, and other solar system bodies. Astrochemical Engineering would have to
answer the fundamental question of how terrestrial ChE processes can be optimized and/or
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transformed to adapt to, and benefit from, the conditions in space. In a paper entitled
Chemical Engineering Education in the Next Century, Gillet argues that ChE has survived
extremely well in a changing world by assimilating or developing new subjects into cur-
ricula, but there is a fear that this ability to adapt might go too far and might lead to its
eventual demise [49]. We believe that ChE must adapt to the new trends without diluting
its core and Astrochemical Engineering is seen as a stem of an evolving ChE discipline.
Astrochemical Engineering (Figure 1) is a ChE course adapted to address extraterres-
trial environments, typically characterized by high radiation and low gravity, pressure,
and temperature.

Figure 1. Astrochemical Engineering concept (images credit: NASA).

The 2-year MEng Astrochemical Engineering is a 120 ECTS course as presented below.

1st Year: Theory and fundamentals (60 ECTS)
Core modules (45 ECTS)

• Thermodynamics of terrestrial planets’ and satellites’ atmospheres and surfaces
(7.5 ECTS): greenhouse effect, planetary atmosphere and climate, mass and heat flows,
and case studies (Earth, Mars, Venus, Pluto, Titan, Triton, Enceladus, and Europa).

• Low-gravity process engineering (7.5 ECTS): the effect of gravity on transport phe-
nomena and unit operations (boiling, flow, electrolysis, and crystallization).

• Principles of cryochemistry (7.5 ECTS): chemical reactions at low temperatures, in
frozen systems, and at extremely low temperatures (<−150 ◦C).

• Programming (7.5 ECTS): numerical methods, open-source languages (Python), big
data, machine learning, human–machine interfaces, the Metaverse environment,
and gamification.

• Circular systems: circular economy, design for recycling, regenerative development
remanufacturing, and reverse logistics for process optimization (7.5 ECTS).

• Design project I (7.5 ECTS).
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Specialization: Process Engineering (15 ECTS)

• Fundamentals of cryogenic engineering (7.5 ECTS): the properties of materials and
fluids in cryogenic conditions, cryogenic separation processes, the liquification of
gases, cryogenic fluid storage and transfer, and cryogenic instrumentation.

• Process intensification (7.5 ECTS): equipment (microreactors, intensive mixing, and
compact/microchannel heat exchangers) and methods (hybrid separations and reac-
tion/separation integration).

Specialization: Space Science (15 ECTS)

• Energy production in space: solar energy, cosmic radiation, nuclear fission/fusion
energy, artificial photosynthesis, energy production for life support systems, and
carbon capture and utilization (7.5 ECTS).

• Space microbiology (7.5 ECTS): microbes in space, biochemical processes, synthetic
biology and genetic engineering.

2nd Year: Space exploration applications (60 ECTS)
Core modules (45 ECTS)

• Martian in situ resource utilization (7.5 ECTS): atmospheric gas capture and purifi-
cation, electrolysis (H2O/CO2), reactions for the production of useful substances
(Sabatier, Fischer–Tropsch, reverse water–gas shift, and Haber–Bosch), and dust con-
trol and filtration systems.

• Materials for space applications: advanced composites (2D materials, graphene, carbon
fiber, metal foams, aerogels, 3D-printed materials, and titanium composites), nano-
materials (carbon nanotubes; nanoscale sensors and actuators), and smart materials
(shape memory alloys, self-healing materials, and bio-inspired materials) (7.5 ECTS).

• Design project II (30 ECTS).

Specialization: Process Engineering (15 ECTS)

• Lunar in situ resource utilization: polar ice, regolith, and fluid transfer under vacuum
(pumps and compressors) (7.5 ECTS).

• Propulsion systems: methane–oxygen chemical propulsion, hydrogen storage and
transport in space, solar electric propulsion, Xe, C60 and exotic propellants, nuclear
thermal propulsion, nuclear electric propulsion, the storage and transport of cryogenic
propellants on planetary surfaces, cryogenic propellants within aeroshells, and descent
and ascent propulsion linkage (7.5 ECTS).

Specialization: Space Science (15 ECTS)

• Life support systems: human physiology and anatomy, life cycle assessment, instru-
mentation, and control systems (7.5 ECTS).

• Space agriculture (7.5 ECTS): plant science, farming technologies, the effect of reduced
gravity, and genetic engineering.

The structure of the MSc provides the necessary transferable skills and ensures the
learning outcomes (Figure 2) cover several pillars such as knowledge, comprehension,
application, analysis, synthesis, and evaluation. The students will be equipped with solid
theoretical knowledge and an understanding of applications, enabling them to operate in
multiple contexts. The first year covers ChE fundamentals adapted to space conditions and
applications, i.e., thermodynamics, transport phenomena, unit operations, and chemistry.
The modules provide students with the tools needed to apply ChE in space applications.
The circular systems module is of paramount importance in space and completes the set of
core modules, ensuring that sustainability plays a central role in the curriculum [50]. In
the second year, the approach is more specific and focuses on ISRU and materials needed
for space applications. ISRU using the Mars paradigm as the planet offers a range of
raw materials and appropriate, albeit challenging, conditions for the design of processes.
Students can choose between two specializations in the first year, i.e., Process Engineering
and Space Science, consisting of a total of four elective modules. The design project objective
is the application of technical knowledge covered in the various teaching modules and it is
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divided into two phases: a group and an individual project. Bloom’s taxonomy was used
as a guide for the learning outcomes presented in Figure 2. As this is an advanced ChE
course, it is best suited for students with ChE education. The course is designed to prepare
a new generation of chemical engineers ready to work and innovate in the broader area of
space industry.

Figure 2. Learning outcomes of the course.

Education can be said to be part of an ongoing transition, which comprises opportu-
nities and challenges. The proposed course competencies could vary depending on the
institution and the evolving nature of the field. The course is multidisciplinary and con-
cepts such as case-based learning (CBL) and problem-based learning (PBL), as a sustainable
teaching practice, can be easily integrated [50]. Also, the proposed course contributes to
SDG4 (Quality of Education) [51–53]. It links knowledge with real engineering problems
through an interdisciplinary and cross-disciplinary approach to develop the competencies
needed for building a sustainable future on Earth and beyond. It is relevant to mention
that the notion of sustainability in Astrochemical Engineering is futuristic and one would
have to look into the coming decades; it is difficult to make this specific in the year 2023.

5. Conclusions

Chemical Engineering education has passed through several significant stages of evo-
lution, particularly in the incorporation of biological processes. We believe that Chemical
Engineering education is poised for yet another evolution into preparation for operations
in space, which we call Astrochemical Engineering. Chemical Engineering already plays a
significant role in space technology via materials, environmental control, the reprocessing
of waste materials, in situ resource utilization, and propulsion. These processes involve
unique environmental conditions in gravity, radiation, and the need for recycling waste
products under significant mass and power constraints. Individual chemical engineers
have had to learn to adapt to these conditions ad hoc. We envision a significant future
expansion in the global exploration and exploitation of space in which Chemical Engi-
neering will play an increasing role, requiring targeted preparation at the university level.
Looking beyond the immediacy of current space projects, we envision a significant future
expansion of space exploration and the exploitation of space resources. We believe that
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the current Chemical Engineering curriculum does not adequately prepare students for
leadership in space industry. We therefore created a new 2-year curriculum leading to an
MS in Astrochemical Engineering to fill this anticipated need. Moreover, Astrochemical
Engineering has much to offer to sustainability as space technologies can be used to solve
problems on Earth. The proposed curriculum can support several SDGs, such as SDGs 3, 4,
7, 9, and 13.
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Abstract: Globalization, as described by Joseph Stiglitz in his books Globalization and its Discontents
and Making Globalization Work, draws on both pains and gains. These two seemingly incompatible
positions, where globalization is used as a platform to partner or collaborate with other countries by
grabbing lands for sustainable developmental initiatives such as the attainment of SDG 2, but ends
up dispossessing the host communities of their lands, form the crux of this paper. Although not all
land grabbing is illegal, especially if lands are leased within the confines of a country’s land tenure
laws, the reality in some African countries shows that lands are grabbed without following land
tenure laws. This partly limits the capacity of African countries to effectively control and monitor
the activities of foreign land grabbers or investors on leased lands. This loophole in the governance
of arable lands in Africa has made many foreign partners use Africa’s arable lands for their own
benefit at the expense of Africa’s food sovereignty initiative. It has partly made Africa appear to
be a resource-cursed region, where it can hardly feed its population despite its global partnerships
and huge land resources. Drawing on systematic desktop reviews of the literature, this study asks if
globalization is contributing to Africa’s hunger index and resource curse. The findings expand the
discussion on how Africa is still not able to feed its population and end hunger, despite the potential
offered by globalization. It suggests approaches through which Africa can optimize globalization in
ways that support determined efforts at ending hunger in Africa.

Keywords: land grabbing; resource curse; SDGs; agroecology; complex interdependency theory

1. Introduction

Sustainable Development Goals (SDGs) are the greatest challenge of the current period
and need to be pursued with all countries making a pragmatic contribution (Ali et al., 2023).
Globalization, which is the interdependence of the world’s populations, economies, or
cultures, is driven by cross-border flows of people, investment, trade in goods and services,
and information unquestionably has advantages and disadvantages [1]. While its benefits
include trade liberalization, access to information, a vast flow of capital goods and services,
technology transfer, and access to foreign aid, it is criticized for promoting unhealthy
competition among states, exploitation of resources and labor, imbalanced trade, and the
loss of domestic jobs [1]. Through globalization, nations have lost control of their resources,
thus leading to what is known as the resource curse. It arises when a country or continent
is not fully benefiting from its huge resource endowment [2]. Similarly, globalization
stimulates land grabbing, which is the acquisition of large-scale land by an individual or
entity, public or private, domestic or foreign, following laid-down land regulations. Land
is usually allocated through ownership, lease, concession, quota, or general power. It could
be legal or illegal for purposes of resource control, commodification, and speculation [3].
However, the motive behind international land grabbing has provoked studies that question
the utility value of globalization in Africa. Land grabs, whether legal or illegal, somehow
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occur at the expense of agroecology, stewardship, subsistence farmers, food sovereignty,
and human rights [4]. It has partly heightened poverty and hunger through the very thing
(globalization, via global partnerships and collaborations) that the world believes will aid
the achievement of the end to hunger. This is true even though the world has experienced
tremendous improvement and civilization in technology, migration, productivity in food
production, and innovations in global connectivity [5]. However, through globalization,
developed countries such as China, the United States, the United Kingdom, France, and
a host of others have maintained a stranglehold on Africa and its resources, including
large-scale arable lands, as they promise to support the continent through partnerships,
financial assistance, loans, humanitarian services, technology transfers, and other veiled
collaborations [6]. Although these interventions are aided by the spirit of globalization,
their consequences outweigh the benefits accrued by Africa [7]

Today, despite huge deposits of raw materials and natural resources in Africa as well
as globalization spreading to the continent, Africa continues to struggle and lag behind
other continents in critical indicators of development [8]. Africa still suffers greatly from
poverty, hunger, and malnutrition. Sustainable Development Goal 2 (SDG 2) was proposed
as part of globalization policy to end hunger by 2030 [9]. However, Africa seems to
lack the capacity to achieve this goal, despite the description of Africa as a raw material
continent [10,11]. The inability of Africa to feed its populations and end hunger despite
the huge availability of arable landed resources, and the deliberate leasing or allocation of
lands to foreign partners to boost food production in Africa raises some serious questions,
such as: why is Africa still faced with the problem of hunger? Could Africa’s hunger
index rate be connected to the fallouts of globalization? Why is Africa not able to feed its
population despite collaborations, collective action on climate change, and partnerships
with developed countries? Can the resource curse in some African countries be linked
to globalization? These questions are better addressed by focusing on international land
grabbing, especially those specifically allocated for large-scale food production. Since the
attainment of SDG 2 requires partnerships in terms of the transfer of technology that can
combat harsh climatic threats or the leasing of lands to grow large-scale food production,
this can enhance Africa’s capacity to feed its population. It is therefore important to examine
big international land grabbing drawn from different ethnic groups in host communities.
One other reason for this choice is that globalization drives international land grabs, hence,
the focus of this article.

All the foregoing questions are well documented in the SDGs, which are an element
of globalization. Collective action on climate to boost food security and protect lives, the
influx of multinational corporations (MNCs), and corporate social responsibility (CSR) to
partner and engage in the transformation of African communities and assist in the best
possible ways to boost food security in Africa, among others, are essential features of
globalization [12,13]. However, the reality in most African countries shows that many
developed countries, international organizations, and international non-governmental or-
ganizations, as well as global financial institutions or partners, have deployed the deceptive
strategy of land grabbing, foreign aid, and assistance to impoverished Africa [14,15] The
displacement of 15,000 Ugandans described in [16] to pave way for the planting of timber
to mitigate climate change problems by New Forests, a British company, under the auspices
of the United Nations Reduction of Emissions from Deforestation and Forest Degradation
(REDD+) program is one amongst numerous examples of land grabs and displacement
problems in Africa [11,17]. It raises the question as to whether the same dispossession of
land and displacement can take place in the US or China [18], and the answer is that it
could not happen, even though the US itself was created due to land dispossession [19].

It is the contention of this article that, similar to the era of colonialism, African countries
are forcefully taken over or seized by foreign imperialists. Although not with force in this
era, Africa’s arable lands are subtly under the control of foreign investors or partners due
to weak regulations on land tenure systems in some African states. It portrays an unlawful
allocation of lands to foreign investors at the expense of local peasant farmers, human
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rights, and stewardship. In the name of global partnerships for agricultural development,
food sovereignty in Africa is gradually waning due to the imposition of obnoxious food
policies. These policies include genetically modified organisms (GMOs), mono-cropping
as against the agro-ecological model, soulless capitalism, and the granting of low-interest
credit or loans, among other unhealthy practices by Africa’s global partners [20,21]. African
lands have been deceptively used by these global giants to further under develop and
annex Africa [22–24]. China’s interest in Africa, especially in sectors such as agriculture,
technology, infrastructure, and finance, aptly buttressed its resource control motive in
some African countries [25,26]. Similarly, the West, especially the United States, through
its dominance in organizations such as the UN, WHO, World Bank, FAO, IMF, and WTO,
has imposed Western-oriented policies that have consistently made Africa’s economy
dependent on the West [10,27]. The policy of collective action on climate change may look
good on paper, but many African countries lack the capacity to procure technology for
the timely detection and prevention of climate change impacts, hence Africa’s current
dependent status [11,28]. The policy outcomes or goals of these Western-oriented policies
do not always ‘trickle down’ to local communities in Africa [11,29]. For example, the
erection of sophisticated machines to control, detect, and mitigate harsh climatic conditions
often leads to the displacement of indigenous people and the dispossession of their lands
with little or no compensation [30]. This does not only affect the capacity of peasant
farmers to produce food but also creates tendencies toward hunger and poverty. Hunger is
imminent when local farmers are dispossessed of their lands by foreign farmers in their
host local farming communities. This is because it is on record that most global giants,
having acquired land, used the same land to create more job opportunities and feed their
own populations at the expense of indigenous African people [31].

The case of Africa as the most vulnerable continent, despite its lowest contribution
to greenhouse emissions, heightens the already existing poverty and hunger index in
Africa [32]. This is because, in addition to the inherent climatic problems suffered by Africa,
the displacement of Africans from their lands in order to combat climate change has further
impoverished them [33]. The large scale of arable lands, the inability of African farmers
to predict uncertainties over future supplies of food, and increasing demand for food
and biofuel drive foreign companies, land speculators or investors, and superpowers to
Africa in search of lands, which some of them have subtly used to relegate Africa’s food
sovereignty and undermine peasant farmers [34,35]. Heightened international interest in
the acquisition and leasing of land adversely affects food production at local and national
levels [36]. Land grabs, especially those allocated without due process, often lead to the
displacement of people and the dispossession of their lands. As people are displaced or
dispossessed of their lands, it becomes very easy to grab land, which in turn limits the
capacity of local peasant farmers to productively produce food [21,37]. How could local
peasant farmers engage in farming after the dispossession of their lands? This question
further points to the fact that land grabs are strongly related to the resource curse, which
is the inability of Africa to fully benefit from the abundance of its land resources, raw
materials, and global agricultural partnerships. Africa is currently not food sovereign and
cannot adequately feed its populations despite being labeled the raw materials continent.
Hunger still exists in Africa, despite the fact that it is home to valuable raw materials
or natural resources [38]. This brings to the fore the importance of this article, which
tries to examine how land grabs (legal acquisition of land for development, speculation,
and commodification) and resource curses (i.e., hunger amid massive abundances of raw
materials that can be used to grow food) undermine Africa’s quest to achieve SDG 2. Zero
hunger is the dream and goal of the world, including Africa. The extent to which this goal
is achieved through effective utilization of the potential of globalization remains the focus
of this article. Indeed, the positive and negative implications of globalization in Africa have
received attention. However, empirical evidence is scarce on how globalization through
land grabbing heightens hunger on an already hunger-ravaged continent. Research in this
direction will guide the design of an Afrocentric policy intervention to resolve the problem
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of land grabbing and the resource curse, which, in the long run, will boost food security in
Africa. The objective of this article is to assess this interdependent initiative by enhancing
collaborative efforts and global partnerships to promote vibrant and mutually beneficial
food security in Africa. The findings are significant for theory and policy. Theoretically, it
expands the discussion on the dimensions of land grabs and resource curses and how they
undermine the attainment of SDG 2. The findings also suggest a means by which African
countries can optimize indigenous knowledge systems and technology to enhance strategic
efforts at improving food security in Africa. More importantly, it expands knowledge on
the relevance of integrated food security and sustainability in Africa.

Integrated food security requires an innovative multi-partner initiative to improve
food security, nutrition analysis, and decision-making. This shows that the sustainability
of food security in Africa depends largely on contributions from other countries [39]. The
attainment of SDG 2, that is, zero hunger in Africa and other emerging economies, also
depends on the ability of Africa to engage in multi-level partner initiatives that can promote
its participation in the analysis and decision-making process to improve food security and
nutrition [40]. One of Africa’s important engagements in multi-partner initiatives, which
further aids integrated food security, is that Africa, through these initiatives, can produce
food that can sustain its teeming population [41]. In other words, this initiative can enhance
the sustainability of Africa and other emerging economies towards ending hunger and
malnutrition. Thus, Africa needs to be more proactive in innovative multi-partner decisions
with other countries to boost its food security [42].

Following the introduction section, the article utilizes the social constructivist as a
theoretical construct in explaining food security and SDGs in Africa. This article appraises
the patterns and nature of land grabs, the resource curse, and their implications for food
security in Africa. The next section discusses the impact of globalization on Africa’s hunger
index rate and the resource curse. It concludes with discussions on issues of indigenous
knowledge systems and technology to boost food security in Africa. To achieve all these
goals, the article utilizes a systematic research method that was sourced through extensive
desktop reviews of extant studies that discussed issues in detail relating to the subject matter.
The rationale for the choice of this method is based on the fact that issues of globalization,
land grabbing, resource curse, and SDGs, especially those empirically analyzed, are readily
available in the literature, hence the need for thorough systematic reviews. It is hoped that
a systematic review method provides the opportunity for a detailed analysis, which is the
focus of this paper.

2. Social Constructivism, Food Security, and SDG 2

Social constructivism advances the knowledge that theories are constructed due to
the social development of an environment. Constructivism posits that the construction of
knowledge is the product of social interaction, interpretation, and understanding. It posits
that there is no perfect theory that is not fallible [43]. It argues that the social dimension
of human relations is germane to the much-touted fourth industrial revolution (4IR) and
food security in Africa. It allows for the training of people, especially women, who are
known to be custodians of organic seeds for sustainable food production [44]. It is a
variety of cognitive constructivism that emphasizes the collaborative nature of people
in an environment. It argues that the development of society largely depends on social
interactions and relations among those living in the environment. To interact in a locality,
native intelligence or indigenous knowledge is required. It is needed to boost food security
in Africa, and the functionality of the technology largely depends on human relations and
interactions, which are largely based on local indigenous knowledge. All components of
food security—availability, accessibility, affordability, and quality—are interdependent
and can only be developed and sustained through healthy human relations and social
interactions in an environment.

The theory provides alternative ways to conceptualize food security among states in
the global system. It sees food security as a social construction, which makes it easier to un-
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derstand how people are mobilized to promote food production, availability, accessibility,
affordability, and utilization. In the analysis of food security, understanding ‘reality’ as a
social construction means that identities, national interests, and security threats are socially
constructed through interstate interaction and domestic political and strategic cultures [45].
Social constructivism has emphasized the role of international organizations as sites of
social interaction that can produce changes in actors’ identities and interests. Walters [45]
specifies how norms, not just material power, provide the basis for an intersubjective
understanding of social purpose among states. This understanding was shown to be critical
to the formation and durability of the post-war international order. Social constructivism
advocates for models and standards through mutual and cooperative interactions that can
influence states’ decisions to change their attitude against the use of force and coercion
against other states in the international system. This explains why land grabs and resource
curses are social constructions emanating from the environment. Social constructivism be-
lieves that these social constructs can be amicably addressed by socialization and diffusion,
which are largely based on interactions and human relations.

Since the issue of international land grabbing is mostly perpetrated by actors such
as international organizations and states, social constructivism advocates for authority,
that is, “the ability of one actor to use institutional and discursive resources to induce
deference from others” [46,47]. It underscores that international organizations (IOs) are
not just servants of states; authority provides IOs with self-sufficiency regarding states
and non-state actors. It is also opined that IOs sometimes accomplish more than states
can accomplish; they adequately transmute broad mandates into specific ways of acting
in the world that change the behavior of state and non-state actors and use knowledge
and authority to regulate the social world [46]. Authority itself is understood to be a
social construction that is deployed to check the excesses of some states or IOs in the
international system.

This theory adequately explains the implications of land grabbing for zero hunger,
as it stipulates that there should be mutual social interactions and human relations in the
form of the sharing of ideas and knowledge on how to adequately tackle the issues of land
grabbing and the resource curse that has been bedeviling the African continent. On the
global scene, international organizations and other actors are expected to amicably discuss
the issue of land grabbing, which somehow has given more foreign partners more control
over resources and raw materials in Africa. This requires concerted efforts for sustainable
solutions. Inclusion and consultation with the indigenous people over the use of their lands
are essential for the attainment of these solutions. This might have led to the conclusion
that human relations in terms of the sharing of indigenous knowledge and technology are
required for sustainable food security in Africa [48,49]. Africa’s quest for food sovereignty
could be better achieved through global partnership and collaborative efforts aimed at
considering the plight of peasant farmers, inclusiveness, and respect for the human rights
of host communities.

The achievement of SDG 2 is well captured in the core principles of social construc-
tivism. Zero hunger is a construct that is envisaged to be achieved through collaborations
and mutual social interactions among citizens in society. Joint collaborations and interven-
tions between the government and the people to address issues of poverty and hunger
will serve as spurs for general development and food security [37]. Social interactions
and the dynamism of constant change in the international system largely determine the
quality of partnerships and collaborations among states toward the call for the eradication
of hunger [48]. To end hunger, Africa’s capacity to produce quality food depends on human
relations and interactions. These social interactions should include women, who are more
active in food production [49,50]. The empowerment of women is a strong requirement for
food security in Africa. This is because women are more reliable custodians of organic seeds
for sustainable food production [51]. Social interactions that include women, according
to social constructivism, strengthen their productivity in food production. This is due
to the fact that women are good managers of credit facilities to boost food security [52].
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Thus, ensuring more access for women to relevant inputs will promote food security and
empower the landless majority in the state with a greater focus on women and girls [53].

3. Methodology

A qualitative research method forms the basis of data collection in this article. It draws
on systematic desktop reviews of key issues of land grabbing and resource curse in Africa. It
has been argued that a systematic approach is appropriate for studies that uniquely provide
detailed summaries of reviews in response to research questions [54]. Since this study draws
on research questions (such as could globalization be responsible for Africa’s high hunger
index and could it be responsible for Africa’s resource curse?), thus, it is more convenient to
adopt a systematic review method. Its validation hinges on the fact that a similar approach
has been used in studies and research conducted in education, engineering, humanities,
social sciences, tropical medicine, and health [55–57]. Evidence shows most studies that
used this approach provided answers to research questions in the form of findings [58].
Data were also drawn from empirical studies, verifiable government documents, online
materials, periodicals, newspapers, journals, and policy notes for comprehensive reviews
and discussions of findings or answers to the research questions. These data were analyzed
using thematic descriptive content analysis.

4. Land Grabbing and Resource Curse: The Misery of Hunger in Africa

Land grabbing and the resource curse are not new in Africa. Africa has long contin-
ually suffered from these contemporary issues, which partly contribute to the misery of
hunger in Africa [11]. Land grabbing is simply the practice of large-scale land acquisition
by individuals, entities, governments, international organizations, and foreigners for spec-
ulation, investment, commodification, and resource control purposes [3]. It is the lawful
acquisition of large-scale lands, especially those that follow the laid-down procedural
means or approach of host countries. Evidence shows that some developed nations, foreign
investors, and governments, in a bid to partner with Africa and end hunger or combat the
impacts of climate change, have grabbed land for food production and biofuel needs [59].
Land grabbing as the right or power to land resources or large quantities of land acquired
in a bid to respond to the food security crisis adequately, combat the impacts of climate
change, and meet financial exigencies [60]. Although this is a global practice, the way it
is acquired in Africa seems to be restrictive of Africa’s quest for food sovereignty, agroe-
cology, and human rights. This is because it has governance problems, such as deficient
information or data on large-scale lands and the exclusion of host communities from the
land allocation decision-making process, among others [21]. It tends to favor more foreign
investors, governments, or states at the expense of stewardship and peasant farmers in
home countries.

Peasant farmers, who largely depend on land as a means of livelihood, are more
affected by unlawful land grabs. It also impacts herders, who are forest-dependent [61].
African governments with weak regulations on land tenure systems often violate existing
communal and customary land tenure laws to re-allocate land to foreign governments,
speculative investors, and organizations for agricultural development [11]. This inordinate
practice by some African governments has partly contributed to the forceful acquisition
or dispossession of land from the real owners under the guise that such land will be used
for developmental purposes [21]. However, the reality in most African states reveals that
land grabbing for developmental purposes hardly translates to the development of host
communities where the lands were originally acquired [61]. It is the poor, displaced, and
marginalized communities that lose land in Africa, mainly because they lack the power and
influence to compete with foreign land speculators or investors. It is imperative to note that
despite Africa’s endowment of land resources and raw materials, hunger and malnutrition
still persist on the continent. This is otherwise known as the “resource curse”. A resource
curse is an inability to fully benefit from the abundance of resources endowed or available
in a country or state. Africa, despite its huge land resources and raw materials, as well as its
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initiative to lease land for developmental purposes, still cannot feed its populations [37,62].
It is a resource curse for Africa if, after partnering with foreign land speculators or investors
through the leasing of its landed resources and huge raw materials, its people still suffer
from hunger. One in five people, or 21% of the African population, still suffers from hunger,
while 282 million are undernourished [63]. This negative outcome of Africa’s land leasing
or grabbing initiative has been blamed on a lack of accurate data on the scale, trends,
geographical distribution of land, and actors in large-scale land deals [61].

Land deals, especially those in large quantities, are shrouded in secrecy and not
transparent [21]. Variations in timescales, methodologies, and criteria for land deals make it
very difficult to compare information about land grabbing in Africa [64]. From the foregoing,
it can be deduced that the inability of African leaders to follow procedural and approved
regulations on land tenure or the unlawful leasing of land to foreign partners is partly the
reason for the resource curse in Africa. It shows that there is a strong relationship between
land grabbing and the resource curse in Africa. African governments that jettisoned lawful
allocation of land due to weak land tenure regulations or that allocated lands without due
process because they wanted to balance their budgets would certainly not benefit fully
from the proceeds of investment on the leased or allocated lands [21,61]. This is because
once foreign land speculators or investors bribe their way to acquire land, as is currently
performed in some African countries, it will be very difficult for these African governments
to control and audit investment by these land speculators or grabbers [11]. This is because
regulating agencies, at the point of land allocation, abandoned the land tenure laws [11,65].
Moreover, since one of the aims of land speculators or grabbers is to attain access to
resources in host communities through collaborative efforts, they may likely benefit more
from the proceeds of investment in the landed resources than African countries [21]. Thus,
it can be interpreted to mean that while the abandonment of land tenure regulations
by some African governments during land allocations has retarded Africa, it has also
attracted more foreign land speculators to Africa [66]. Africa is home to uncultivated lands,
and this could have informed the conclusion that uncultivated land with the prospect of
boosting significant food outcomes attracts foreign investors [67]. Despite the fact that
Africa accounts for about 60% of the world’s arable land, most African countries hardly
achieve 25% of their potential yield [68]. This may have partly contributed to an increase in
China’s investment in the agricultural sector in Africa. Land grabs raise concerns about
corruption, large-scale resettlement of populations, and even the recolonization of Africa.
It is imperative to note that some developed countries persistently hide under the pretense
of climate mitigation action, corporate social responsibility (CSR), technology transfer,
collaborative efforts in food security, foreign aid, and financial assistance to unduly exploit
and occupy lands in Africa.

The case of Chinese loans and partnerships in agricultural food production in some
African countries, where the latter default on loan repayment, often leads to the forfeiture
of national assets. This may include the loss of cash crop plantations, where food meant
for African host countries is shipped to China. This succinctly explains the problem
of land grabbing in Africa [26,69,70]. It is the largest bilateral lender for public sector
loans across the African continent [26,71,72]. Despite this large economic footprint, there
is often very little information in the public domain on the specifics of its lending and
investments [73,74]. Today, through its loan policy in Africa, China has been able to provide
business and employment opportunities to Chinese citizens and contractors working
in Africa [71]. Similarly, because China, on the one hand, often imposes most of these
loans on infrastructural development in Africa, African governments, on the other hand,
provide land for the construction of these infrastructure projects [26]. This imposition has
benefited China more than host African countries because of her “going-out strategy”,
which tends to give more priority to Chinese companies as contractors or investors for any
projects, including agricultural projects, financed by Chinese loans [26]. These companies,
rather than giving job opportunities to citizens of host African countries, prefer giving job
opportunities to Chinese citizens in host African countries. This describes a situation where
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China gives out money with one hand and collects back all the proceeds of that money with
another hand [26,75]. It is similar to a situation where China agreed to assist or partner
with some African countries to boost food production through the recruitment of local
peasant farmers but went behind the host nation’s back by recruiting Chinese farmers and
still transferred the harvest back to China [76]. This does not only undermine stewardship,
peasant farmers, and human rights; it also raises the question of whether Africa wants to
feed China or itself. This was well captured in the forms of large-scale investments, often
involving transnational purchases of land to create jobs and bring new technology to the
sector, and small-holder farming that neglects local rights, extracts short-term profits at the
cost of long-term sustainability, ignores social standards, and fosters corruption on a large
scale [68].

However, on the procurement of land for large investments in the creation of jobs,
evidence such as that shows discrepancies between interest in large-scale investment in
African agriculture and actual investment [10,68]. China has been criticized for grabbing
land cheaply from Africa, using underpaid Africans as laborers, and producing food
for its citizens back home at the expense of Africa [26,73,77]. This has implications for
hunger as African countries, especially those that are politically sensitive and food insecure,
will lose control over their own food supplies when they need them most. It also has
severe implications for new colonialism, agrarian colonialism, or eco-colonialism. It is
on record that countries such as Ghana, Ethiopia, Mali, Tanzania, Kenya, and Sudan
have grossly engaged in the leasing of millions of hectares of their lands for biofuels and
agricultural production; this could be similar to “new colonialism or agrarian colonialism”
currently spreading to African countries [68,78]. Land acquisition in Africa has been
unprecedented, and there is a huge gap between declaring an intention to lease land and
the actual cultivation of the land for food production. Investment in African lands for food
production that will benefit the population of the investing countries is not new; what is
new is the rate of land deals that have been transacted. Land deals in Africa have been
enormous, such that local farmers and investors hardly have the opportunity to procure
land for food cultivation. This is even worse for women, who are major contributors to
food production in Africa [9,37,79,80]. Another unprecedented thing is the issue of what
the land is used for and the beneficiary. Africa’s inability to address gaps in the effective
management of leased or acquired lands for developmental purposes creates the tendency
to have huge deposits of resources that cannot necessarily translate into wealth or freedom
from hunger and poverty. This is similar to a resource curse because, despite Africa’s huge
land resources and abundance of raw materials, it can hardly boast of fully reaping positive
outcomes from the resources or raw materials. This depicts a situation where those who
own the resources (land) cheaply sell their land to foreigners or investors and work as
laborers on their sold land to earn a livelihood. As foreign countries (US or China) smile to
the bank to receive huge dividends from their investment [70,81]. This adequately describes
the resource curse situation in Africa.

Similarly, multinational corporations, through CSR, have illegally grabbed lands for
the benefit of their home states at the expense of the host countries. These corporations
hide under the pretense of bringing socio-economic development to areas of their oper-
ations by illegally acquiring lands and assets belonging to host communities in Africa,
as their assistance to developing African countries is embedded in an unequal exchange
arrangement [10,82–84]. It has been argued that negotiation dexterity, diplomatic power,
economic preponderance, and socio-cultural upper hands of multinational cooperations
or states undermine African nations’ bargaining prowess during negotiations over trade,
including land; this has been found to be detrimental to the economic development of the
continent [10]. MNCs have also been accused of preventing the free flow of indigenous
knowledge among the local people in host countries. They have been accused of hijack-
ing and converting high-income-producing indigenous knowledge to their own through
patenting, despite the global geographical recognition of such knowledge belonging to
host communities [20,37]. The promise to assist the people of San in processing the hoodia
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plant without infringing on their right of ownership, where there was a total disregard for
the convention on biological diversity (CBD) by the foreign MNCs, aptly explained the
domineering nature of the negotiation process by MNCs.

MNCs are opposed to local, vibrant initiatives that could have aided the develop-
ment of host communities. They disarticulate the sources of economic stability in host
communities as local people are forced to produce what they cannot eat and consume
what they cannot produce. They are objects of de-capitalization and de-industrialization
in Africa [10,27]. The claim that land is grabbed to create jobs in the agricultural sector is
absolutely not correct and misleading, as most of these multinational cooperatives only
cultivate the land for food production to feed their own populations and not those of Africa.
They grabbed lands in host communities under the pretense of utilizing those lands for the
improvement of infrastructure (roads, bridges, and schools, among others) and mitigation
against climate change. In doing this, members of host communities are displaced and
forcefully ejected from their lands, only to realize later that the main motive is to use the
land to feed the population of the home countries [77,82].

Despite the endowment of Africa with raw materials and natural resources, it lacks
the capacity to process these resources or raw materials into finished products. This has
made Africa rely on developed countries for the processing of its resources. This reliance
is partly due to a lack of sophisticated technology and technical know-how. However,
empirical evidence shows that the refined or processed resources are sold back to Africa
at a very high price, thus making it appear as a resource curse to Africa, which originally
owned the resources [85]. The need for Africa to have some of its resources processed into
finished products overseas makes her accept stringent conditions during loan negotiations
with Bretton Woods institutions and other big powers (the IMF and World Bank, China,
and the US) [10,26]. The imposition of mono-cropping against an agro-ecological model of
sustainable development in food security in Africa is a sign and an indicator that Africa
suffers from a resource curse. It literally means that Africa’s resources cannot transform it
from its poverty and hunger-striking state to a more desired and sustainable level.

This explains why Africa, despite her arable lands and her description as the world’s
capital of raw materials, is still largely poor and faces hunger, malnutrition, and inequalities.
How could a continent so endowed with arable, fertile lands with huge raw materials be
this poor and affected by hunger? This question confirms the fact that central Africa has the
highest extreme poverty rate of 54.8%, followed by Southern Africa at 45.1%. Rates in West-
ern and Eastern Africa are 36.8% and 33.8%, respectively [86]. The answer to this question
is not far-fetched, as globalization not only triggered massive attraction to Africa for her
unprocessed raw materials and uncultivated lands, but it also led to land grabbing for mas-
sive food production for commercial purposes rather than for humanitarian sustainability
or purpose. This might have led to the conclusion that the description of Africa as the food
basket and raw materials of the world has made many multinational corporations (MNCs)
and states scramble for African countries' resources and, more recently, grab African arable
lands to produce food for the North and Middle East markets [87]. Relatedly, Amusan
(2018) argued that African resources are fast becoming a curse if multinational corporations
(MNCs) continue to engage in capital flight and soulless capitalism, where monies realized
from food production on the grabbed African land are sold outside African markets.

5. Mapping the Impact of Globalization on Global Partnerships, Hunger-Index, and
Resource Curse in Africa

Although globalization often draws praise and recognition, it has also been blamed
for its negative side effects across continents, including Africa [88]. Indeed, Africa has
benefited and suffered greatly from globalization. While studies have extensively examined
how Africa benefited from globalization, findings about Africa’s pains, especially how they
contribute to Africa’s hunger index rate, are scarce in the literature. It is a fact that prior to
the establishment of the SDGs, hunger already existed in Africa; SDG 2 was only a global
response to end hunger in the world, including Africa [89]. To achieve this goal, all countries

397



Sustainability 2023, 15, 10845

in the world are expected to take action against hunger [90]. However, while some countries
seem to have the capacity in terms of technology, knowledge, and finance for massive food
production that can solve their food crisis, others, especially their African counterparts,
seem to be highly deficient in modern climate control, food production technologies, and
finance to meet their food production needs [89,90]. In the same vein, while Africa has a
large scale of arable lands, raw materials, and viable markets for agricultural harvests or
products, their counterparts on other continents seem to have limited arable lands, markets,
or raw materials required for their food production [11]. These shortfalls and limited
capacities across continents form the basis of global partnerships, interdependency, and
interconnectedness. With partnerships, countries across continents have been able to have
access to agricultural funds, technology transfer, foreign aid, financial assistance, arable
lands, raw materials, and markets to enhance their food production capacity [21]. From
the foregoing, it is clear that partnerships can only thrive through flows of trade, people,
communication, goods and services, ideas, information, and knowledge, which are essential
features of globalization. It is expected that as countries engage in global partnerships
or collaborative engagements, their capacity to achieve the SDGs, including SDG 2, will
be enhanced, all things being equal [10,27]. Thus, Africa is expected to have the capacity
to eradicate hunger following her global partnerships and collaborations with developed
nations such as China, the US, Britain, and France, among others. In addition, its large scale
of arable lands and endowment of raw materials are added advantages that ought to have
improved Africa’s capacity to produce food that can feed its populations [11,21]. However,
despite her global partnerships, availability of arable lands, and raw materials, Africa still
has a high hunger index rate, lacks the capacity to feed her populations and suffers from
resource curse syndrome [91,92]. These deplorable conditions have been blamed on the
fallout of globalization, which is manifested in the way global powers such as China have
transgressed constituted authorities and undermined land allocation regulations in some
African states with weak budgetary allocations to agricultural production [93]. It is a fact
that the rising global demand for biofuel and food has shifted the focus of some developed
nations to Africa, where raw materials are readily available [65]. As they scrambled for
African raw materials and lands for food plantations, they tended to undermine the interests
of peasant farmers and impugned human rights in Africa (Holmen, 2015). Although land
grabbing is legal and commonly practiced across the world, its enforcement in some African
countries limits Africa’s food sovereignty initiative [56,94]. China’s developmental drive
in Africa indicates that, through globalization, most foreign land speculators or investors
grab land in Africa. However, the motive for the acquisition of these lands appears to
purportedly promote Africa’s food production capacity, whereas, in reality, it is to provide
job opportunities and promote the welfare of their citizens residing in host countries.
China’s “Going-out policy” tends to retain Chinese citizens as workers or contractors in
any project financed by loans provided by China [26,73]. With this policy, peasant farmers
in Africa would be denied the opportunity to grow food because the majority of them
have been dispossessed of their lands [10]. Although these lands were allocated on the
basis of positive agricultural outcomes such as the training of local farmers on how to
operate agricultural technologies, high-yielding seedlings, irrigation, detecting a good and
conducive planting season, climate adaptability, marketing, and storage of farm harvests,
among others, that can be rewarding and beneficial to African countries food production
capacity [11]. It is a fact that Africa is not fully benefiting from its allocated landed resources
because the majority of its global partners often do not report all the gains or profits on
agricultural investment. In the same vein, evidence indicated massive capital flights
(transfers of profits on investment back home) overseas by these global partners [11,26,27].
In some severe cases, raw materials from Africa are transferred overseas by these global
partners for the industrialization of their countries. In the colonial era, palm oil from
southern Nigeria was used to fuel Britain’s industrial revolution, just as French farmers
resettled in the farmlands of local communities without any meaningful compensation
in Algeria [11]. Today, Africa’s natural resources, especially arable lands and other raw
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materials, have attracted global partners that have offered to assist Africa in ending hunger,
but their assistance has been shrouded in secrecy and largely skewed to undermine the
rights of peasant farmers, take control of resources in host communities, amass wealth at
the expense of host communities, and limit food sovereignty in Africa [27,45]. These are the
reasons why Africa still has a high hunger index rate, is unable to feed its populations, and
suffers from a resource curse. The more peasant farmers are denied the opportunity to grow
food, the higher the hunger index rate and the greater the inability to feed the population.
This no doubt described Africa’s resource curse situation, especially with the way Africa,
despite her endowment of resources (large-scale arable lands and raw materials) and web
of global partnerships, is still not fully benefiting from the proceeds of investment in its
landed resources. This might have led to the conclusion that governance crises are the bane
of underdevelopment in Africa [89]. Land grabbing in Africa has governance issues, such as
a lack of information on leased lands and poor monitoring of the activities of land investors
or foreign partners. These governance crises could limit the attainment of SDG 2 [10,27].
The practical effects or implications of these findings are that African governments can
now understand where they get it wrong in terms of not following due process in land
allocation and make swift adjustments against such practices. Similarly, the findings of
this article advanced fresh knowledge on how African governments should now manage
or handle their collaborative engagements or partnerships with global powers. Another
practical effect of this article’s findings is that they provided needed information on how
African governments can optimize globalization to achieve positive SDG 2 outcomes. This
will be accomplished by ensuring that all information about land grabbing is transparent,
people-oriented, or focused, through effective land grab governance, periodic checks or
reviews of the activities of foreign land investors or global partners, and by ensuring that
Africa fully benefits from its landed resources.

6. Indigenous Knowledge Systems and Technology to Boost Food Security in Africa

Indigenous knowledge systems (IKS) are simply the application or use of native intel-
ligence to foster or boost agricultural food production. Prior to globalization, indigenous
knowledge systems were in existence and widely used by local farmers in Africa to produce
mainly organic foods [95]. However, with the advent of globalization, the focus shifted
from indigenous knowledge systems that specialize in mostly organic farming or food
production to genetically modified organisms (GMOs) with the use of technology. The
widespread nature of globalization, which eventually led to the adoption of technology in
agricultural food production across the world, including Africa, is symptomatic of some
factors. First, it attests to the expanding importance of technology in everyday human
endeavors. Whereas technology can enhance and endanger food security, its gains offset the
fallout. Second, it is reflective of an alternative method for addressing low food production
that negatively impugns food security.

Although low food production is widespread on some continents, Africa’s situation
suffers from below-par and rushed attempts at increasing food production [21,49]. Studies
on the use of crude farming equipment for food production in Africa show low food
production outcomes [96]. The literature is replete with evidence of undesirable drifts in
public perceptions of the capacity of crude technology in food security [97–100], indicating
low food production, which could trigger food insecurity. The consequences of these
actions have been stiffening food security challenges [101].

Thus, the advent of globalization, which comes with technology transfer and adoption,
embodies opportunities for massive and fruitful food production that can meet the food
demand of Africa. Africa’s population is huge, and the indigenous technology systems
cannot produce food that can meet the exponential population growth of Africa. Technology
transfers and adoption or utilization are predominantly expedient in the context of Africa’s
exponential population growth. The ability of highly sophisticated technologies to produce
the food requirements of Africa can enhance food availability, accessibility, and utilization
and allow the people wider latitude to determine what to eat and produce what they can
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consume rather than receiving directives and impositions from the developed countries.
Africa has, for a long time, been on the receiving end of out-of-use technologies from
developed partners. No wonder it was concluded that inappropriate technologies are
transferred to Africa, and even when sophisticated technologies are sent to Africa, local
employees are hardly allowed to work on those machines [10,27]. It is also a fact that about
5% to 10% of the profit made on technology transfer to Africa is directed toward patenting
payments [10]. This shows that technology transfer to Africa, which is purposely intended
to boost food security, is meant to drain the pockets of Africa and enrich the MNCs and
their states.

Importantly, as it was made clear, those technologies barely drive change without
other factors; ‘effectiveness arises from a combination of technology, organizational shifts,
and policy reforms [102]’. Technologies need to be aggregated with other factors that are
important for development [86]. The aspects of the reforms that could not be handled by
technology require human judgment, intuition, and discretion [103]. Therefore, outcomes
will be a function of the quality of decision-making resulting from the effective operation of
farming technologies such as tractors, irrigation machines, food modification technologies
or machines, robots, and agricultural drones, among others. For massive food production
through technology to take firm root in Africa, ‘it is vital that the training, mindset, and
methods of food production and farming undergo fundamental change [104].’ These under-
score the human dimension. Local farmers need to be trained in the act of mechanization
and the handling of sophisticated farming machines or technologies to boost food security
in Africa.

Much progress in the use of technology platforms (such as tractors, climate detection
devices, mobile phones, and drones) to boost food security depends on how farmers,
especially women, can adapt them to daily operational workings such as the use of phones
to alert customers or buyers of food harvests. In addition to what technology can add to
food security, it is imperative that African farmers expand their infrastructure, especially in
relation to the use of mobile phones and internet facilities, to showcase their harvests and
attract customers. This is against a background of studies highlighting a shortage of basic
technology used for food production, such as telephones, computers, and internet facilities,
in rural local farming areas [75,82].

This limits the extent to which farmers are familiar with technology in their farming
duties. Farmers need to deepen their use of technologies, as this can enable them to know
the potency of the best technology platforms in addressing challenges, including seedlings,
irrigation, planting season, prices of food, harvesting, and storage of food, and not just as
platforms for increasing food production. The ability to institutionalize and strengthen the
use of IKS and technology among farmers, especially women, will aid sustained efforts at
boosting food security and ending hunger in Africa.

7. Limitations and Future Directions

One of the limitations of this paper was the difficulty in identifying the exact and
global meaning of land grabbing. In the literature, while some scholars see it as a forceful
dispossession of lands in foreign countries, especially in Africa, others see it as a legal and
mutual allocation of land. In the long run, this article believes that land grabbing could be
legal or illegal, especially when the due process or land tenure regulations of host African
states are not followed in the process of leasing or allocating lands. Another limitation is
that it places too much focus on developing countries in Africa. Other developing nations
on other continents, where land grabbing is predominant, were excluded from the review.
Importantly, the paper also suffers from the limitation of reviewing or examining only SDG
2. Its findings can only be applicable to countries in need of ways to improve their food
production capacity to end hunger. Given these limitations, it is expected that more robust
research should be conducted to compare land grabs and resource curses, with a specific
focus on globalization in Africa and Asia. Similarly, research on this subject should cover
more SDGs (specifically, SDGs 1, 13, and 17). Finally, research in this direction should strive
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to utilize mixed methods of quantitative and qualitative research design. It is hoped that in
the future, the findings of the mixed-methods paper will provide a balanced view of how
globalization impacts land grabbing and provokes resource curses.

8. Conclusions

This article has established that globalization in itself is not a bad thing. The real
problem of globalization in Africa is the inability of some African governments to effectively
optimize the potential of globalization for the development of Africa [105]. Land grabbing,
if adequately enforced (in terms of following due process and good governance, which
ensures that the local communities participate in land allocation decisions and have access
to information about the land and transparency), has the potential to contribute to the
attainment of SDG 2 [106]. Expectedly, with Africa’s arable lands and lawful land grabs
for food security purposes, the issue of hunger and mal-nutrition targeted by SDG 2 will
be a thing of the past. The successful achievement of SDG 2 in Africa largely depends
on transparent land grabs, sincere global partnerships, and effective monitoring of the
activities of international land grabbers [107]. This, if adequately enforced, can improve
Africa’s capacity to feed its population and attain SDG 2. However, lands allocated to
foreign partners have yielded little or no positive outcomes due to weak land tenure laws
in Africa. This partly accounts for the increasing rate of dispossession of local farmers
from their farmlands and the relegation of peasant farmers in host communities. The
desire to amass wealth and earn foreign currencies from global partners is partly the reason
why arable lands are allocated without due process or regulations [10,21,94]. This has
implications for the loss of lands by local farmers; it also reduces their capacity to produce
food and consequently aggravates Africa’s hunger index rate. From the foregoing, it can
be inferred that the more arable lands are unlawfully allocated at the expense of peasant
farmers, human rights, and Africa’s developmental motives, the lower the capacity to
produce food and the greater the rate of hunger in Africa. It also has implications for
Africa’s inability to feed its populations. This is because most African governments fail to
optimize and effectively utilize their collaborations with other developed states or global big
powers (China, the US, Britain, and others) to advance sustainable development in their key
sectors, including agriculture. Evidence shows that in most large-scale land deals, African
governments with weak financial or budgetary allocations are usually under pressure to
satisfy these big powers at the expense of their local farmers [26,27]. This satisfaction, if not
properly checked, could lead these big powers to exert undue influence and control over
resources in Africa. China’s undue influence and control over gold mining and big farm
lands and its ability to determine who works on these sites and farms succinctly explained
why Africa’s overdependency on foreign partners for technology, financial assistance, and
foreign aid limits its capacity to feed its populations. It is also the reason why Africa is
labeled a resource curse because Africa has yet to fully benefit from its landed resources
and partnerships with big global powers.

To address this gap, the findings in this piece indicate the possibilities that IKS and
technology provide for the effective cultivation of land and processing of resources. These
are sacred to food security. Unfortunately, in Africa, governments have failed to optimize
lawful land grabbing and foreign partnerships for the attainment of SDG 2 and, thus,
food security. Uncultivated arable lands stimulate the massive attraction of foreign land
investors and speculators to Africa, but the inordinate desire of some African governments,
which made them allocate land without due process, caused many local peasant farmers to
lose their lands, hence their limited capacity to produce food. Other restrictive challenges
affecting food security, including the overbearing influence of MNCs, the imposition of
food policies and methods, mono-cropping, a lack of technology, the marginalization of
women farmers, and other related issues, as well as a lack of funds and the associated
problems of GMOs, worsen food security in Africa.

Prospects provided by technology transfer are desirable for addressing some of the
issues. It is established that a blend of IKS and technology used by farmers will help boost
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food production and, by extension, food security in Africa. Technologies and IKS enable
deeper interactions, native intelligence, monitoring, and oversight leverage over massive
food production. Gaps in food production and security in Africa can be alleviated by IKS,
which relies on the low cost of technology to advance indigenous knowledge to boost food
security efforts in Africa. Technology allows the joint production of indigenous knowledge,
in which local farmers in host communities bring to the fore their native knowledge about
problems affecting food production in their localities and support for ideas or efforts of
partnering states or organizations, which are the determinants of food security. Continual
cultivation of Africa’s arable lands and processing of resources using a blend of IKS and
technology will combine to boost food security in Africa.

Universities in Africa can also provide the expected change in the attainment of SDG
2, especially through the giving of assignments and research works to students, which
specifically cover issues of global partnerships and food sovereignty in Africa. This can
expose students to understanding how their work or assignments impact lives in society.
Across continents, universities are thinking tanks that are strategically placed in society to
conduct problem-solving research and cross-sectoral execution of the SDGs, providing an
invaluable source of expertise in research and education on all sectors of the SDGs [108].
Universities, through the Higher Education Sustainability Initiative (HESI), can partner-
with governments and communities in food production. This can be achieved by offering
agricultural extension or educational services to local peasant farmers, creating awareness
on how farmers can adapt and prevent harsh climatic impacts, and liaising with different
sub-national governments to train and educate farmers in massive food production [109].
The departments of food technology, agricultural science, and extension services of various
universities in Africa, through their community service functions, have rendered research
expertise to governments and communities in the growing of cash crops that have yielded
positive outcomes in food production [110]. This, if adequately and continually explored,
could enhance the quick attainment of SDG 2 [111].

Conclusively, it can be deduced that while globalization stimulates Africa to partner
with other nations or big powers to be able to attain SDG 2 (an end to hunger and mal-
nutrition), globalization has also been disproportionately exploited to milk Africa of its
resources, as Africa has benefited very little from allocating its arable lands to foreign land
grabbers, who pretentiously cultivate Africa’s lands to develop their home country and
limit Africa’s capacity to attain SDG 2, hence, the high hunger index in Africa.
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Abstract: Universities play a pivotal role in modern society and must lead the way in achieving
energy efficiency, directly contributing to the Sustainable Development Goals (SDGs). Like small
towns in resource consumption and population mobility, many universities and research centers face
significant challenges transitioning to renewable electricity systems. This study aims to (i) map the
current scientific literature on renewable energy sources used by universities; (ii) discuss the drivers,
barriers, and trends of implementing renewable energy; and (iii) establish a connection with the SDGs.
More specifically, the authors conducted a systematic literature review based on three stages: (i) data
collection, (ii) bibliometric analysis, and (iii) content analysis. Forty-two articles were obtained and
defined as the studied sample. The findings of this review illuminate critical research themes, leading
countries in renewable energy adoption, and the prevalent electricity sources, shedding light on the
primary authors shaping the discourse. Wind and solar energy exhibit a notable growth trajectory,
offering environmentally friendly alternatives compared to conventional sources. Furthermore, it
is essential to highlight that the distribution of research documents in the sample is uneven, with a
predominant concentration in European countries. Additionally, the study identifies the field’s key
drivers, barriers, and emergent trends. The theoretical contributions encompass a comprehensive
compilation of renewable energy sources, discernible research trajectories, and strategies to navigate
obstacles. In practical terms, this work offers valuable insights for the selection of energy sources
and stakeholder engagement, facilitating informed decision-making processes. This article’s novelty
lies in its holistic examination of renewable energy adoption in university settings, providing a
comprehensive overview of the current landscape and actionable insights for stakeholders seeking
sustainable energy solutions within these institutions. This aligns with multiple SDGs, including
Goal 7 (Affordable and Clean Energy), Goal 11 (Sustainable Cities and Communities), and Goal 13
(Climate Action), underscoring the critical role of universities in driving sustainable development.

Keywords: renewable energy; sustainable energy; solar energy; university; review

1. Introduction

Energy plays an essential role in any country’s economic growth [1]. Finding alter-
native energy sources that meet the population’s needs is necessary to meet its growing
demand. Unfortunately, fossil fuels are a concerning problem with electricity generation [2],
harming the environment, depleting natural resources, and causing pollution. In this sense,
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new energy sources, especially those of renewable origin, must be present in countries’
energy matrices.

In residential and industrial settings, renewable energy has been pursuing the forefront
on a large scale [3]. However, implementing renewable sources for electricity generation in
higher education institutions (HEI) is still a topic for scientific research. Nevertheless, HEI
have studied hybrid renewable energy adoption [4–6]. To Kolokotsa et al. [7], university
campuses are like small-scale cities. In such a way, according to Avila et al. [8], the
occupancy profiles of cities are vast, and the use of spaces is so diverse that a university
campus resembles a community or a neighborhood in a city. Once universities can be
characterized as small cities, they must embrace the implementation of renewable energy
to set an example for the community on behalf of sustainable development. Based on this
university–city relationship, it is possible to see the importance of expanding renewable
and sustainable energy technologies on campuses.

Given universities’ role in modern society, they must take the lead in analyzing
energy efficiency, characterizing themselves as smart and sustainable universities [9–11].
The definition of a sustainable university is commonly associated with the three pillars
of sustainability, as universities are responsible for mitigating environmental, economic,
and social impacts; promoting health and well-bing; and disseminating these values
globally [12–14]. Furthermore, Cortese [15] argued that teaching, research, operations, and
extension are part of a sustainable university’s integrated system; therefore, a sustainable
university focuses on inseparability, considering the impacts it suffers.

Universities face barriers to joining a renewable energy system. For example, many
public institutions are burdened with supplying and maintaining diesel generators [4]. Also,
Avila et al. [8] suggested that bottom-up initiatives may fail due to a lack of financing and
support from administrative boards. Further, it is notable that the barriers for implementing
these systems in HEI are common across the board, including, e.g., lack of funding, lack
of human and technological resources, lack of support from administration, resistance
from collaborators, and lack of knowledge about the importance of renewable energy
generation [16–20], with most of the impediments to the adoption of this type of energy
system coming from a lack of governmental support for its adoption in universities.

Given this research gap, this study aims to (i) map the current scientific literature on
renewable energy sources used by universities; (ii) discuss the drivers, barriers, and trends
of implementing renewable energy; and (iii) to establish a connection with the Sustainable
Development Goals. To do so, we used a systematic literature review in three stages: (i) data
collection, (ii) bibliometric analysis, and (iii) content analysis. This manuscript presents a
dyad of theoretical and practical contributions. A compilation of renewable energy sources,
research trends, and strategies to mitigate barriers is given regarding the former. The latter
is directed at the types of energy and stakeholders that support decision making and the
list of management trends and opportunities that support clean energy implementation
in universities. In addition, this study aligns with some of the Sustainable Development
Goals (SDGs) established by the 2030 Agenda.

Therefore, this paper is organized as follows: The first section contextualizes the
study’s theme and aim. The following section shows the methodology used in the system-
atic literature review on the topic. Section 3 reports the results of the bibliometric analysis.
Section 4 discusses the trends, barriers, and trends for further study. Finally, Section 5
presents the final remarks and limitations of the research.

2. Materials and Methods

A methodology was adopted for data collection, selection of relevant documents for
analysis, and obtaining answers to the research questions: the systematic review, which was
uniquely and methodically used on each selected paper to narrow down and summarize the
content of the files to specific results consistent with the research [21–23]. In addition, the
methods used enable the inclusion of an empirical analysis of the data obtained, commonly
used to complement systematic reviews and show the practical and functional side of the
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research [19]. Based on the method of Denyer and Tranfield [20], it focuses on three stages:
(i) data collection, (ii) bibliometric analysis, and (iii) content analysis.

2.1. Data Collection

The protocol used in this research was the Preferred Reporting Item for Systematic
Reviews and Meta-Analysis (PRISMA), developed by Moher et al. [24]. It was established
to assist in classifying and selecting the articles. This research used the following search
string: ((University OR Universities) AND (“Renewable Energy” OR “Sustainable Energy”)
AND (Empirical OR “Case Study”) AND (Strategy OR Strategies OR “Public Policy” OR
“Public Policies”)). Based on the string results, the entire gathered dataset was taken from
the Web of Science database, a comprehensive and diverse platform regarding scientific
content [25]. At the end of the searches, 2534 documents were found, as presented in
Figure 1 through the PRISMA protocol.

 

Figure 1. PRISMA protocol.

The use of PRISMA followed three filtering steps: (i) exclusion of review articles,
book chapters, books, and conference articles, resulting in 2008 records; (ii) reading titles,
abstracts, and keywords, resulting in 172 records; and (iii) complete reading of the sample
articles, resulting in 42 documents. The Mendeley ® v1.19.8 software was used as a support
tool for managing references [26]. The final sample of articles was used for bibliometric
analysis (Section 2.2) and content analysis (Section 2.3).

2.2. Bibliometric Analysis

The Bibliometrix tool 4.1 was used for the research analysis and mapping. The tool
developed by Aria and Cuccurullo [27] makes it possible to quantitatively analyze many
documents based on the accumulated database examined by the package. It also helps
in empirical studies since it is based on experiences that have occurred. As a form of
modernization and adequacy, Bibliometrix used the RStudio® software 3.6.0 as a support
tool for the graphics [27].

Thus, Bilbliometrix is a visualization tool for obtaining bibliometric data. Therefore,
once the analysis method is defined, the platform needs a more apparent data classification
to analyze each provided element accurately and concisely. Consequently, it was necessary
to export the entire database in BibTex format. In this file model, it is possible to detail
all the elements obtained from the database in text form [28]. Other information was
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considered in the bibliometric analysis because it is information referring to the articles in
the sample studied: (i) research method employed, (ii) type of energy source used, and
(iii) stakeholders.

2.3. Content Analysis

Lastly, content analysis was used to categorize all articles in the final sample according
to the topics the research addresses [29]. This analysis followed the steps suggested by Elo
and Kyngäs [30], such as open coding, categorization, and abstraction. Through these steps,
we sought to identify relevant information through a deductive process while coding the
studied documents. This information was analyzed in two ways: bibliometric analysis and
content analysis. Finally, the abstraction step supported the discussions among the sample
authors for the results presented in Sections 3 and 4. This was carried out by retrieving
the information from the articles according to specified categories so that the content
analysis could occur in an organized manner. Therefore, the following categories were
used: (i) drivers, (ii) barriers, and (iii) trends. Thus, based on the established categories,
a detailed reading of the documents in the final sample was initiated to identify the
information related to each category.

3. Overview of the Studied Sample

This section discusses the bibliometric analyses carried out in this study. The obtained
database allowed us to identify how the documents and authors position themselves
and relate to the studied themes. Figure 2 shows the analysis of the articles concerning
the year of publication, the journal of publication, the university of affiliation, and the
global citations.

(a) Articles published per year (b) Articles published per journals 

  
(c) Articles published per affiliation (d) Global citations per articles 

  

Figure 2. Articles by year, journal, affiliation, and global citations [31–40].
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Figure 2a shows the publications on renewable energy and their applications in
universities between 2010 and 2022, presenting a considerable increase starting in 2016.
Furthermore, the volume of studies in this area declined between 2021 and 2022. Yet, they
are still more frequent than in years before 2016, pointing to the topic’s great importance
in academia.

The manuscript was constructed from a systematic review of the literature, following
methodological procedures for searching documents, filters, and selection. The literature
does not provide a clear answer as to why the number of publications decreased in 2018
and 2022. However, given the general history, the topic is growing. One issue that might
relate to the decline is that studies are more focused on empirical applications of renewable
energy in other fields, such as manufacturing, agriculture, and cities.

Figure 2b exhibits an analysis of the journal’s area of knowledge and the frequency of
publication of these studies. The first three journals with the highest number of publications
are Applied Energy, Energy, and Renewable Energy, which are part of the scope of the topic
presented. Other journals cited were Energy Policy and Energy Research & Social Science; all
five of these journals are recognized as top journals in energy research. Figure 2c shows
which universities are affiliated with which articles in the study’s portfolio. The leading
university, having affiliation in five articles, is Columbia University/USA, followed by Delft
University of Technology/The Netherlands, Sapienza University of Rome/Italy, University
of Calgary/Canada, the University of Edinburgh/Scotland, and the University of Hong
Kong/Japan, which have affiliations in four studies each. Most of the universities cited in
this paper are related to the continents America, Europe, and Asia.

Figure 2d presents the number of citations of the analyzed articles globally. The most
cited author is Luethi S., followed by Kang L. and Hanif I. They are also characterized
as the three most cited authors in other articles. Another analysis was performed on the
relationship among the main research themes. In this sense, Figure 3 shows the bibliometric
analysis regarding the themes, their interconnections, and published studies by country.

Figure 3. Main themes and their relationships.

The main themes in the articles highlighted in Figure 3 are renewable energy, strategies,
and performance. Thus, it is notable that, within the selected articles, the main objects of
study are the types of renewable energy, the possible strategies to be adopted, and the
performance of tools within this theme. Secondary themes, still having significant incidence,
are optimization, simulation, solar, buildings, and governance. Considering the occurrence
of words, strategies were cited by 33 papers (78.54%), renewable energy by 22 papers
(52.36%), and performance by 18 papers (42.84%). To complement the analysis, Figure 4
shows the map of countries with the most prominent number of analyzed publications.
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Figure 4. Published studies by authors in each country.

Figure 4 shows in more intense colors (darker shades of blue) where there is a higher
incidence of articles being published. Considering occurrence per continent, Europe pre-
sented 55 authors (37.41%), Asia 45 authors (30.61%), America 35 authors (23.80%), Oceania
9 authors (6.12%), and Africa 3 authors (2.04%). China and the USA are the main countries
in which this theme is addressed and have the highest number of publications. Subse-
quently, the incidence is also considerable in Italy, the UK, Germany, Spain, and Australia,
with fewer publications. Therefore, there is a need to increase the discussion in different
countries and continents on how to deal with the energy application of their universities
to increase the number of studies published on the subject. Furthermore, in Figure 5, the
correspondence analysis of the studied theme is shown based on interrelated studies.

Figure 5. Correspondence analysis of the studied sample. The dotted line and red dot show where
the zero is located, that is, it is possible to identify the four quadrants of the image.
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In Figure 5, there are two groups with correlated words. The first group (the smaller
one—in blue) presents the concepts of electrification, solar, and simulation. This indicates
that these three themes intersect in similar works and are directly linked. The second group
(in red) has a broader range of concepts that can be related more frequently by proximity,
with the main topics being CO2 emissions, policy, and electricity. It can be noticed from
Figure 5 that the closer to a positive value in the axis, the greater the incidence of the
word in the articles in the sample; in addition, the percentage shown in the dimensions
demonstrates the number of studies that belong to it.

Furthermore, Table 1 allows one to identify the research method employed, energy
type, and stakeholders present in the analyzed articles as well as the frequency or incidence
with which they appear in the studies.

Table 1. Methods, energy source types, and stakeholders in the sample.

Classification Articles (n) References %

Research method
employed

Mixed method (qualitative
and quantitative) 25 [31–35,41–60] 59.5%

Qualitative 8 [33,36–39,61–63] 19.0%
Quantitative 9 [40,55,64–70] 21.4%

Type of energy source

Solar 20 [31–33,35,37,40,44,46,52,55,58,62–
64,67–69] 47.6%

Wind 7 [38,47,56,60,61,66,70] 16.7%
Geothermal 4 [41,48,53,71] 9.5%

Hybrid 3 [43,50,65] 7.1%
Biomass 3 [34,39,45] 7.1%

Tidal wave 2 [54,59] 4.8%
Nuclear 1 [51] 2.4%

Hydropower 1 [69] 2.4%
Fossil fuels 1 [36] 2.4%

Stakeholders

Community 4 [31,37,43,65] 9.5%
Entrepreneurs 2 [41,55] 4.8%

University 8 [35,40,44,49,60,62,64,66] 19.0%
NGOs 1 [61] 2.4%

Project developers 1 [32] 2.4%
Farmers 1 [45] 2.4%

Countries 21 [33,34,38,46,48,50–59,63,68–70] 50.0%
Politicians 1 [39] 2.4%

Entrepreneurs, community,
and government 2 [47,71] 4.8%

University and community 1 [67] 2.4%

The research methods employed by the sample articles are divided into qualitative,
quantitative, and mixed methods (qualitative and quantitative). Most studies use mixed
methods to measure their results, totaling 59.5% of the sample. This provides information
stating that studies are not being conducted solely in diagnostic form but rather with
empirical and longitudinal applications for implementing renewable energy in universities.
Additionally, it is possible to analyze the types of energy used during the studies: geother-
mal, solar, wind, hybrid, fossil fuels, nuclear, tide wave, hydropower, and biomass. In this
analysis, it was noted that some types are more prevalent than others within the articles.
An example is photovoltaic and wind energy, which account for 45.2% and 16.7% of the
sample. Geothermal and hybrid energy were characterized as 7.1% of the analyzed studies.

In fact, solar energy has a large and positive representation in the global context for
potential installation in universities for a few reasons. First, it is clean, renewable energy
with low-carbon prospects and follows global movements towards a lower-carbon economy.
Secondly, installation and maintenance costs have decreased considerably in recent years,
increasing consumer potential.
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The stakeholders of each study were defined, with 10 of them based on reading the
articles. Among them are the countries involved in half of the analyzed articles, while the
university is present in 19.0%. The community and entrepreneurs are also present in 9.5%
and 4.8% of the sample. Besides these stakeholders acting alone in the studies, a group is
also involved in some studies, such as the entrepreneurs allied to the government and the
community, representing 4.8% of the analyzed articles. Also, the university allied with the
community in 2.4% of the sample.

4. Drivers, Barriers, and Trends of Renewable Energy Sources in Universities

This section addresses the main results of this article’s content analysis, identifying
drivers, barriers, and trends for future research.

4.1. Drivers

After analyzing the 42 documents in the final sample, the importance of using renew-
able energy was made explicit both concerning the efficiency of sustainable energy models
and the benefits to the environment and the health of the population, as shown in Table 2.

Table 2. Drivers to implement renewable energy in universities.

Cluster Type of Energy Source Reference Main Drivers

Sustainable and renewable
energy employed by

universities

Solar energy

[44]
Dealing with uncertain links and disturbances
that are present in microgrid systems in
some universities.

[67]
Performing future evaluations and analyses of
its potential is key to its consolidation
and dissemination.

[32]

Validating the data with larger samples through
future research. Investigating whether renewable
energy policy risk assessment differs by type of
investors (e.g., large vs. small companies).

[55]

Engaging in future research to understand the
psychological benefits regarding the intention to
install solar energy, alongside the mediation of
an eco-friendly lifestyle.

[52] Standardizing ecosystem monetary methods.

[58]

Exploring the integration of additional
upgrading measures. Explore land and locations
that are being used in large university campuses,
with potential for installing solar energy

Other (wind, hydroelectric,
tidal, geothermal)

[70] Identifying the best sustainable conditions for
powering consumer.

[48] Conducting further analysis concerning large
university buildings through future work.

[51] Studying the impacts of introducing taxes on
carbon generation.

Multiple energy types

[46]
Performing tests through case studies of policies
for different issues, varied sectors,
and delimitations.

[33]

Extending the investigation to include
environmental variables and conducting
comparative analyses across sectors for a
sustainable transition.

[34] Further studying the relative share of each
alternative clean energy resource.
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Table 2. Cont.

Cluster Type of Energy Source Reference Main Drivers

Public policy and external
projects to implement

sustainable and
renewable energy

Public policies

[37]
Relating the modeling of different energy
technologies to the adoption barriers beyond
those already known.

[63]

Developing ways to engage the dynamic
consciousness of historical relationships about
the causes of contradictions in a proactive way
to support systemic transformations based on
future research.

[36]

Enhancing the influence of energy
management policies to ensure sustainable
development in the region by integrating civil
society into fundamental development and
environmental policies.

External projects

[41]

Initiating a multiple-case-study project could
do more to suggest a general model of the
process previously identified, in addition to
conducting a survey for technology
entrepreneurs about their experiences with the
early stages of the commercialization process.

[65]

Seeking to understand exactly how the
physical and socioeconomic conditions of the
landscape influence the development, success,
and possible scaling up of sustainable
energy initiatives.

[71] Conducting investigations across sectors and
beyond the European continent.

[43] Using techniques considering the future
uncertainty of electricity-type growth.

Through the analyses and after tabulating the data, it was possible to observe that
most authors carried out research focused on solar energy. At least fifteen of them discussed
their articles in various ways while commenting on the use of solar energy. In addition,
some researchers showed how the transition from using energy with high carbon emission
rates to renewable energy from the sun happens. Secondly, the type of energy they depicted
the most is wind energy, which was demonstrated in some instances through calculations
of the energy efficiency coming from atmospheric air currents. Furthermore, the authors
referred to other renewable energy types, such as biomass, hydroelectric, and geothermal.

However, the data obtained note the importance of using renewable resources to
capture energy. Due to increasing globalization, the rate of CO2 emissions has also increased
dramatically. Therefore, systems that avoid the emission of undesired gasses into the
ecosystem must be sought at all costs.

Solar energy is the most convenient and straightforward technology to obtain today
in terms of size and complexity, and it has become the most coherent technology when
considering its application anywhere. After all, it requires roof space and a place for energy
storage. According to [67], in addition to the great potential that exists in the production
of energy from photovoltaic cells, there are incentives for those who have a network to
generate energy from renewable sources, as the implementation of this type of energy
demands a high investment, which must be considered in a compensation calculation.

Moreover, underdeveloped countries do not use this type of energy in ample sup-
ply [67] but only a tiny portion compared to the production and use of other methods.
Therefore, aside from the potential environmental benefits of solar energy generation, there
are other incentives to start this process, at least to some degree. Following Lee et al. [31],
implementing a power distribution network based on photovoltaic cells presents many
expenses due to the plate number, amount of energy stored, distance, and terrain. Con-
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sidering the installed equipment, this distribution system offers one of the simplest and
most affordable ways to spread the adoption of this type of energy because of its easy
maintenance and modular components; i.e., its products have great versatility.

Bearing in mind that acquiring this system is very costly, Lüthi and Wustenhagen [32]
commented that governments are creating financial incentives for projects with photovoltaic
technology. Similarly, several countries are encouraging the adaptation and usage of re-
newable energy sources, considering the climate problems the planet has been suffering. In
summary, microgrids were created to study energy generation capacity, in which reliability
and compensation calculations are made for possible more significant investments.

Photovoltaic solar energy is one of the many renewable energy options available
worldwide. It is a solution in several cases that require an energy source transition. Lakhani
et al. [52] stated that the two most recurrent installations of this type of energy are the
systems implemented on the roof and the photovoltaic panels installed on the ground.
Therefore, regarding the implementation of photovoltaic technology, a precise analysis is
necessary to decide where to place it. If the impact of land use for installing the system
directly on the ground is too high, the solution is to implement it on roofs. It can be stated
that for the direct implementation of this energy in a university, its impact must be analyzed
and calculated in a general way, both concerning the structure of the building and the
influence on the ecosystem. Li et al. [69] stated that several ways to implement a solar
system in a building exist. They can be installed separately and added to the building after
its construction, or they can even be used to replace some elements of the original building.

Wind energy is a renewable source from nature with infinite capacity, for it renews
itself endlessly. In this sense, the wind is one of the forces of nature with an inexhaustible
capacity, as it is a mass of air that varies in direction, intensity, and speed. The capture of
wind energy has been happening for a long time, constituting a considerable portion of the
world’s energy supply. These data are remarkable if we analyze the number and extent
of wind farms scattered around the globe. In agreement with Choe et al. [70], the capture
occurs through wind turbines positioned in strategic locations with a high wind-incidence
rate, which moves the propellers of the equipment, moving the turbine that generates
energy. There are different sizes of turbines, and the energy production is proportional
to them. Thus, the biggest problem for implementing a wind turbine at a university is
the area to install the equipment, as the space limits its size, consequently limiting energy
generation. Despite that, the turbines can be operated parallel to conventional methods,
whereby storing the energy generated and directing it to more basic purposes is possible.
Considering that this type of energy production depends on the constant occurrence of
wind to move the turbines and that the storage generators are usually diesel-powered, this
system would help to keep carbon emissions on the planet to a minimum and not stop the
energy supply.

Tidal Energy is one of several ways to obtain renewable energy. The capture of energy
through tidal power is performed by converting the waves’ kinetic energy into electricity
for the population or nearby industries. According to Gray et al. [59], this relatively new
method of energy production has both positive and negative sides, the two most prominent
being that the energy is clean, and its implementation cost is high. However, considering
that some universities have their facilities in coastal cities, constructing a small machine for
extracting kinetic energy is possible due to the advantages of the geographical location.

Many papers deal with energy transitions, i.e., the change of generating energy from
conventional non-renewable means with high rates of carbon emissions that are incredibly
harmful to people and the environment to a means of sustainable energy production
from renewable sources. According to Falcone et al. [33], energy transition happens for
different reasons, such as energy crises, an aggravating factor that generates the need for
alternative energy production. However, many factors amidst crises should be considered
to analyze the best alternative energy. Moreover, among the positive aspects, this transition
generates many jobs for developing and implementing renewable sources, hence having a
positive financial impact. Based on this principle, the application of a renewable energy
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source in a university should occur after the analysis of numerous factors, such as the
energy consumption values of the location, labor costs, the prices of the equipment to be
implemented, and the social acceptance of the people who circulate in the environment,
alongside political factors that involve the energy application.

Public policies are an aggravating and necessary factor for implementing a renewable
energy source. They will determine the bids needed for projects and the amount of energy
produced, which, in some cases, should be able to meet local demand. Further, spare parts
that are not stored can be destined for the population, determining sustainability laws
concerning energy production and some other minor details. Moreover, since many energy
generation processes require much capital, there is the possibility of acquiring investment
from the public to assist in creating new renewable energy sources.

Finally, Thoyre [64] reported that companies that generate energy using fossil fuels
have constantly damaged their investments because they still use methods that emit too
much carbon, harming the environment. To change companies’ methods of obtaining
energy, laws to encourage the use of renewable sources to generate energy have been
created, through which places like universities would benefit from receiving monetary aid
to develop and assist studies on the energy efficiency of renewable sources.

4.2. Barriers and Strategies

The barriers refer directly to the difficulties identified regarding implementing a
particular type of renewable energy, whether in a conventional residence, building, or
university. These difficulties can be identified by analyzing all the aspects involving energy
and their crucial factors, whether environmental, socioeconomic, or political.

It is possible to point out that solar energy is currently one of the cleanest and most
widely used energy types in the world, but this does not mean there are no difficulties
when implementing a project in a specific location. As exemplified by Sarkar et al. [49], one
of the main barriers regarding this type of energy would be the variation of solar incidence
in the region, which would negatively affect the energy production of the photovoltaic
panels and make them not as effective as they should be.

Furthermore, Lakhani et al. [52] reported different ways to install photovoltaic panels
to meet specific energy demands without harming the environment, such as installing these
panels on the roof of the building in question without harming untouched land. Another
option would be implementing them on the ground, as described by the authors. However,
it is notable that, given their proportions, both ways have installation difficulties. Taking
a university as an example, it is necessary to analyze the roof of the building to identify
whether it is appropriate to receive the panels in a way that does not damage its structure
and to study the possibility of an energy transition of the structure to an alternative type
of energy. Additionally, a prior study should be performed on the possibility of such an
installation, as its implementation on the ground harms the land it will occupy. There may
not be available land around the university in question.

Wind power is a solution for certain cases since its implementation directly depends
on ample available territorial space in which there is also an incidence of wind for power
generation. According to Yuan et al. [56], this results in other barriers, such as the fact that,
in most cases, the availability of these lands only happens in remote areas; in other words,
there is difficulty in taking the energy produced to the final consumer across these great
distances. Moreover, when it comes to implementing wind energy at a university, it can be
said that, except in some specific cases, there is usually not enough space to install it within
the university itself, further limiting the use of this technology. From this, Matti et al. [38]
also highlighted the obligation to analyze the region’s governmental policies regarding
properly implementing this type of energy since it cannot be applied in any location or
situation. Thus, it might not be a viable solution to meet the demand for sustainable energy.

Regarding tidal energy, which comes from the force exerted by tidal phenomena and
the transformation of this kinetic energy into electrical energy, its application strongly
depends on the sea’s presence in the implementation region, thus prioritizing coastal
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regions. Regarding such locations, it is indispensable that tidal energy plays an increasingly
active role in meeting the demand for energy production [54] since the most common
types are solar, wind, and hydroelectric power. From this, Gray et al. [59] demonstrated
that, compared to the types of energy mentioned above, tidal power has a much higher
application cost due to its specificities and evident territorial limitations.

As for energy transition, the application of one or more sources of renewable energy
is directly influenced by local laws and public policies. In this sense, Tanaka et al. [46]
showed that, in Japan, electric utilities significantly impact the decisions regarding energy
policy, which results in significant difficulties when the government implements legislation
regarding energy generation from renewable sources. Therefore, it is essential to consider
all the possibilities and feasibility of implementing these energies [34]; this becomes criti-
cal when deciding whether to create or continue a sustainable power generation project
within universities.

Therefore, most of the barriers to implementing a renewable energy system are limited
to the current country’s public policies, which results in fewer possibilities for applications
within universities or any other type of structure. As highlighted by some authors, scarce
funding for renewable energy projects [43], barriers to energy-efficiency adoption [37],
and the complexity of carrying out the energy transition process due to the extended
timeframe [65] make the political and socioeconomic environment two of the biggest
causes of difficulties when implementing sustainable energy generation and upgrading the
energy system.

The innovative barriers and strategies are (i) the energy transition from fossil sources
to renewable sources, (ii) installation and use of alternative sources such as wind and solar,
and (iii) promoting research and development in the university environment for clean, safe,
and affordable energy.

Towards climate change mitigation, the transition from fossil energy to renewable
energy is an impetus for modern society, including universities. Given this, some energy
sources have positive characteristics in terms of the low environmental impact generated,
the efficiency in electricity production, and the reduction in implementation costs (com-
pared to other sources). These characteristics are based on solar, wind, and biogas sources.
Furthermore, the best environment to foster the development of new technologies and
practical applications is the university.

4.3. Trends by SDGs

Studies on the 17 SDGs developed by the UN are widely reported in the scientific
literature, such as in the area of indicators associated with equitable and sustainable well-
being (BES) [72], pragmatic sustainability [73], digital transformation and Industry 5.0 [74],
companies headquartered in the European Union [75], monitoring the outcomes of the
SDGs by evaluating the Italian regions [76], and many others.

This section addresses questions that researchers and supporters can use to develop
new empirical studies related to renewable and sustainable energy at universities and what
their public policies are, as presented in Table 3.

Based on the list of trends (Table 3), it is suggested that authors in the area answer the
questions raised, which are of paramount importance for the beginning of new research, in
addition to identifying the best strategies and types of energy to be utilized. In a specific
case, such as the implementation of renewable energy at a university, that list is essential
in identifying the authors who relate to the methods of application and their connection
to the geographical territory and its climate. Regarding the bureaucracy involved in the
application, one must analyze which laws make the use of renewable energy viable at a
university and how the creation of public policies can assist in this process.

Based on all the above, we highlight that this study aligns with some of the SDGs
established by the 2030 Agenda [77].
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Table 3. Trends to support researchers.

Cluster Question References

Sustainable and renewable
energy employed
by universities

What is the energy efficiency regarding the location of the application of a
photovoltaic energy grid between the ground, roof, and curtains of capture? [31,32,52,67]

What is the feasibility and efficiency of using batteries for electrical energy storage
in conjunction with wind systems? [43,60,66]

In what ways can tidal energy be further implemented despite its high cost? [54,59]
What are the alternatives for assisting the supply of energy in periods when no
generation occurs due to the lack of incidence of both sun and wind? [49,66]

Considering the application of an energy grid at a university, what would be the
advantage of applying a system based on photovoltaic cells? [31,32,67]

Considering the high incidence of tropical winds in Brazil, what are the
advantages of creating mini wind grids in universities? [66,70]

Public policies and external
projects to implement
sustainable and
renewable energy

What are the implementation laws, and how do they influence the adoption of
renewable energy in universities? [38,63,64]

What are the incentive policies for creating new renewable energy generators, and
how do they apply to universities? [37,63,64]

What are the monetary aid policies used for renewable energy implementation
at universities? [35,64]

If the study site has some energy supply, what are the public policies for this
energy transition? [36,65]

How do social beliefs and interests impact the implementation of a renewable
energy source? [46,61,63]

What is the influence of public policies to ensure sustainable development in the
region by applying renewable energy? [36,63]

Goal 4 refers to quality education. Some specific goals in higher education can con-
tribute to achieving this SDG. Ensuring access to inclusive, quality, and equitable education
and promoting lifelong learning opportunities for all needs to be on the agenda of many
schools, research institutes, and universities [78,79]. In addition, a sustainable structure,
in terms of renewable electricity, can be a viable solution in this field. Collaborating with
other institutions, governments, and organizations to promote sustainable educational
practices and sharing best practices is part of sustainable development in higher education.
Furthermore, it should be ensured that the institution’s physical infrastructure is adequate
to support effective and modern learning, preparing students to face the challenges of the
21st century.

Goal 7 dwells on clean and affordable energy. Access to reliable, sustainable, modern
energy sources in the teaching environment is important. Industries must produce and
consume clean energy, and educational buildings (schools and universities) must also act. A
higher education institution can adopt practices and technologies that promote the efficient
use of energy and the adoption of renewable sources [80]. This includes installing solar,
wind, or other renewable energy systems to reduce dependence on fossil fuels. Additionally,
universities often conduct advanced research into energy technologies, including energy
storage, energy efficiency, and new energy sources. This environment is extremely rich in
possibilities for developing new technologies and patents in the electrical energy sector.

Goal 11 covers sustainable cities and communities. This study focuses on making
communities and educational environments more inclusive, safe, resilient, and sustainable.
Universities must produce knowledge; operate in inclusive, resilient systems; and, above
all, be sustainable. Universities are most often established in central regions of the city
or close to it. In few cases is a university located very far from the city. The reason for
its location is the ease of transporting students, teachers, staff, and supplies. Therefore,
working with sustainable mobility and using bikes, scooters, public transport, and walking
can make sense. Additionally, universities often have large campuses that can be thought
of as small urban communities. A higher education institution can adopt sustainable
urban planning principles in its physical development, promoting the efficient use of
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space, the preservation of green areas, waste management, and the reduction of the carbon
footprint [81].

Finally, strengthening the means of implementation and revitalizing the global partner-
ship for sustainable development is an impetus for a more sustainable future in universities.

5. Conclusions

It is possible to identify different ways of capturing energy from renewable sources,
the most cited being electrical grids based on photovoltaic cells and energy from wind
turbines. When considering the application of an electric grid based on renewable sources
in a university, several options are available regarding which source type to employ. This
choice is usually based on the terrain, i.e., analyzing the incidence of wind, the amount of
sunlight received, or the possibility of using the ocean to capture kinetic energy.

When choosing the renewable energy method or source, we must investigate the polit-
ical and socioeconomic environment, identifying public policies that assist in implementing
the energy network and facilitate the installation. In other words, one must consider the
high costs of the installation and check the policies for financial aid for the implementation
of the project. In addition, promoting studies concerning energy efficiency at the univer-
sity and improving sustainability using low-carbon emission energy align directly with
multiple SDGs.

Besides the difficulties due to current policies, environmental and socioeconomic
factors are still directly related to their implementation. The incidence of sunlight for
capturing energy through photovoltaic panels, the recurrence of wind force to make the
turbines work, and the presence of waves and tides in coastal regions for kinetic energy
generation are clear examples of the barriers encountered when dealing with these types of
renewable energy. However, it is worth pointing out the advantages for the environment
and its use in general through the decrease in harmful non-renewable sources, which
contributes to sustainability and prolongs energy generation due to its inexhaustible source.

Finally, the best choice for implementing energy from a renewable source in a univer-
sity would be based on photovoltaic cell networks. It presents a high degree of versatility.
Besides the conventional panels deployed on the roofs or fixed on the ground, curtains can
still capture the sun’s rays. In addition, this type of energy generation uses a modular sys-
tem in its panels, making the maintenance and exchange of equipment parts straightforward
and practical. In this way, the energy transition from conventional carbon-based means to
technological energy generation systems through renewable sources becomes feasible.

The study is not free from limitations. Some documents may have been left out of
this analysis due to the set of keywords and the databases used. In further research, we
highlight the need to explore other less prominent renewable energy sources that might
be more readily available at the university level, such as biomass, which can be derived
from food waste and might be a cheaper alternative in terms of infrastructure while also
helping to manage existing waste and environmental influence on the campus. Other
sources also deserve exploration. As a suggestion for future work, a case study reporting
descriptions of sustainable universities implementing renewable sources, pointing out the
technical and economic viability, can be developed. Furthermore, daily energy consumption
in universities, different building types, seasonal variations, and external parameters
can be considered. Additionally, the alignment of these initiatives with SDGs such as
Goal 7 (Affordable and Clean Energy), Goal 11 (Sustainable Cities and Communities),
and Goal 13 (Climate Action) should be emphasized to highlight their broader impact on
sustainable development.
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4. Karabulut, A.; Gedik, E.; Keçebaş, A.; Alkan, M.A. An investigation on renewable energy education at the university level in
Turkey. Renew. Energy 2011, 36, 1293–1297. [CrossRef]

5. Akindeji, K.T.; Tiako, R.; Davidson, I.E. Use of Renewable Energy Sources in University Campus Microgrid—A Review. IEEE
Conference Publication. 2019. IEEE Xplore n.d. Available online: https://ieeexplore.ieee.org/abstract/document/8734352
(accessed on 8 May 2023).

6. Babatunde, O.; Munda, J.; Hamam, Y. Off-grid hybrid photovoltaic—Micro wind turbine renewable energy system with hydrogen
and battery storage: Effects of sun tracking technologies. Energy Convers. Manag. 2022, 255, 115335. [CrossRef]

7. Kolokotsa, D.; Gobakis, K.; Papantoniou, S.; Georgatou, C.; Kampelis, N.; Kalaitzakis, K.; Vasilakopoulou, K.; Santamouris, M.
Development of a web based energy management system for University Campuses: The CAMP-IT platform. Energy Build. 2016,
123, 119–135. [CrossRef]

8. Ávila, L.V.; Beuron, T.A.; Brandli, L.L.; Damke, L.I.; Pereira, R.S.; Klein, L.L. Barriers to innovation and sustainability in
universities: An international comparison. Int. J. Sustain. High. Educ. 2019, 20, 805–821. [CrossRef]

9. Rinaldi, C.; Cavicchi, A.; Spigarelli, F.; Lacchè, L.; Rubens, A. Universities and smart specialisation strategy: From third mission
to sustainable development co-creation. Int. J. Sustain. High. Educ. 2018, 19, 67–84. [CrossRef]

10. Pérez, F.M.; Martínez, J.V.B.; Fonseca, I.L. Modelling and Implementing Smart Universities: An IT Conceptual Framework.
Sustainability 2021, 13, 3397. [CrossRef]

11. Valdés, R.M.A.; Comendador, V.F.G. European Universities Initiative: How Universities May Contribute to a More Sustainable
Society. Sustainability 2022, 14, 471. [CrossRef]

12. Alshuwaikhat, H.M.; Abubakar, I. An integrated approach to achieving campus sustainability: Assessment of the current campus
environmental management practices. J. Clean. Prod. 2008, 16, 1777–1785. [CrossRef]

13. Cole, L. Assessing Sustainability on Canadian University Campuses: Development of a Campus Sustainability Assessment Framework;
Royal Roads University: Victoria, BA, Canada, 2003.

14. Velazquez, L.; Munguia, N.; Platt, A.; Taddei, J. Sustainable university: What can be the matter? J. Clean. Prod. 2006, 14, 810–819.
[CrossRef]

15. Cortese, A.D. The critical role of higher education in creating a sustainable future. Plan. High. Educ. 2003, 31, 15–22.
16. Babatunde, O.; Denwigwe, I.; Oyebode, O.; Ighravwe, D.; Ohiaeri, A.; Babatunde, D. Assessing the use of hybrid renewable

energy system with battery storage for power generation in a University in Nigeria. Environ. Sci. Pollut. Res. 2022, 29, 4291–4310.
[CrossRef] [PubMed]

17. Ávila, L.V.; Filho, W.L.; Brandli, L.; Macgregor, C.J.; Molthan-Hill, P.; Özuyar, P.G.; Moreira, R.M. Barriers to innovation and
sustainability at universities around the world. J. Clean. Prod. 2017, 164, 1268–1278. [CrossRef]

18. Amaral, A.R.; Rodrigues, E.; Gaspar, A.R.; Gomes, Á. A review of empirical data of sustainability initiatives in university campus
operations. J. Clean. Prod. 2020, 250, 119558. [CrossRef]

421



Sustainability 2024, 16, 6583

19. Qazi, A.; Hussain, F.; Rahim, N.A.; Hardaker, G.; Alghazzawi, D.; Shaban, K.; Haruna, K. Towards Sustainable Energy:
A Systematic Review of Renewable Energy Sources, Technologies, and Public Opinions. IEEE Access 2019, 7, 63837–63851.
[CrossRef]

20. Denyer, D.; Tranfield, D. Producing a systematic review. In The Sage Handbook of Organizational Research Methods; Buchanan, D.A.,
Bryman, A., Eds.; Sage Publications Ltd.: Thousand Oaks, CA, USA, 2009; pp. 671–689.

21. Graciano, P.; Lermen, F.H.; Reichert, F.M.; Padula, A.D. The impact of risk-taking and creativity stimuli in education towards
innovation: A systematic review and research agenda. Think. Ski. Creat. 2022, 47, 101220. [CrossRef]

22. Cordeiro, E.R.; Lermen, F.H.; Mello, C.M.; Ferraris, A.; Valaskova, K. Knowledge management in small and medium enterprises:
A systematic literature review, bibliometric analysis, and research agenda. J. Knowl. Manag. 2023, 28, 590–612. [CrossRef]

23. Kuakoski, H.S.; Lermen, F.H.; Graciano, P.; Lam, J.S.L.; Mazzuchetti, R.N. Marketing, entrepreneurship, and innovation in port
management: Trends, barriers, and research agenda. Marit. Policy Manag. 2023, 1–18. [CrossRef]

24. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. PLoS Med. 2009, 6, e1000097-269. [CrossRef] [PubMed]

25. Mongeon, P.; Paul-Hus, A. The journal coverage of Web of Science and Scopus: A comparative analysis. Scientometrics 2016, 106,
213–228. [CrossRef]

26. Thelwall, M. Are Mendeley reader counts useful impact indicators in all fields? Scientometrics 2017, 113, 1721–1731. [CrossRef]
27. Aria, M.; Cuccurullo, C. bibliometrix: An R-tool for comprehensive science mapping analysis. J. Informetr. 2017, 11, 959–975.

[CrossRef]
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Abstract: One of the issues that has gained importance within the scope of the United Nations
Sustainable Development Goals (SDGs) is the issue of food waste. These goals, which represent very
important and urgent problems to be solved at the global level, are extremely critical in terms of
sustainability. Food waste, by its nature at the intersection of economic, social, and environmental
sustainability goals, has become a global problem linked to key challenges in the global environment
in terms of food security, climate change, malnutrition, and economic sustainability. The fact that
consumers are one of the most important factors affecting food waste in the transition to a circular
economy increases the importance of this study once again. Due to the lack of systematic, chronologi-
cal studies showing how food waste develops over time, this study will examine the development
and evolution of food waste research using a bibliometric analysis. In this way, it aims to gain a
comprehensive insight into the field’s current state and shed light on this highly important area
of study. In addition to informing policymakers, practitioners, and consumers with the results of
this research, it is also aimed to support all relevant individuals, institutions, and organizations in
the efforts to combat food waste. One of the main objectives of this study is to contribute to the
achievement of the United Nations Sustainable Development Goals (SDGs). For this reason, it can be
stated that the research has objectives in line with SDG 12: Responsible Consumption and Production
and SDG 13: Climate Action.

Keywords: circular economy; sustainability; food waste; bibliometric analysis

1. Introduction

Sustainability is an understanding that invites people to think beyond individual
needs and motivates them to consider the long-term consequences of their current actions.
One of the main axes of sustainable thinking is the effective and efficient use of limited
resources to meet current needs and consider future generations’ needs. This approach,
which should not be limited to the sustainability of natural resources, is a holistic under-
standing that needs to be reflected in environmental, economic, and social spheres. While
environmental sustainability emphasizes the importance and protection of the natural
environment, economic sustainability underlines the need for the efficient, responsible,
and effective use of economy-related scarce resources. Finally, social sustainability refers to
equity and inclusiveness within society.

In recent years, there has been an increase in individual and academic interest in
sustainability. Sustainability-oriented thinking and practices, which impact macro-scale
practices at the level of institutions or enterprises and individual practices, have increased
with increasing awareness on various occasions [1,2]. On the other hand, academic studies
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in this field have also risen significantly with increasing interest, awareness, and thus
increasing examples of practice at institutional and individual levels [3,4].

The increasing interest in this field at both individual and academic levels has led to
an intensification of studies in the field, which has necessitated a comprehensive evaluation
of the existing studies. The field of sustainability, which is located at the intersection of
many fields, is an interdisciplinary field of study with a wide range of evaluation with
studies involving many sub-fields, from economics to sociology and public administration
to consumer behavior. For this reason, this study aims to provide a valuable and structured
framework by examining the extensive body of work in the field.

The United Nations (UN) Sustainable Development Goals Report data distinguished
between food waste and food loss, highlighting 13% of food loss in production chains as
well as 17% of food waste at the consumer level [5]. Food waste is a critical issue to prevent,
not only in terms of economic sustainability but also in terms of the sustainability of natural
resources and social justice and therefore social sustainability. Therefore, it is required to be
examined in depth.

Understanding and gaining insights into the causes of food waste, which originates
from consumers, is one of the most important steps to prevent it. This study, which aims to
develop an in-depth understanding of the field to develop effective strategies to reduce
this waste, is an important effort for a more sustainable universe by shedding light on the
intersection of sustainability, circular economy, and food waste.

The bibliometric analysis method, which will be used in this study, is one of the
leading tools to examine and synthesize comprehensive information in a field. Especially
in intersectional fields such as this particular research study area, where many fields in-
tersect and have rich literature, a bibliometric analysis emerges as a method that enables
valuable results to be obtained. A bibliometric analysis, which differs from a traditional
literature review in several respects, was chosen because of its potential for quantitative
insights, its competence in visual representation, and its superiority in terms of enabling
the identification of objective trends and patterns in the literature. Through this method,
this study addressed the following research questions (RQs) by conducting descriptive
analyses and network analyses using the R Bibliometrix package and VOSviewer, examin-
ing publications at the intersection of sustainability, circular economy, and food waste in
the Web of Science (WoS) database until the end of August 2023.

RQ1. What are the variations in annual publications and citation trends within the re-
search field?
RQ2. What keywords have shown the highest frequency of use and the most frequent
co-occurrence within publications in the research field?
RQ3. Which countries demonstrate the highest research productivity, and what are the
collaboration patterns among these countries within the research field?
RQ4. Who are the most prolific authors, what co-authorship patterns emerge among them,
and which sources publish the most studies within the research field?

2. Food Waste, Sustainability, and Circular Economy

In line with the 2030 Agenda for Sustainable Development announced by the United
Nations, our study focuses on key topics, such as responsible consumption and production
(SDG 12) and climate action (SDG 13). The growing interest in these Sustainable Devel-
opment Goals (SDGs) is also reflected in the literature [6]. While both are important for
sustainability, food waste and food loss are distinguished from each other by definition by
the UN [5]. Food loss is defined as food becoming unusable due to inefficiencies that occur
during production, post-harvest processing, transportation, etc., before the product reaches
the final consumer; food waste, on the other hand, is explained as the disposal of edible
food as a result of consumer-induced practices such as overbuying, improper storage, etc.,
or personal preferences [7–9]. It has been stated that nations’ economic development is
directly related to the food waste or loss they cause. It has been emphasized that developed
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countries are more responsible for food waste due to reasons such as more effortless access
to food.

In contrast, developing countries are more responsible for food loss due to ineffective
management of inefficiency in the process [10–14]. Although food waste production varies
according to countries’ development levels, the problem is characterized as a universal
sustainability issue affecting the whole world [15]. The economic cost of food waste from
consumers is higher than food loss due to the product’s added value until it reaches the
consumer [16]. Therefore, understanding food waste at the consumer level is critical for
achieving sustainability goals.

Food waste can be expressed as a holistic process that cannot be explained only
by individual attitudes, intentions, and behaviors [17]. It is essential to understand its
multifaceted nature to reduce food waste, which is influenced by social norms, cultural
practices, and structural variables. It has also been stated that efforts to raise awareness
and consciousness only at the individual level do not have a significant effect if other
structural factors are ignored [9,17]. Despite the existence of individual awareness or
positive attitudes or intentions to avoid food waste [18,19], the inability to prevent food
waste suggests the importance of focusing on structural solutions with a macro approach.
It is clear that studies that point to interdisciplinary collaboration and guide policymakers
toward systemic change will contribute to a more sustainable food ecosystem.

Once it is accepted that individual factors do not fully explain food waste behavior,
systemic influences must be closely examined. Culture is a phenomenon that should not
be ignored when discussing food waste. For this very reason, studies indicate that taking
steps to prevent food waste by considering local dynamics and using culturally adapted
language that avoids giving generalized messages yields more meaningful results in the
fight against food waste [20]. It is known that food culture patterns that differ from region
to region, sometimes even within the same country, will lead to diversity in approaches to
food waste and related behaviors [21,22]. Within the scope of individual practices related
to food waste, contextual factors such as family composition, income level, and individual
differences need to be considered alongside structural influences, such as culture [21,23,24].
Even time-based differences such as holidays and celebrations have the potential to create
variability in wastage due to shopping and preparations [25,26]. Therefore, delivering a
standard message about food waste to all consumers, even if they are located in the same
geographical region, would reduce effectiveness, so it is crucial to provide consumers with
customized messages that are appropriate for their segment [27].

Studies on food waste can be quite complex as they adopt a wide range of method-
ological approaches, focusing on various stages of waste and using measurement methods
without adhering to a standard [28]. As a result of this situation, it can be stated that
although there are a large number of studies in the field, the studies are disconnected from
each other. Therefore, the synergistic potential of the research in the field is not realized.
Because of the importance of analyzing this extensive literature in a structured way and
with a common framework, it is crucial to organize the research in such a way that a greater
synergy can be achieved. The present study aims to provide a clear view to researchers,
practitioners, and policymakers working in this field by structuring the various studies on
food waste around emerging themes, trends, and concepts.

Since existing studies on sustainability and consumer behavior are based either on
traditional literature analysis [9,17] or consumer data [7,8,13], the current study addresses
the lack of a comprehensive bibliometric analysis focusing on quantitative insights in
the field.

3. Materials and Methods

This study employed a systematic approach to address the research questions posed.
Initially, each set’s search sets and relevant keywords were defined, and searches were
conducted within WoS, one of the most widely utilized databases in the literature. The
retrieved studies were subsequently selected in accordance with the research area, and
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datasets were prepared for analysis through the cleaning and standardization processes.
Following this, bibliometric analyses were conducted using the R Bibliometrix package
and VOSviewer.

3.1. Data Selection and Preparation for the Analysis

To systematically cover the breadth of academic research conducted within the scope
of this research, three specific search categories were identified: “Circular Economy and
Sustainability”, “Food Waste”, and “Consumer”. On 21 August 2023, scientific studies that
included at least one of the predefined keywords from these three different categories were
found, as summarized in Table 1. The data were imported from the WoS database.

Table 1. Search sets.

Sets Search Terms

Circular economy and sustainability

“Circular econom*” OR “Circular business
model*” OR “Circular supply chain*” OR

“Circular design*” OR “Closed-loop system*”
OR “Resource efficien*” OR “Waste manag *”

OR “Sustainable product*” OR “Industrial
ecolog*” OR “Resource recover*” OR

“Extended producer responsibilit*” OR
“Remanufactur*” OR “Sustainable consumpt*”

OR “Ecological footprint*”
OR“Green procurement*”

Food waste

“Food wast*” OR “Food loss*” OR “Food
dispos*” OR “Food recov*” OR “Food supply*”
OR “Food consump*” OR “Food recycl*” OR

“Food redistribut*” OR “Sustainable food*” OR
“Food packaging wast*”

Consumer “consum*”

The search was refined within the WoS categories, excluding research areas outside
the scope of this study. Within the obtained dataset, duplicated studies were eliminated,
and the expressions of terms were standardized. For instance, terms such as “LCA” and
“life cycle assessment (LCA)” were changed to “life cycle management”, while “consumer
behavior” was changed to “consumer behavior”. Following the editing process, a dataset
comprising 1448 studies, spanning 1994 to 2023, was compiled. The main details about the
studies encompassed within the analysis are presented in Table 2.

Table 2. Summary of the analysis data.

Main Information about Data

Timespan 1994:2023

Sources (Journals, Books, etc.) 440

Documents 1448

Document Types

Article 1147

Book Chapter 19

Data Paper 1
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Table 2. Cont.

Main Information about Data

Early Access 42

Proceeding Paper 71

Book Review 1

Correction 2

Editorial Material 5

Meeting Abstract 3

Review 157

Authors

Authors 4799

Author Appearances 5637

Authors of Single-authored Documents 101

Authors of Multi-authored Documents 4698

Authors Collaboration

Single-authored Documents 103

Co-Authors per Documents 3.89

Collaboration Index 3.49

The dataset mainly comprises articles, accounting for approximately 79% (1147),
followed by reviews at 11% (157), Proceeding Papers at 5% (71), and Early Accesses
constituting 3% (42). The studies within the dataset were published in 440 different sources
and authored by 4799 authors. Among these studies, 103 were single-authored, while
1345 were collaboratively authored. One of the indicators that illustrates the extent of
collaboration among authors in the research field is the average number of co-authors per
study, which is 3.89. Meanwhile, the collaboration index indicator, calculated by dividing
the total number of authors in multi-authored studies by the total number of multi-authored
studies [29], yields a value of 3.49.

3.2. Bibliometric Analysis

The bibliometric methodology, which involves applying various quantitative tech-
niques to bibliometric data, has seen a significant rise in popularity, especially in recent
years. This increase can be attributed to several factors, including the availability of large-
scale databases like WoS and Scopus that provide bibliometric data. Moreover, numerous
software tools such as R version 3.6.3, VOSviewer version 1.6.19, and Gephi (accessed
date: 21 August 2023) enable the analysis of bibliometric data to be more accessible, fur-
ther fueling the growing utilization of bibliometric analysis [30]. Bibliometric analyses
encompass the descriptive analysis of bibliometric data and examining networks encom-
passing keywords, authors, citations, countries, and their connections [31]. In this study,
various aspects of research within the field have been investigated, including how the
annual scientific production within the research field evolved over the years, the annual
citation patterns within the research field, the most frequently used keywords and their
co-occurrence patterns, the most prolific countries and authors in the research field, collab-
oration patterns among countries and authors within the research field, and the leading
sources within the research field.

4. Results

As a result of the bibliometric analyses applied to the dataset within the scope of this
research, various insights have been obtained on the research field. These insights include
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the year-by-year evolution of publications in the field up to the end of August 2023, annual
citation patterns within the research area, the most frequently used keywords and their
co-occurrence patterns, the most productive countries and authors within the research
domain, collaboration patterns among countries and authors in the research area, and the
primary sources contributing to the field. This section presents all of these findings.

4.1. Annual Scientific Production

The yearly publication figures within the research field are illustrated in Figure 1. The
number of publications gradually increased, especially in the last ten years [14,32]. Between
1994 and 2008, the yearly number of studies within the research field remained below 10.
However, starting from 2009, the annual number of studies in the field began to surpass 10,
and by 2018, it had exceeded 100. In the research field, where the number of studies has
been on the rise since 2014, an analysis of the last ten years shows that the most substantial
increases compared to the previous year took place in 2015 and 2021, respectively. This
increasing trend in annual study counts continued, and as of August 2023, the number of
publications in 2023 reached 67% of the total number of publications produced in 2022.

Figure 1. Annual scientific production.

4.2. Annual Citations

The yearly citation patterns within the research field are analyzed through the indi-
cators of total publications (TPs), total citations (TCs), and Citations per Paper per year
(CPY = Citations per Paper/Citable years). Citations per Paper are calculated by dividing
the TCs by the TPs. In Figure 2, the annual variations in the TCs and TPs are depicted,
while in Figure 3, the annual changes in the CPY and TCs are illustrated.

In the field of research, the number of publications has consistently increased each
year since 2014, while the citation numbers have exhibited a fluctuating trend. Decreases in
citation counts were observed in 2019, 2021, and 2022 compared to the previous year. The
most significant decline occurred in 2022.
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Figure 2. Annual publications–annual citations.

Figure 3. Annual citations–citations per paper per year.

Figure 3 indicates that although TCs have generally followed a similar path to the
CPY, TCs increased in 2015, 2016, and 2018, while the CPY declined and TCs decreased
in 2020, and the CPY increased. The CPY indicator, which provides a comprehensive
viewpoint by considering the number of studies and the years cited together, reveals that
2006 was the most productive year. The article “Sustainable food consumption: Exploring
the consumer’ attitude–behavioral intention’ gap”, authored by [33] and published in
the Journal of Agricultural and Environmental Ethics, has received 1258 citations in the WoS
database. This study, which has the highest citation count among the publications covered
in the research, played a crucial role in achieving the top position within the citation
indicators for the year 2006.

Based on the CPY indicator, 2006 is followed by 2014 (CPY = 11.1) and 2008 (CPY = 9.64),
respectively. In terms of the total citation count, the studies of [34–36] push these years to
the top positions.
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4.3. Co-Occurrence Analysis of Keywords

The most frequently used keywords were determined, and a keyword co-occurrence
analysis was conducted to uncover recurring keywords and research patterns at the intersec-
tions of sustainability, circular economy, and food waste. The most frequently encountered
terms include “food waste”, “sustainability”, “circular economy”, “sustainable consump-
tion”, and “food”, all of which are part of the search sets. Beyond the terms within these sets,
words such as “life cycle assessment”, “ecological footprint”, “food supply chain”, “envi-
ronment”, “organic food”, “sustainable food”, and “food security” have also demonstrated
noteworthy usage.

Figure 4 displays the co-occurrence network, which encompasses keywords mentioned
at least ten times within the Author Keywords sections of all the documents in the dataset.
The co-occurrence analysis of these keywords resulted in seven primary clusters. Figure 5
presents the clusters and corresponding keywords within the clusters with their frequencies.

Figure 4. Co-occurrence network of most used keywords.

Figure 5. Cont.
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Figure 5. Clusters and corresponding keywords within clusters (frequencies).

The first cluster, named Waste and Sustainability, centers around food waste, circular
economy, life cycle assessment, and waste management. The keywords co-occurring
in this cluster implied a holistic exploration of waste management, circular economy
principles, and the potential for value extraction from waste. The second cluster, Food
and Consumption, focuses on food, incorporating food consumption and diet. The cluster
collectively emphasizes evaluating the overall sustainability of food choices, providing a
concise exploration of intersections between food, environmental impact, and sustainability.

Consumer and Sustainability, the third cluster, focuses intensely on sustainability and
addresses sustainability in consumer behavior, emphasizing food choices, organic practices,
and their broader implications for climate and local economies. The cluster that concen-
trates on the food supply chain, emphasizing sustainability and key themes within food
systems, is cluster four, named Food Chain and Goals. This cluster comprehensively exam-
ines sustainable practices within the food supply chain, encompassing waste reduction,
adherence to development goals, and promoting resilient food systems.

The fifth cluster, Environment and Security, delves into ecological considerations with
the environment at its core. It centers on the intersection of environmental concerns, food
security, and sustainable development, exploring various sustainability dimensions. The
sixth cluster, Consumption and Policy, reflects the effects of the COVID-19 pandemic on
consumption dynamics. It provides a perspective on the interplay between consumption,
sustainability, the COVID-19 pandemic, and policy influences. The last cluster, Production
and Packaging, focuses on sustainable production, particularly addressing the environmen-
tal impact of food packaging.

4.4. Co-Authorship Analysis: Countries

Patterns of collaboration, indicative of a more intense form of interaction, can be
explored by creating co-authorship networks at the level of authors, organizations, or
countries, thus facilitating the study of interactions within the collaborative realm [37,38].
The country analysis and the dynamics of collaborations are very important in terms
of showing which countries are most interested in the field of research and shaping the
dissemination of knowledge worldwide.

The analysis is based on co-authorship among countries considered to have partic-
ipated in at least ten studies within the research field. A total of 44 countries met this
criterion. Table 3 presents information about the top 10 countries with the most publica-
tions in the research field. It includes the TPs, TCs, Citations per Paper (CPs), and Total
Link Strength (TLS) values. The TLS represents the collective intensity of the co-authorship
connections between a specific country and others [39].
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Table 3. Publication, citation, and collaboration indicators for top 10 productive countries.

Country TP TC CP TLS

Italy 211 6529 30.94 187

England 172 6036 35.09 198

USA 162 4805 29.66 187

Peoples R China 160 3205 20.03 158

Germany 102 2488 24.39 117

Spain 92 2565 27.88 128

India 81 1154 14.25 70

Netherlands 75 3770 50.27 70

Sweden 72 2042 28.36 75

Australia 67 1791 26.73 75

Italy, England, and the USA have the highest TPs and TCs in the research field.
However, a different result emerges among the top three countries when considering the
CP metric. In this case, Belgium, Austria, and Finland, which fall within the range of
20 to 30 in the TP-based ranking, are leading in CPs. Even though these countries have
not contributed to as many collaborative studies as the countries at the top of the list, the
research produced by the authors from these countries has received many citations. Of the
top 10 countries based on TPs, India, China, and Germany have the lowest CP scores. This
result suggests that despite these countries producing a substantial number of studies, the
average number of citations per publication is comparatively lower.

Country co-authorship networks are highly relevant as they visually represent global
research collaboration for understanding countries’ efforts in a field that transcends geo-
graphical boundaries. This information is particularly valuable for researchers, institutions,
or policymakers to identify potential collaborations. Furthermore, to build broader re-
search relationships in the future, it is critical to recognize the existing strong links between
countries. Through analyzing collaborative authorship relationships between countries,
five distinct clusters were identified, each containing countries frequently participating in
collaborative research. The visual representation of these clusters is shown in Figure 6. In
the network depiction, countries with the highest productivity are shown with larger nodes.
According to the TLC metric, which shows the strength of the co-authoring links between
authors from different countries, the top three countries with the strongest co-authorship
relationships are England, Italy, and the USA, in descending order.

Figure 6. Co-authorship network of countries.
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4.5. Co-Authorship Analysis: Authors

A co-authorship analysis was undertaken to investigate the collaborative patterns
observed among authors who have contributed significantly to the research field under con-
sideration. A total of 4797 authors were identified as contributors, of whom 57 individuals
had participated in a minimum of four studies. Notably, the authors with the highest TPs
are Filimonau, Viachaslau; Laso, Jara; Margallo, Maria; and Sala, Serenella, as presented
in Table 4. It is important to recognize the most influential names in the field and identify
individuals who have made highly influential contributions to enhance the collaborative
nature of the discipline. These authors have significantly impacted the field through their
publications and citations. Therefore, the values associated with the citations are also of
great importance.

Table 4. Publication, citation, and collaboration indicators of the most productive authors.

Author TP TC CP TLS

Filimonau, Viachaslau 14 402 28.71 2

Laso, Jara 13 375 28.85 39

Margallo, Maria 10 356 35.60 35

Sala, Serenella 10 1360 136.00 0

Hoehn, Daniel 9 304 33.78 34

Aldaco, Ruben 8 361 45.13 28

Vazquez-Rowe, Ian 8 159 19.88 21

El Bilali, Hamid 6 134 22.33 1

Galli, Alessandro 6 272 45.33 1

Mangla, Sachin Kumar 6 157 26.17 0

Martens, Pim 6 50 8.33 7

Rousta, Kamran 6 218 36.33 5

Woolley, Elliot 6 131 21.83 0

Furthermore, it is worth highlighting that Verbeke, Wim (TC = 1977, CP = 395.4) and
Vermeir, Iris (TC = 1969, CP = 393.8) emerged as the authors with the highest TCs and CPs,
although they are not among the authors listed with the highest TPs. Following them in
terms of TCs is Sala, Serenella (TC = 1360, CP = 136), who also has a position within the
top three authors based on TPs. Sala, Serenella’s position in TCs can be attributed to her
significant role as a co-author in several highly cited works, most notably the studies of [35]
with 595 citations and [40] with 338 citations.

Figure 7 visually represents the co-authorship density among authors involved in at
least four studies. In this depiction, authors with strong co-authorship connections are
represented by dark yellow shading, while dark blue shading represents those with weaker
co-authorship links. The TLS metric, which signifies the strength of the co-authorship con-
nections, highlights Laso, Jara; Margallo, Maria; and Hoehn, Daniel as the top three contributors.
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Figure 7. Co-authorship density visualization of authors.

4.6. Leading Sources

There have been 440 sources, including journals, books, conference proceedings, and
reports, in which the studies within the context of this study were published. Among these
sources, 44 published at least five studies in the research field. The leading ten sources with
the highest publications are presented in Table 5, with the TC and CP indicators.

Table 5. Publication and citation indicators of 10 sources with the highest TPs.

Source TP TC CP

Sustainability 178 2643 14.85

Journal of Cleaner Production 149 7663 51.43

British Food Journal 45 654 14.53

Foods 41 768 18.73

Science of The Total Environment 39 1577 40.44

Waste Management 37 2287 61.81

Resources Conservation and Recycling 36 1426 39.61

Sustainable Production and Consumption 29 430 14.83

Journal of Industrial Ecology 26 860 33.08

Frontiers in Sustainable Food Systems 23 105 4.57

All the sources in the top ten list are journals. Sustainability, the Journal of Cleaner
Production, and the British Food Journal are the top three journals with the highest TPs,
respectively. On the TCs side, the Journal of Cleaner Production, Sustainability, and Waste
Management are in the top three. The CP metric resulted in a different picture. The journals
Ecological Economics (TP = 14, CP = 124.50), International Journal of Production Economics
(TP = 5, CP = 18.40), and Food Policy (TP = 11, CP = 76.18), while not having positions
within the TP-based top 10 rankings, emerged as the top three in the CP list. This finding
highlights the fine distinction in evaluating journals, pointing to the complex interplay
between productivity and impact. Within the subset of journals ranked in the top 10 based
on TPs, an internal CP ranking reveals that Waste Management (CP = 61.81), the Journal of
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Cleaner Production (CP = 51.43), and Science of The Total Environment (CP = 40.44) take the
top three positions.

The number of articles published by these ten journals in the last ten years on an annual
basis is depicted in Figure 8. Until 2019, the journal with the highest number of publications
in the intersection of sustainability, circular economy, and food waste was the Journal of
Cleaner Production. However, starting from 2020, Sustainability took the lead. In 2022, both
journals saw a decrease in published studies in the research area. The publication-based
rankings of other journals have shown variability.

Figure 8. Annual publications of the top journals.

These journals demonstrate distinct scopes based on the most frequently occurring
keywords and their co-occurrence. Sustainability has a broad focus encompassing circular
economy, food waste, sustainable consumption, and other related topics. In contrast,
the Journal of Cleaner Production emphasizes food waste, sustainable consumption, life
cycle assessment, circular economy, and waste management. The Science of The Total
Environment Journal focuses on the circular economy, life cycle assessment, food waste, and
related environmental aspects. Foods covers sustainable consumption, food waste, circular
economy, food security, and various food production and consumption aspects. Similarly,
the British Food Journal shares similar focus areas, emphasizing sustainable consumption,
food waste, circular economy, and consumer behavior, including meat consumption. The
comparison highlights the subtle thematic orientations of these journals in the context of
this research field.

5. Conclusions and Future Research

As mentioned in the introduction, the present study, which examines consumer food
waste in the context of sustainability and circular economy, aims to provide a meaningful
and structured framework by analyzing the extremely rich content of the field. The
intersection of sustainability, circular economy, and food waste brings with it the advantage
of the rich diversity of the field and the need to analyze and standardize this rich content
that speaks different languages. Our study aims to provide a structured examination of the
interaction of these fields by aiming to take advantage of this diversity.

With the current study focusing on the intersection of sustainability, circular economy,
and consumer food waste, we prioritize the UN’s goal of action to mitigate climate change
(SDG 13) and responsible consumption and production (SDG 12).
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Beyond the traditional literature review, employing a bibliometric analysis, which
allows for quantitative insights into the broad and interactive nature of the field, this study
prioritizes evaluating the findings from a unique perspective.

By identifying the publication trends and the most co-occurring keyword clusters,
revealing co-authorship patterns, identifying prolific authors, and revealing the field’s lead-
ing sources and their focal points, the current study’s findings contribute to understanding
the development of the field, identifying related concepts in the field, and articulating
models of collaboration on a global scale.

Publication indicators reveal a continuous growth trend in the research field, consistent
with the studies by [12,41]. Their findings indicate a surge in annual publications from
2017 to 2021, particularly in circular economy and food waste and losses. Publications
through August 2023 suggest this upward trend will continue, underscoring the continued
importance and expansion of research in these areas.

A co-authorship analysis of countries indicates that, in the field of research, Italy is the
most productive country with the most publications, as stated in the study by [41]. Ref. [12]
stated that India, one of the countries that stands out in collaborative publications in the
research field, has publications in the research field. The most dominant journals in the
research field with the most publication numbers are Sustainability and the Journal of Cleaner
Production, in line with [41,42].

Also, by analyzing trend topics and frequently used words in recent research and
examining recent studies conducted by authors with the highest collaboration in the
research field, this study attempts to identify the research trends. One key trend centers
around the imperative to ensure food security and enhance the sustainability of seafood
production systems. Researchers are actively addressing the challenges arising from the
escalating global demand for seafood, analyzing supply chains, and exploring ways to
support sustainability merits. Another focal point is the comprehensive approach to
addressing contamination issues in fish and aquaculture products, emphasizing the fishing
sector’s short- and medium-term sustainability and the critical goal of ensuring food
safety. Additionally, there is a growing emphasis on understanding consumer attitudes
and behaviors related to the environmental impact of seafood packaging, with a concerted
effort to explore consumers’ willingness to actively contribute to reducing this impact.

Furthermore, the field explores the nuanced interplay between objective and subjective
knowledge and its impact on organic purchase intentions. It reflects a heightened interest in
understanding consumer choices in sustainable and organic food preferences. Collectively,
these research trends underscore a multifaceted approach aimed at fostering sustainability,
environmental responsibility, and informed consumer decision-making in seafood and
related industries.

However, the reliance on the WoS database represents a significant limitation of this
study. Future studies are thought to improve their scope by including publications in
databases, such as Scopus.
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Abstract: The healthcare sector produces 2 gigatons of CO2. To address this impactful trend and
contribute to the Sustainable Development Goals (SDGs), the adoption of circular economy (CE)
practices could represent a strategic target. In this context, the present article provides a systematic
and bibliometric literature review of CE practices applied in the healthcare sector by considering the
collected case studies. This study aims to analyze the state of the art in CEs in the healthcare sector in
order to identify CE practices in healthcare, examining how they contribute to sustainability goals and
the critical issues in their implementation. A final selection of 36 articles from reputable databases,
Web of Science and Scopus, was obtained and analyzed using VOSviewer. By systematically exam-
ining these papers, the study investigates the key CE practices implemented within the healthcare
sector and their respective areas of application, which help the broader mission of achieving SDG 12,
and also, to a lesser extent, SDG 9. Although the research criteria impose some limitations, this study
offers a comprehensive review of successful circular practices adopted in the healthcare sector while
shedding light on existing gaps and providing valuable insights for relevant stakeholders.

Keywords: healthcare sector; bibliometric analysis; systematic analysis; circular economy; CE practices

1. Introduction

Nowadays, humanity is facing several challenges; among the many, climate change
is one of the most pernicious, threatening clean air, safe drinking water, sufficient food,
and secure shelter. As we look ahead to the period between 2030 and 2050, climate change
is expected to have a grave impact, resulting in an estimated annual increase in deaths
of approximately 250,000, predominantly caused by malnutrition, malaria, diarrhea, and
heat stress [1]. It is worth noting that the health sector, which bears the responsibility of
safeguarding human well-being, has also made substantial contributions to the climate
crisis in recent decades [2]. According to the Healthcare Without Harm (HCWH) Annual
Report in 2022, if the healthcare sector were a country, it would be the world’s fifth
largest producer of greenhouse gas (GHG) pollution [3]. In an international comparative
analysis using analogous information taken from a selection of 36 OECD countries at
various points in time, it was noted that in 2014, the healthcare sector was accountable
for emitting 2 gigatons of CO2, equivalent to 4.4% of the global ecological footprint [4].
Therefore, scientists have stressed that quality amelioration strategies are indispensable
for sustainability [5]. Sustainability is perceived as an equilibrium between the social,
environmental, and economic aspects of society and the planet as a whole [6].
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To enhance environmental sustainability, solutions such as a complete life cycle in-
ventory database for medical devices and drugs, reform of contagion check standards
that guide the practical use of single-use disposable devices, implementation of consoli-
dated sustainability operation measures at the medical level, and more national research
financial support are needed [7]. Examples that boost social sustainability are domicil-
iary telemedicine; emerging technologies to ensure accessibility to and the availability of
healthcare and ensure patient satisfaction; customized treatments exploiting 3D printing
technology; financing expensive drugs for global use; sustainable health training as an
approach to achieve sustainability; and improved personnel recruitment [8].

Finally, research, development, and reductions in costs are some of the strategies to
achieve economic sustainability; furthermore, energy safeguarding, recycling, sourcing,
training programs, and employability, despite covering environmental and social aspects,
also contribute to the promotion of economic sustainability [8].

In this context, the United Nations General Assembly (UN) took a significant step
in September 2015 by endorsing the 2030 Agenda for Sustainable Development, which
encompasses 17 SDGs. The SDGs call upon nations to collaborate with the purpose of
diminishing economic disparities and safeguarding the planet for peace and peoples’ well-
being [9]. Addressing the environmental impact of the healthcare sector and reorienting
its practices towards long-term sustainability can play decisive roles in achieving the
overarching goals of the 2030 Agenda for Sustainable Development, ultimately contributing
to a high quality of life for both present and future generations.

Moreover, the European Union’s (EU) effort to achieve circularity and become more
sustainable led to the creation of the Green Deal, a policy developed to reach zero GHG
emissions and carbon neutrality and protect human health by 2050 [10,11]. In pursuit of this
goal, EU countries have collectively vowed to achieve a reduction in emissions of no less
than 55% by 2030 in contrast to the emission levels recorded in 1990 [10]. In order to actively
support the fulfillment of the SDGs and address the environmental challenges arising
from the healthcare sector, the transition to a CE, considered an emerging and innovative
paradigm, holds significant promise as a viable solution. In this economic framework,
the central emphasis is on reducing resource consumption and managing environmental
consequences [12]. Further, as reported in [13], the shift towards a CE is the requirement for
reaching sustainability. A CE is an interdisciplinary topic that encompasses several fields of
expertise, with the objective of banding together the enhancement of ecological well-being
and financial growth for sustainable ecological development [14]. Indeed, the CE seems
to encompass a diverse array of ideas and principles, making it more akin to an umbrella
concept. The CE draws inspiration from a variety of sources, including concepts like
Cradle to Cradle, Industrial Ecology, Biomimicry, Performance Economy, Blue Economy,
Natural Capitalism, and Industrial Capitalism, among others [15]. From this perspective,
the implementation of CE strategies in the healthcare sector could represent a response to
the growing environmental threats. In fact, a CE primarily aims to reduce pollution and
waste while simultaneously generating economic benefits [16], and is built on the suitable
and ecological utilization of resources [17]. Moreover, a CE plays a pivotal role in guiding
economic development towards sustainability, representing a sustainable profitable system
in which the economy improves; it is disconnected from the consumption of resources
thanks to the reduction in use and recycling of natural resources [18]. Reaching a CE
predominantly means ensuring the reduction in the environmental effects of production and
the efficient reuse and recycling of products, developing community interventions to adapt
customer behavior to CE requirements [16]. For all the above reasons, the healthcare sector,
and in general, all types of institutions, can support positive environmental policies [19].

Furthermore, researchers contend that the transition towards circularity is closely
connected with the digitalization transformation [20]; Industry 5.0, conceived to use man’s
originality expertise in cooperation with intelligent and precise apparatus, is designed to
enhance customer satisfaction [21]. In this sense, Industry 5.0 is facilitating the individu-
alized tracking of essential health metrics, such as monitoring blood pressure and blood
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sugar levels, and offering customized medical care [21]. Likewise, green innovation or
eco-innovation can be helpful in preserving environmental management, as it is a method
focused on the development of novel advancements in production and technology, all
while striving to mitigate environmental hazards, such as pollution and adverse impacts
stemming from the exploitation of resources [22].

This method is commonly associated with the triple bottom line concept, which encom-
passes social, environmental, and economic operations [23]. Due to the huge environmental
impacts of the healthcare sector, and the consequent necessity to achieve sustainable devel-
opment, the purpose of this paper is to comprehend how the sector embraces circularity,
identifying the most representative CE practices implemented in the sector.

Indeed, reference [24] demonstrates the existence of untapped sustainability opportu-
nities that have not been thoroughly investigated yet.

In this context, a CE could be considered as a pathway to advance specific SDGs,
for example, encouraging facilities to assume more responsible and sustainable practices
(Goal 12) [25].

Up to now, the existing body of literature has been more focused on the depiction of
singular practice, mainly implemented for healthcare waste management (HWM). While
the circularity topic is currently researched within the sector, the categorization of existing
practices is necessary and requires attention; none of the analyzed papers present a com-
prehensive overview of the above-mentioned practices. To achieve this goal, this paper
addressed the following research questions:

RQ1: What is the state of the art in a CE implemented in the healthcare sector?
RQ2: What are the main areas of CE practices applied to the healthcare sector?
Following this Introduction, Section 2 presents a description of the literature review

method applied, Section 3 underlines the main findings of the study, Section 4 critically
examines the results, and finally, in the last section, the conclusions with the main outcomes
are summarized, defining future outlooks.

2. Materials and Methods

The present section details the methodology employed for the literature review in this
study, which involved both a systematic review and a bibliometric analysis. A systematic
literature review involves “replicable, scientific, and transparent procedures to collect
all related publications and documents that fit pre-defined inclusion criteria to answer
a specific research question” [26]. Instead, a bibliometric analysis is the identification
of emerging patterns in articles and a journal’s impact, the examination of collaborative
networks, and the investigation of the knowledge landscape within a particular field as
documented in the existing literature [27]. A combination of both methodologies was
proposed to obtain coherent, trustworthy, and robust research.

Sample selection was performed following the specifications suggested by the PRISMA
protocol [28]. The systematic literature review was conducted to obtain a global view of the
CE practices implemented in the healthcare sector. Figure 1 illustrates the comprehensive
research method to provide transparency and allow readers to understand the methodology
used to ensure the appropriateness and quality of the sources included in the study.

First, the study objectives, questions, keywords, inclusion and exclusion criteria, and
databases were developed. Scopus and Web of Science (WoS) were used concurrently
as main sources through the employment of chosen keywords in the title, abstract, and
keywords of publications according to the Boolean operators “OR” and “AND”. The
preference for these two sources was to ensure the inclusion of peer-reviewed articles.
These articles, found in reputable journals, are considered high-quality studies, and their
relevance and significance were verified [29].
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Figure 1. Methodological framework (Source: authors).

The search queries used to conduct the search are available in Table S5 in the
Supplementary Materials.

Paper collection was conducted in January 2023; thus, potential forthcoming publica-
tions were not taken into account. Afterwards, inclusion (I) and exclusion (E) criteria were
defined to evaluate the studies (see Table 1). In addition, articles presenting CE practices
applied in multiple sectors were included if and only if one of the sectors analyzed is the
healthcare sector, and only data regarding this were extracted.

Table 1. Selection criteria of the sources (Source: authors).

Inclusion
Criteria

Exclusion
Criteria

(a) Articles must be written in English (a) Not aligned with the purpose of the study
(b) Accordance with the forward-looking perspective of the
studies regarding circularity in the healthcare sector (b) Inadequacy of information

(c) Main sector of application is healthcare (c) If the document is a Conference paper; Conference
Proceeding; Review; or Book Chapter

(d) Must present CE practices applied to the healthcare sector to
face environmental challenges

In the beginning, the above research strategy initially allowed the identification of
a total of 324 articles: 203 from Scopus and 121 from WoS. The two results were merged
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in Microsoft Excel for Mac, Version 16.80. License Microsoft 365 to carry on the screening
process (as shown in Figure 2). The PRISMA flowchart in Figure 2 enables readers to gain a
comprehensive understanding of the systematic approach utilized for the identification
and analysis of the literature, thereby reinforcing the credibility and reproducibility of the
study’s findings.

Figure 2. PRISMA flowchart.

The corresponding literature was analyzed to eliminate copies and all non-relevant
documents, resulting in an initial sample of 220 articles. The residual articles were screened
by considering the document type, excluding conference proceedings, book chapters,
reviews, non-English language papers, and others. Thus, 133 articles were screened by
taking into account titles and abstracts, not including papers that were off topic, reducing
the number of articles to 41.

Later, the full text of these articles was downloaded in order to investigate it. This final
screening process permitted the exclusion of five articles, leading to a total of 36 works.

While no temporal constraints were imposed in this analysis, papers deemed pertinent
to the study’s objectives could not be located preceding the year 2016, as delineated in
Section 3.1.

From these 36 studies, the following types of data were extracted and analyzed:
bibliometric data such as keywords, the journal and year of publication, subject areas, and
geographical location of CE practices. Further, data concerning the practices (particularly
their areas of application within the healthcare sector), benefits, and limitations were
collected. Bibliometric data were represented in a network map, while the systematic
review results were condensed into tables and charts.
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Identification of CE Practices and Areas of Application

This section focuses on the practices gathered in the sample and emphasizes the spe-
cific areas in the healthcare sector where circular practices have been implemented. Table 2
provides an illustration of the categorization of these practices and their application areas.

Table 2. Classification of CE practices and areas of application (Source: authors).

CE Practice Area of Application Example

R-strategies: Analyze how to mitigate
operating room (OR) waste through
recycling and reuse possibilities.
Reusing medical items, after thorough
cleaning, decontamination, and
sterilization, has shown potential in
various areas, e.g., textiles (table covers,
gowns, and facemasks), consumables
(syringes and single-use plastic trays),
and packaging.
Recycling by optimizing the
sorting process.
Reuse options have emerged as the best
solution [30].

HWM: It aims to identify and promote
waste reduction and safe healthcare
waste management, implement
regulations to meet global standards, and
raise awareness of safety practices [31].

Explore how waste can be minimized in
large hospitals via eight observations and
five expert interviews. Lowering medical
waste cuts both financial and
environmental costs [30].

Technology involvement: Clinical climate
informatics can lead healthcare
decarbonization efforts towards
achieving net-zero emissions, minimizing
electronic waste, advocating responsible
resource management, and realizing
environmental sustainability [32].

HSI: It develops awareness about CE
strategies’ importance to employees,
patients, and all the actors involved in
healthcare processes [33].

Involvement with relevant stakeholders
to increase the awareness of
environmental problems and foster
change. Optimized algorithms, shared
cloud computing resources,
low-consumption CPUs, and
telemedicine can be implemented to
reduce energy consumption. Data
analysis can be used to optimize work
processes, procurement, and procedures,
thus reducing supply waste [32].

Design opportunities: Tracks all materials
entering and leaving intensive care
through an MFA. The primary
environmental footprint is from everyday
materials instead of materials designated
for specific therapies such as non-sterile
gloves, isolation gowns, bed liners,
surgical masks, and syringes, giving
support to a shift to a circular system in
intensive care [34].

Medical devices and supplies: It
embraces a wide range of objects and
substances, including instruments,
apparatuses, implements, machines,
materials, medical, or surgical items that
are consumable, expendable, disposable,
or non-durable for a medical purpose
[35].

Application of a Material Flow Analysis
(MFA) allows for an assessment of the
environmental impacts of key product
groups, including weight, carbon
footprint, agricultural land occupation,
and water usage [34].

Stakeholder involvement: Healthcare
stakeholders demonstrate the capability
to enact sustainable supply chain
management practices and wield
substantial influence in elevating the
organization’s sustainable performance
and maintaining a heightened awareness
of sustainability [36].

HSC: The healthcare supply chain sector,
a significant contributor to worldwide
greenhouse gas emissions, is linked to
organizational factors, including forging
partnerships, delineating roles and
responsibilities, and coordinating and
managing interface processes [37].

Examination of supply chain strategies
aimed at achieving a circular economy
within the Indian healthcare sector.
Empirical research involving
145 healthcare organizations reveals the
hidden connections of stakeholder
involvement, sustainable supply chain
practices, sustainable performance, and
the circular economy in the sector [35].
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Table 2. Cont.

CE Practice Area of Application Example

HT: It incorporates actions to enhance
consciousness about healthcare treatment
to reduce carbon footprints [38].

LCA analysis to measure the carbon
footprint of breast surgical treatment,
revealing less environmental impacts for
telehealth visits [38].

HCP: It covers actions for the proper
management of construction processes to
ensure the control of CO2 emissions [39].

Recommendations for sustainable
materials in order to enhance
environmental protection [39].

3. Results

In this section, we present the main outcomes of our academic literature review,
discussing the data obtained from the bibliometric analysis and the relevant practices of
circularity implemented in the healthcare sector.

3.1. Bibliometric Analysis

A bibliometric analysis was conducted using VOS viewer Version 1.6.18 to cluster
emerging fields related to the chosen topic. The analysis also examined connections among
publications and keywords to identify strengths and gaps in the topic and publications. In
particular, in the 36 selected papers, the correlations between the keywords used by the top
authors were determined through a co-occurrence network map (Figure 3).

Figure 3. Co-occurrence network map (Source: authors).

The thickness of the lines in the map indicates the strength of the correlations between
the nodes (keywords). This strength is calculated by tallying the number of publications
where the two keywords appear together. A total of 122 fixed keywords were tested in order
to standardize the topics. Of the 122 items in the network, 117 items were connected to
each other. The resulting network graph presents clear connections among the investigated
keywords, grouped in colored clusters. The most frequently occurring keywords in the
study are “circular economy”, “healthcare waste”, “sustainability”, and “plastic waste”.
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Specifically regarding “plastic waste” and “healthcare waste”, they appeared connected
with “life cycle assessment”. Additionally, the network analysis revealed a connection
between the issue of “plastic waste” and “remanufacturing”, as they appeared in the same
cluster (liliac). Furthermore, there is a correlation between “operating rooms” (ORs) and
“reuse” (blue cluster). Similarly, the keyword “Industry 4.0” occurs many times and is
linked to the repeated keyword “Internet of Things”, and also connected to “sustainable
supply chain”, to which technologies and the keyword “stakeholder involvement” (light
blue cluster) were interconnected, aiming at the achievement of circularity. Moreover,
the keywords “waste management”, “single-use plastic”, and “decontamination” are
consistently grouped together (purple cluster). Lastly, “recycling” and “reprocessing”
practices are strictly interconnected with a CE (grouped in the dark yellow cluster). Further,
to inspect the progress of implementation of CE practices in the healthcare sector, the final
group of 36 papers was analyzed by year and considering the journal of publication, as
shown in Figure 4. This provides a snapshot of the scholarly activity and the dissemination
of knowledge regarding the subject matter.

Figure 4. Count of articles distributed per year and by journal.

The first of these works was published in 2016 [40]; prior to 2021, there were only
seven publications [40–46], but there was an explosive increase in that year [30,33,37,39,47–52].
Moreover, fourteen publications were recorded in 2022 [32,36,38,53–63], while in 2023, there
were only five [34,64–67]. Additionally, the figure illustrates the distribution of articles among
different scientific journals, considering the distribution by year as described. Importantly,
this study was conducted in early 2023, which accounts for the relatively low number of
articles retrieved for this year. The Journal of Cleaner Production (JCP) emerges with the highest
publication count, with three articles in 2021 [33,47,52] and the most recent one in 2023 [66].
Starting with Resource, Conservation, and Recycling, the first publication on this subject
was in 2016 [40]. Subsequently, two more articles were published in 2019 [45], and the most
recent one was published in 2022 [56]. Moving on to Sustainability, it has received growing
attention from 2019, as evidenced by reference [42]. However, in 2021, there was a decline
in this interest, marked by the publication of the last two identified articles on the topic,
which are [30,49]. Similarly, the Journal of Sustainable Production and Consumption received
scholarly interest, as evidenced by the presence of two articles published in both 2021 [50]
and 2022 [55], underscoring a commitment to this subject matter. Conversely, the remaining
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journals published only one paper delving into CE practices, with a particular focus on their
implementation within the healthcare sector.

Furthermore, from an examination of research areas per journal, in addition to 15 sub-
ject areas of interest emerging, a clear focus on the environment in the subject area emerges,
as “Environmental Sciences” is the prevailing area (27.40%), followed by “Engineering”
(15.07%), “Medicine” (9.59%), “Economics, Econometrics and Finance” (8.22%), “Business,
Management and Accounting”, “Computer Science”, and “Social Sciences” (6.85%). The
other areas with minor relevance are displayed in the Supplementary Materials in Table S3.
Finally, the analysis illustrates how publications are distributed geographically by country
according to the context in which the studies were conducted.

The outcomes showed that significant contributions were made by the Netherlands (six
publications) [33,34,50–52,62], followed by India (five works) [36,46,47,54,56], Spain [39,65],
and Iran (two articles) [57,58]. Additionally, the analysis revealed that two articles did not
specify the country (indicated as “Not Specified” countries) [32,48], while four articles were
labeled as “Multiple countries”, due to their reliance on surveys and questionnaires that
were administered in more than one country [40,43,53,67]. The Supplementary Materials
contains information on the other geographical areas with minor contributions in Table S1.

This examination demonstrates how Europe has made substantial contributions (58%),
while Asia (22%) has been increasingly interested in transitioning from the conventional
linear model to the implementation of CE practices in the healthcare sector. On the other
hand, South America has made fewer contributions (6%), while 11% of contributions did
not specify any continent or country.

3.2. Classification of CE Practices

This systematic analysis focuses on examining the well-studied CE practices within the
healthcare sector, as documented in the literature, to evaluate their benefits and challenges.
It involves classifying and analyzing the CE practices discussed in the collected articles (as
shown in Figure 5).

To categorize CE practices in the healthcare sector, several practices were identified
in the literature, including recycling, reuse, reprocessing, refurbishment, and recovery,
which collectively constitute 47% of the strategies applied within the sector. These practices
fall under the established categorization of “R-strategies”. They are designed to mitigate
the depletion of natural resources and reduce material consumption, all while actively
attempting to minimize waste generation [49]; they include refusal, repair, remanufacture,
reuse, repurpose, refurbishment, recycling, and recovery. In the hierarchy of circular
strategies, “refusal” stands out as the most impactful, whereas “recovery” ranks as the least
impactful [34]. Other practices designated as “technology involvement” underscore the
role of technology in healthcare processes as a strategy to promote circularity (20%). The
primary aim of healthcare waste technologies is to minimize the potential risks associated
with waste. These technologies include thermal, chemical, irradiative, and biological
treatment methods, alongside mechanical treatment technologies, and they serve as the
primary methods of waste management [63]. The research has also identified other circular
strategies, such as the redesign of products and processes to consider their end-of-life
fate. These strategies, known as “design opportunities”, account for 25% of the total
practices identified.

Lastly, the familiarity and awareness of customers, particularly patients, and employ-
ees are considered potential drivers of CE adoption, representing a significant portion (8%),
termed as “stakeholder involvement”.

Categorization of Areas of Application

The analysis of the full text reveals several areas within the healthcare sector where
CE practices have been applied, categorizing them by geographical areas. These findings
are summarized and presented in Figure 6, providing an overview of the prevalence and
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distribution of CE practices across different categories within the healthcare sector and the
geographical areas of their implementation.

 

Figure 5. Classification and quantification of CE practices, according to the systematic analysis
conducted by the authors.

Notably, HWM has received significant attention from scholars (39%). From this
assessment, it emerges that the geographical area more interested in this category is Asia,
with three articles originating from India [47,54,56], two from Iran [57,58], one from Pak-
istan [41], and another from Vietnam [59]. Following Asia, Europe also shows a significant
interest in the category, with two articles on CE practice for waste management in the
Netherlands [50,52], one in Belgium [30], one in Turkey [61], and another in Latvia [63].

Further, another important area of application has been identified, medical devices and
supplies (39%), which encompasses a wide range of practices involving apparatus, tools,
implants, in vitro reagents, and disposable or semi-disposable elements used individually
or in combination for medical purposes. The focus on practices related to the circular
use of devices and supplies is most pronounced in Europe, with three studies conducted
in the Netherlands [34,51,62] and two articles spanning multiple countries, labeled as
“Multiple Countries” [40,53]. Furthermore, individual studies in this category are located in
various European countries, including the United Kingdom [55], the Czech Republic [64],
Ireland [45], Spain [65], Denmark [66], and Germany [49]. Moreover, one work within this
area does not specify a geographical region and has consequently been categorized as “Not
Specified” [48].

Additionally, CE practices implemented in the supply chain have also been identified
and are classified under the healthcare supply chain (HSC) category, although there are
fewer publications than other areas (8%). The three publications focused on the HSC were
conducted in Turkey [37], India [36], and Brazil [42]. Likewise, another category, given the
healthcare stakeholder involvement (HSI) label, accounts for 8% of academic interest. These
practices, related to the involvement of healthcare stakeholders, workers, and patients,
are only addressed in a paper conducted in the Netherlands [33], in a study conducted
in “Multiple Countries” [67] and in a study with no specified geographical area [32]. In
conclusion, the final two areas in which CE practices were employed were categorized and
designated as healthcare treatment (HT) and healthcare construction processes (HCPs).
Academic attention was directed towards HT with a total share of 3%, with research
conducted in Italy [38]. Meanwhile, HCPs, also representing 3% of the sample, are linked
to a study conducted in Spain [39].
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Figure 6. Frequency of CE practices distributed per category and country of application.

4. Discussion

The bibliometric analysis has outlined that the CE concept applied to the healthcare
sector as a relatively recent development, as the first article in the collected sample was
published in 2016; however, from 2021 to now, the increasing number of articles shows the
growing interest of researchers on this topic, with a specific focus in Europe. In this regard,
the analysis of keyword occurrence underscores the prevalence and interconnectedness of
sustainability and healthcare waste within a CE. Remarkably, keywords such as “reman-
ufacturing” are linked to the plastic waste issue, as it can be considered a solution to the
plastic problem. Specifically, following an evaluation of the mechanical recycling of clinical
plastic waste for secondary plastic recovery, it becomes evident that incorporating a design
that considers the environment in the initial stages of plastic production is essential. This
ensures the feasibility of post-use segregation and remanufacturing and enables the assem-
bly and disassembly of material components as needed, thereby extending product life
cycles indefinitely [60]. Further, it is evident that ORs are responsible for generating huge
amounts of waste, suggesting that the implementation of reusable solutions could serve as
a viable remedy [30]. Similarly, the connections between “waste management”, “single-use
plastic”, and “decontamination” keywords can be attributed to the substantial usage of
single-use plastic products in this sector, which ultimately leads to waste. Particularly,
potential strategies for addressing this issue encompass several options, such as reducing
the demand for single-use bottles, exploring alternative solutions for eliminating them,
encouraging manufacturers to address product design [45], and motivating policymakers to
implement consistent labeling systems for the recycling of materials and the enhancement
of waste management and to implement collaborative efforts and assistance systems to
achieve sustainable resource management [45].

Furthermore, the analysis of the subject area of the 28 journals in which articles were
published clearly marked the close correlation with environmental science; in that light,
the sector’s profound link to the environment becomes evident, in addition to medicine,
engineering, and business and accounting.
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Moreover, in line with the co-occurrence analysis, the field of medical devices and
supplies was highly prominent, together with the HWM area. Articles on the former were
concentrated in Europe, and the latter in Asia.

Nevertheless, we aim to delve further into the assessment of CEs within the healthcare
sector by comprehensively outlining all the practices that have been identified in this
research. Particularly, the practices identified are categorized as an “R-strategy”, consid-
ered a pivotal solution to mitigate environmental harm and its associated costs. These
practices encompass the use of reusable medical devices [64]. For example, while reusable
gynecological speculums have a negative environmental impact during the disinfection
and sterilization phase due to the use of ethylene oxide or detergents, this impact is com-
paratively lower than that of disposable medical devices [64]. Despite this, a notable
limitation arises from the preferences of physicians and patients, who often opt for dis-
posable devices [64]. Further, an analysis has been conducted to assess the value of used
laryngoscopes [40], with the aim of restoring the intrinsic value of materials. Achieving
increased circularity in the management of used laryngoscopes lies in the sourcing of these
devices; however, more efficient communication between relevant departments and staff
involvement are necessary. One prominent application of reprocessing is the steam steril-
ization of medical equipment, particularly face masks. Notably, reprocessed masks exhibit
a reduced carbon footprint compared to disposable masks, as indicated by the findings of
a life cycle analysis (LCA) performed in [51]. A LCA is a methodological approach that
evaluates the environmental impact of a product or service throughout its entire life cycle,
from raw material extraction to disposal [68,69].

Moreover, the collected sample allowed the identification of the emergence of “design
opportunities” practices. A prime example is presented by the development of 3D-printable
bioresorbable materials for orthopedic implants (such as bioactive ceramics and bioinert
ceramics), which not only reduce waste but also utilize less material during the manufac-
turing process. However, the limitation posed by 3D-printable bioresorbable materials
lies in their sensitivity to repeated stress, which confines their use to small bones [46]. An-
other example involves designing a circular healthcare business model; gowns integrating
nonwoven polyester exhibited worse environmental consequences in comparison to their
counterparts composed of nonwoven polypropylene. A circular economy model centered
on non-sterile polypropylene gowns holds the potential to slash carbon emissions given
the increased usage of these gowns [65].

Further, “technological involvement” has been delineated as a new CE practice area.
In fact, emerging technologies could play an important role in strengthening and accel-
erating the transition into a more circular and sustainable healthcare sector. Indeed, the
introduction of technologies such as blockchain technology in [59], even if it is only the first
trial of substituting traditional waste treatment processes with this technology, represents a
potential solution to the production of waste in order to foster sustainable development.
From this perspective, smart waste management is a strategic approach that leverages
advanced technologies to guarantee a reduction in medical waste generation [59].

CE strategies identified in the sample also provide a clinical informatics framework
designed to mitigate healthcare’s contributions to environmental pollution and climate-
related effects [32] and to adopt big data [37] to obtain social, economic, and environmental
benefits. The framework proposed in [32] can play a fundamental role in promoting the
contribution of health information technology (IT) in enhancing environmental sustainabil-
ity and the betterment of planetary health in healthcare settings. However, the high costs
for the implementation of these technologies [37] in this sector represent a major limitation,
due to which their application is still a slow process. Finally, the last CE practice area
identified was termed “stakeholder involvement”, which foresees stakeholder engagement
as essential for achieving the common goal of mitigating negative environmental impacts
and lowering carbon emissions for the shift toward a CE [37].

Subsequently, in this study, we attempted to provide a categorization of the application
areas of the aforementioned circular practices. “HWM” is the first identified area, which
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aims to promote the reduction in healthcare waste, with a focus on sustainable development
as one of its guiding principles [31]. Studies concerning this aspect were concentrated
in Asia. The majority of practices for HWM encompass recycling strategies; this offers
clear benefits within the CE framework for the preservation of natural resources and
reducing the need for extracting new materials. From this standpoint, reuse and recycling
processes can contribute to reducing the costs caused by the extraction and processing of
natural resources, minimizing healthcare waste. For example, as stated in [60], the reuse, or
recycling, if the reuse process is not feasible, of plastic waste could ensure the transition
toward a CE. Moreover, ORs are liable for 33% of the waste generated in a hospital [30].

In [30], reusing strategies were introduced to manage waste generated in ORs, regis-
tering benefits that extend beyond mere financial savings and leading to a decrease in the
environmental impacts. Further, refurbishment and repair were identified as practices to
enhance circularity. Refurbishment, for the revitalization of obsolete products and their
transformation to align to contemporary standards, alongside the repair strategy, is an
optimal solution to avoid waste and costs linked to its disposal [50]. However, ref. [50]
evaluated the viability of implementing a circular approach for repurposing discarded
medical instruments and stainless-steel waste within hospital settings, ultimately showing
that repairing and refurbishing surgical instruments, rather than replacing them with new
ones, hold the greatest potential for cost reduction and environmental benefits.

This study focuses on “medical devices and supplies”, an area of significant scholarly
interest, possibly driven by the positive impacts associated with their circular utilization.
In particular, practices falling into this category are primarily classified as an “R-strategy”,
as possible solutions to manage environmental risks and their related expenses. To address
these issues, it is imperative to enhance interdepartmental communication and increase
staff involvement.

Thus, the area labeled “HSC” encompasses the reduction in overall resources needed to
provide the required level of customer service by increasing product availability, decreasing
the time taken for order processing, and simultaneously lowering costs. It is apparent
that, for the overwhelming bulk of global greenhouse gas emissions within the HSC,
the application of big data technologies is crucial for optimizing the healthcare supply
chain [37].

Despite this, a lack of studies in this area was noted; however, the sustainable manage-
ment of the supply chain could be useful to foster circularity and reduce environmental
impacts and the creation of waste by enhancing collaborative partnerships with health-
care professionals.

Likewise, the HSI is another delineated area, including stakeholder, patient, and em-
ployee value and involvement, more focused on the social dimension of sustainability,
which receives attention from European academics. Establishing familiarity and awareness
among human resources engaged in healthcare processes could lead to circularity [37].
Ref. [67] emphasizes the importance of raising awareness among therapeutic radiogra-
phers/radiation therapists regarding the several facets of integrating a CE into healthcare,
for example, “sustainable transportation”, “eco-conscious procurement”, “innovative hospi-
tal architecture”, “efficient food processing”, “water conservation”, “energy sustainability”,
and “effective waste control”. However, it could be interesting to consider the importance
and also the point of view of other relevant actors involved in healthcare processes, like
non-specialized figures such as manufacturers, managers, administrators, cooks, and clean-
ing attendants, to provide a more comprehensive perspective. Stakeholder engagement
practices have been acknowledged as essential for achieving the common goal of becoming
sustainable [66]; indeed, employees are also responsible for the consumption and separa-
tion of products, while producers could redesign medical devices and products to improve
end-of-life solutions that can be reused [66]. Nevertheless, there is a lack of adequate train-
ing for patients and workers on circular practices. In this sense, a significant obstacle to the
implementation of a CE within this sector arises from healthcare workers and professionals
having a limited awareness of environmental issues due to insufficient human resources
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capabilities [37]. It is crucial to enhance their understanding to minimize the environmental
consequences of their actions, while also considering the economic outcomes.

Finally, the last two areas identified in this study, which garnered less interest, are
HT and HCPs. Although little attention from academics is focused on these subjects,
these two areas represent fundamental aspects of the healthcare sector, as their proper
management can ensure the reduction in or at least the control of CO2 emissions [38,39].
To reduce environmental pollution due to treatment, the use of telemedicine is consid-
ered a CE solution [38]; instead, in [39], they show that concrete and steel are the most
polluting materials. Therefore, by paying more attention to these identified practices, we
can unlock the potential for positive environmental, economic, and social outcomes in the
healthcare sector.

For example, in [49], the potential of reusing disposed medical devices and stainless-
steel waste is demonstrated, while the possibility of cost-cutting in repair and recycling
is considered, a new base for surgical waste management is produced, and long-term
environmental benefits are actualized. The study indicates that the environmental benefits
increase as the collection rates of catheters rise [49]. Further, in [56], it is shown that
pharmaceutical blisters (PBs) ground into a powder form and incorporated into concrete,
partially substituted with sand, with the aim of recycling PB waste and preserving natural
aggregates, could represent a potential solution to fulfil sustainable development goals [56].

Another research work shows that reusable masks create 80–90% less waste than
single-use face masks, and have up to 11-fold lower climate change impacts [55]. Moreover,
the calculation of the ecocentric value of embodied energy in healthcare waste, performed
in [41], proves the value of 100% waste recycling, which can help mitigate the costs of
extracting virgin resources. An analysis of intelligent and sustainable technologies within
healthcare facilities found that they can contribute to cost savings and enhance staff com-
fort [42]. Lastly, attention on the social dimension could lead to educational programs
that can empower professionals to adjust their practices for greater environmental sustain-
ability [67]. Additionally, the implementation of adaptive treatment methods, such as 3D
printing technology [46] or telemedicine [38], contributes to enhancing social sustainabil-
ity. While the majority of studies tend to emphasize environmental considerations, it is
important to recognize that the implementation of circular practices in healthcare holds
the potential to not only enhance economic sustainability but also yield positive social
impacts. To summarize, the effective management of various categorized areas within
healthcare organizations can lead to significant progress in building a more sustainable
sector, reducing environmental impacts and fostering a healthier future for both people
and the planet.

Hence, these CE practices are a cohesive framework for reorganization at the system
level, and by using innovation and creativity, they can pave the way to a constructive and
regenerative economy [70]. Consequently, by addressing barriers associated with sustain-
ability in the healthcare sector, CE practices, promoting sustainable resource management
and elimination of waste and pollution, hold a crucial role in meeting the SDGs [71]. Al-
though there is not a distinct and specified elucidation of the realized benefits with regard
to the SDGs, the identified practices appear to align to SDG 12: Responsible production
and consumption. This involves achieving sustainable management and productive uti-
lization of natural resources, as well as substantial waste reduction through prevention,
reduction, recycling, and reuse. Additionally, some of these practices [32,37,38,59,63] could
be in harmony with SDG 9: Industry, innovation, and infrastructure. SDG 9 emphasizes
the modernization of infrastructure industries to make them sustainable, promoting a
higher efficiency of resource use and encouraging the adoption of clean and environmen-
tally friendly technologies and industrial processes, making them reliable, sustainable,
and resilient.

Despite the growing interest in this topic, the absence of an established classification of
CE practices hinders the development of circular healthcare businesses, as does the lack of
appropriate behavioral, regulatory, and policy guidance. These recognized practices could

454



Sustainability 2024, 16, 401

be useful for the sector’s relevant stakeholders. Thereby, it is recommended to implement
managerial, policy, and theoretical measures that support sustainable development initia-
tives in the healthcare sector, ensuring the effective management of environmental, social,
and economic outcomes throughout the process. In this sense, the primary objective of
CE practices is to reduce resource consumption, waste production, emissions, and energy
depletion [72], while simultaneously promoting social and economic growth; thus, the
potential of employing a CE as a vehicle to advance certain SDGs has been suggested [73].

Further, the connection between Industrial Ecology (IE) and a CE is incontrovertible,
since IE was denominated as a science of a CE, and central IE tools, such as LCAs or
Material Flow Analyses (MFAs), have been gradually implemented within the sustainable
CE framework [74]. However, a limited application of IE tools in contrast to other analyses
found in the sample, for instance, Multi-Criteria Decision Analyses (MCDAs) and fuzzy
theory, [58,61,63], was registered. LCAs were performed in five studies [39,49,51,55,65]; in
contrast, only one study was identified that utilized an MFA to evaluate material flows
within the healthcare sector [34]. An MFA focuses on managing and quantifying the stocks
and flows of substances or materials within a specific system and serves to provide control
and measurement over material movement across various stages [75].

Material Flow Analysis or Substance Flow Analysis could be a useful tool for sustain-
ability assessment since it admits in parallel, evaluating environmental and socioeconomic
subsystems, together with an analysis of resource utilization [76].

However, it is important to note that research in the field of circular practices within
the healthcare sector is still in its early stages, and there are limited scientific studies on
this topic.

This broader exploration not only enriches the understanding of circular practices
in the healthcare sector but also bolsters commitment to achieving the SDGs, ultimately
leading towards a more sustainable and patient-centered healthcare sector.

5. Conclusions

Through a systematic analysis and an in-depth examination of the relevant literature,
this study has provided valuable insights into the implementation of CE practices in
the healthcare sector, highlighting the pressing need to transform the sector into a more
sustainable and circular one aligned with the SDGs. By presenting an overview of the
current state of CE practices based on a bibliometric and systematic review, this research
contributes to the advancement of sustainability in healthcare.

The increasing interest in CE practices within the healthcare sector reflects a growing
focus on sustainability, particularly regarding waste management and resource consumption.

Specifically, the adoption of “R-strategies” addresses reducing waste, prolonging
the usefulness of materials, and promoting circularity. Practices falling under “design
opportunities” aim to redesign products and processes with attention on the final impact to
reduce resource consumption and waste. “Technology involvement” practices are required
to improve efficiency and innovation in the healthcare sector, sustaining economic growth
and creating a sustainable infrastructure. Lastly, “stakeholder involvement” practices are
fundamental for promoting CE adoption through collaboration. All these practices align to
both Sustainable Development Goal 12: Responsible Production and Consumption and
Sustainable Development Goal 9: Industry, Innovation, and Infrastructure. Although the
specific benefits realized in relation to these SDGs are not explicitly outlined, some authors
suggest that the proposed research could be a significant focal point in the Agenda for 2023.

Furthermore, these strategies have been applied in various healthcare areas, including
HWM, medical devices and supplies, the HSC, HSI, HT, and HCPs.

The framework proposed in this article provides a comprehensive understanding of
existing CE practices and offers valuable insights for future studies and applications.

It is important to acknowledge that this study has certain limitations. Firstly, the
chosen keywords and database used may have resulted in the exclusion of relevant studies,
as the literature on CEs within the healthcare sector is expanding rapidly. Nevertheless,
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this work represents an original contribution by the authors and represents progress in
advancing circularity within the healthcare sector. These outcomes could be significant for
the relevant stakeholders seeking to adopt the principles of a CE.

However, further research on CE practices in the healthcare sector should not be
limited to qualitative approaches like this study. It is essential to integrate the findings of
this review with quantitative IE methods in order to analyze and assess environmental
risks more comprehensively. This will provide a more robust and global perspective for
future research endeavors. In conclusion, the outcomes contribute to the existing body of
knowledge on a CE in healthcare and pave the way for future studies that combine qualita-
tive and quantitative approaches for a more holistic understanding of the environmental
impacts and risks associated with healthcare practices.
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Abstract: This paper presents a state-of-the-art review of the impact of energy interruptions on
people, buildings, and neighborhoods and discusses some technological and design strategies to
mitigate some of these impacts. An exhaustive literature review was carried out employing keyword
searches in the ScienceDirect and Scopus databases. The literature focuses mainly on 37 keywords,
which occurred in more than two sources. Based on this literature survey, the paper highlights that,
depending on their duration, power outages can have a severe impact on people, buildings, and
neighborhoods. The lives of vulnerable individuals dependent on electrical medical devices can
be threatened even in short-term power interruption scenarios. Longer-term power outages affect
multiple aspects of daily life, such as communication, thermal comfort, life quality, transportation,
health, and security, in addition to potential damage to buildings and their contents. The paper
identifies and discusses various methods that can be implemented to reduce vulnerability and
improve adaptation to climate-related power interruptions. These methods range from simple, low-
tech solutions that enable users to temporarily cope with hours of interruption to more sophisticated
methods requiring advanced planning. These adaptation and coping methods are classified according
to various criteria, including their ease of implementation, accessibility, potential cost, ease of use
by occupants, and their potential to address various needs. The paper finally discusses the impact
of building and neighborhood design on improving adaptation to energy interruptions. High-
performance building design can extend the time that a building can passively operate without
reliance on mechanical systems for heating and for cooling. Building shape and geometry, as well
as the spatial design of the neighborhood, can maximize solar access and therefore facilitate the
implementation of PV and solar technologies. In addition, the design of mixed-use neighborhoods
with access to various facilities and basic amenities assists in prolonging the self-reliance of the
community as a whole. This work aligns with the vision of the Sustainable Development Goals: by
identifying methods and technologies to reduce the impact of power interruptions and improve the
energy resilience of urban areas around the globe, this work can contribute to the direct and indirect
fulfillment of several Sustainable Development Goals (e.g., SDGs 7, 11, 13, and others). Although the
work is performed in a North American context and specifically refers to the Canadian climate, the
methodology can be implemented in other climatic and regional conditions.

Keywords: energy resilience; Sustainable Development Goals; climate crisis; energy interruption;
renewable energy sources; building and neighborhood design

1. Introduction

Modern societies are significantly dependent on electric power to provide essential
needs, including food and adequate living environment, as well as to power various activi-
ties including communication and transport [1]. The interruption of the electricity supply
can cause significant damage to daily life activities and services, including household
practices and basic needs, transportation systems, banking and financial systems, health
services, and communication [2,3]. While maintaining a reliable and continuous electric
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supply might be challenging under regular conditions [4,5], anomalous conditions such as
an extreme natural event can significantly increase the impact of this challenge [6].

The occurrence of extreme weather-related disasters, such as hurricanes, wildfires, and
floods, has significantly increased during the last two decades. For example, the average
number of disasters in the United States doubled in the period between 2014 and 2018,
as compared to the average number of climate disasters that occurred between 1980 and
2018 [7,8].

A review of worldwide extreme weather events highlights that many of these events
have a major effect on power grids, causing extensive power outages that in some cases may
last for days, weeks, or even months (e.g., during Hurricane Sandy [9–11] and the ice storm
in Canada [12,13], etc.), leading to prolonged electrical interruptions and major economic
losses. Experiences with the energy infrastructure during the last two decades have
demonstrated that the electricity network in European and North American countries is not
as dependable and robust as was generally assumed and that it can be significantly affected
by various weather events. Bushal et al. [7] provide a summary of major blackouts, technical
problems, and cyber-attacks caused by weather events based on data collected from research
papers and reports. To enhance communities’ continuous functioning and sometimes
survival during power interruption, there is a need to comprehensively understand the
impact of power outages on various aspects of human life and the environment, to identify
factors affecting the magnitude of these impacts, and to recognize existing and potential
technologies that can mitigate these impacts, as well as their feasibility and limitations.

The existing literature on the impacts of power interruption is both generally scattered
and does not clearly highlight the relation between the magnitude of these impacts and
various factors related to humans and their environment. Although the role of technologies
in enhancing energy resilience is increasingly investigated, a focused review of these
technologies, their capabilities, and their limitations, with respect to feasibility criteria, has
not yet been presented at the building and neighborhood scale.

The existing literature focuses mostly on specific issues during power outages and
discusses specific solutions, such as thermal resilience, resilient cooling, and distributed
energy generation, e.g., [14–17]. Although such issues and solutions are undeniably signifi-
cant in improving the resilience of the built environment, it is vital to understand that the
severity of the impact of power outages on households is affected by various factors. These
factors include access to alternative methods of energy generation, the energy efficiency
of buildings, other basic design features including building type, and the diversity of fuel
types serving various functions (e.g., all-electric vs. hybrid for heating, cooling, etc.). In
addition, the type and size of the neighborhood can play a significant role in the severity
and duration of the disruption [18].

The severity of energy interruption goes beyond the energy systems themselves to
affect other basic systems in the built environment, such as water, health, and economic
systems. This is especially important due to the interaction of these systems leading to
cascading effects during an unanticipated disruption or disturbance [19,20]. For instance,
water systems rely on energy to bring water to buildings, and any prolonged energy
disturbance can impact water supply. Various health problems can also result from large
and prolonged energy interruptions [21,22].

Reducing vulnerabilities is a key concern of the Sustainable Development Goals
(SDGs). For instance, the implementation of renewable energy technologies to support
energy supply from local grids can lead to more sustainable and resilient cities (SDG 11),
help mitigate the impact of climate change (SDG 13), and constitute a key aspect of af-
fordable and clean energy access (SDG 7) [23]. Despite the importance of improving the
energy resilience of communities, there are enormous gaps both in research and implemen-
tation [23]. For example, developing solutions that recognize the interconnection of critical
infrastructure structures and their vulnerability to disruptions can induce events with major
cascading effects on the social, economic, and environmental levels [23,24]. To meet some
of the SDGs, it is increasingly important to multiply efforts toward the implementation
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of green technologies that can reduce the energy consumption of the built environment,
reduce waste, and promote renewable energy generation and advanced energy manage-
ment systems (e.g., community energy systems) while developing sustainable policies that
support these efforts [23,25–27].

The paper aims to achieve the following: (1) present a state-of-the-art review of the
impact of power interruptions on buildings and neighborhoods, (2) discuss the available
technologies for reducing the impact of these interruptions, and (3) highlight design strate-
gies for improved energy resilience. The paper provides an information-based tool to
implement evidence-based energy-conscious design scenarios, thus assisting in designing
resilient and sustainable urban developments. The merit of this focused review work lies
in providing key insights that can drive future research, inform resilience policies, and
assist in establishing practical procedures to reduce vulnerabilities. Moreover, identifying
methods and technologies to reduce the vulnerability of urban areas to energy interruption
contributes significantly to the Sustainable Development Goals, both directly and indirectly.
The contribution of improved energy resilience in communities to the SDGs is discussed in
the manuscript.

2. Methodology

Three main topics form the focus of this paper: (1) identifying the impacts of power
outages on households’ daily practices; (2) discussing various technologies for mitigating
some of these impacts and reducing vulnerability during outages; (3) analyzing the role
of building and neighborhood design in improving energy resilience. A neighborhood is
considered in this work as a geographic area encompassing a number of buildings and
their surroundings, featuring various land uses and associated infrastructure. A building is
a single physical construction dedicated to a single or mixed use.

An extensive literature review was carried out in two major fields: the impacts of
power interruptions on human survivability and their built environment, and potential
technologies employed to mitigate, in different capacities, these impacts. Relevant literature
(journal articles and reports) was identified through keyword searches in the ScienceDirect
and Scopus databases, and a network visualization illustrating the relationship between
keywords in the current literature review is presented in Figure 1. The literature focuses
mainly on 37 keywords, occurring in more than two sources. A few keywords, such as
critical infrastructure and solar irradiation, have been neglected due to weak link strength.
This enhances the credibility of the review and is implemented in a number of current
studies, e.g., [28,29]. The selected keywords were imported into VOS viewer 1.6.19 software
to generate the visual maps. The size of a keyword’s label and circle corresponds to its
frequency in the cited literature, with more prominent items having larger labels and
circles. These keywords are further clubbed together and presented by different colored
clusters. The lines connecting clusters represent the connections between them. From the
figure, it is evident that power outages are connected with natural disasters and climate
change. Additionally, resilience in such events is associated with renewable energy sources,
including solar energy and fuel cells, which are further linked to storage technologies. Smart
grids and microgrids establish connections between storage technologies and demand-side
management. All these facets are extensively discussed in the literature review. Figure 1
also illustrates the evolving research trends in these domains over time. The color bar in
the right corner indicates the year of the cited research articles. It is evident from Figure 1
that the current emphasis is on studying power outage resilience.

In processing the various literature sources on outage impacts, topics need to be
narrowed down to various specific criteria, such as the length of the power outage, health
and safety impacts, communication, and other specific needs, to obtain meaningful results.
The main observations are then grouped into tables to provide a holistic picture of the
impact of power interruptions on various human needs.
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Figure 1. Visual representation of keywords in the current literature review and evolving research
trends over time for the keywords in the current literature review.

The literature review on technologies employed to mitigate the impacts of power
interruptions yields knowledge about technologies employed in specific circumstances
(such as PV with batteries, combined heat and power generation, etc.) and highlights the
role of distributed energy in general. A list of potential distributed energy technologies at
the building and neighborhood level is then developed, and each of these is individually
reviewed employing pertinent literature to identify their potential and their limitations.

The third part of this paper is based on the extensive research of the author related
to the impact of building and neighborhood design parameters to allow energy efficiency
and to optimize the implementation of various renewable and alternative energy resources,
thus improving the overall resilience of a community. Figure 2 presents an illustration of
the approach applied in this paper.
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Figure 2. Illustration of the general approach employed in the paper.

3. Impacts of Power Outage

Power outages can have a range of direct and indirect impacts on humans and their en-
vironment [30,31]. The literature on technical issues related to power outages is increasing;
however, studies that explore the psychological and emotional impacts of power outages
are scarce to nonexistent [31].

This section assesses the potential impacts of power outage crises, which often result
from an extreme climate crisis, on livelihood and survivability in residential buildings.
The impacts are determined for varying outage durations, considered short-term (hours),
medium-term (days), and long-term (weeks). The impacts are mostly classified in terms
of communication, comfort (heating/cooling, warm water, electric lighting), food and
water (e.g., nutrition, cooking, water supply), safety, security, damage to dwelling content,
damage to dwelling itself, health concerns, and threat to life.

The impacts are discussed according to different types of residential buildings as well
as the demographic of occupants (e.g., elderly and vulnerable individuals, families with
vulnerable individuals, and young couples/single individuals). A literature survey was
conducted to identify the common and specific impacts of power outages on residential
buildings and their inhabitants.

The impacts can change dramatically according to the length of the outage. Some
of the expected impacts are summarized below, according to the outage duration, and in
Table 1.

• Short-term outage (<24 h):

Although a short-duration outage of less than 24 h has a limited impact on people and
buildings, some serious damage can still occur. For instance, for vulnerable people who
depend on electrical medical devices for survival (heart, breathing, etc.), even a short-term
power outage may lead to life-threatening situations [32,33].

Other critical functions that can be affected by short-term outages include a poten-
tial interruption in communication, such as reliance on cellphones (with limited battery
duration) [34,35]. In addition, thermal comfort can be compromised in low-performance
buildings during extreme cold or heat waves [36,37]. Other critical impacts include access to
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high-rise residential buildings, especially for vulnerable people [38]. The various concerns
are summarized in Table 1.

Table 1. Summary of potential impacts of power outage.

12–24 h 1 Day–1 Week >1 Week

Communication

• Cellphone interruption (battery
running out).

• Communications for police and
fire departments can be
compromised.

• All kinds of communication are
severely impacted, including
cellphones and internet.

• All kinds of communication are
severely impacted, including
cellphones and internet.

Comfort
• Heating in winter in electrically

heated buildings.
• Electric lighting.

• Heating in winter in all-electric
buildings.

• Electric lighting.
• Overheating in summer can

significantly affect survival,
especially of vulnerable people.

• Heating in winter in all-electric
buildings.

• Electric lighting.
• Overheating in summer can

significantly affect survival,
especially of vulnerable people.

Food Minimal

• Refrigerated food is damaged.
• Depending on availability of dry

food, food demand can become
an issue.

• Depending on availability of dry
food, food demand can become
an issue.

• Potential disruption of
large-scale food supplies and
availability of supply.

Water Minimal

• Potential water interruption.
• Domestic hot water can be

compromised if electricity is
employed to heat water.

• Potential water interruption
• Domestic hot water can be

compromised if electricity is
employed to heat water.

Transportation Minimal

• Limited possibility of personal
transport due to potential lack of
fuel in motor vehicles, etc.

• Interruption of electric
transportation (trains, trams,
etc.), charging electric
vehicles, etc.

• Individual transportation is
compromised due to lack of fuel,
or disruption in operation of the
fuel stations.

• Interruption of electric
transportation (trains, trams,
etc.), charging electric
vehicles, etc.

• Potential disruptions to public
transportation.

Safety

• Indoor air quality, especially in
very tightly spaced buildings or
apartment buildings.

• CO2 built up in case of using
alternative heating.

• Access, especially for
multistorey buildings.

• Indoor air quality, especially
with very tightly spaced
buildings or
apartments/condos.

• CO2 built up in parking lots
(apartment buildings with
underground parking).

• Access, especially for
multistorey buildings (for
elderly or people with
health issues).

• People with electrical medical
devices (heart, breathing, etc.).

• Risk of shortage of supply
of medicaments.

• Care for emerging sickness
(especially for children and
vulnerable people).

• Mental health effects from
traumatic or stressful
experiences during outages.

• Post-outage hazards from
sheltering in place in unhealthy
environments.

• Potential exposure to hazards
such as contaminated drinking
water, contaminated floodwaters
(if flooding occurs), and
potential mold growth and
moisture in housing.

• Environmental hazards due to
damage to sewage treatment.

• Health and safety risks from
clean-up and recovery activities.
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Table 1. Cont.

12–24 h 1 Day–1 Week >1 Week

Security Minimal
• Financial security: ATM not

working.
• Risk of looting.

• Financial security: ATM not
working, cash availability.

• Looting.
• The risk of disturbance to public

order and security.

Health concerns • People with electrical medical
devices (heart, breathing, etc.).

• People with electrical medical
devices (heart, breathing, etc.).

• Risk of shortage of supply of
medicaments (for persons
requiring supply for less than
a week).

• Water shortages, spoilage
of foods.

• People with electrical medical
devices (heart, breathing, etc.).

• Risk of shortage of supply
of medicaments.

• Care for emerging sickness
(especially for children and
vulnerable people).

• Mental health effects from
traumatic or stressful
experiences during outage.

• Risks to health and safety
emerging from certain clean-up
and recovery activities.

• Water shortages, spoilage
of foods.

Threat to life • People with electrical medical
devices (heart, breathing, etc.).

• People with electrical medical
devices (heart, breathing, etc.).

• Potential compromise of medical
and social care institutions, etc.

• Increased traffic accidents.

• People with electrical medical
devices (heart, breathing, etc.).

• Potential compromise of medical
and social care institutions, etc.

• Potential risk to life and health
due to the occurrence of
secondary crisis.

• Increased traffic accidents.

Damage to dwellings’
contents • Minimal

• Potential damage from power
surge after an outage to
computers, TVs, air
conditioners, heaters, motors,
and other HVAC components.

• Appliances, including washers,
dryers, and microwaves, are
vulnerable to sudden and
frequent changes in voltage.

• Potential damage from power
surge after an outage to
computers, TVs, air
conditioners, heaters, motors,
and other HVAC components.

• Appliances, including washers,
dryers, and microwaves, are
vulnerable to sudden and
frequent changes in voltage.

Damage to dwellings • Minimal

• Frozen pipes- bursting (in cold
period).

• Water damage due to pipe burst.
• Potential appearance of

moisture and damp patches.
• Potential basement flooding and

consequent damage to
equipment and furniture.

• Frozen pipes- bursting (in cold
period).

• Water damage due to pipe burst.
• Potential appearance of

moisture and damp patches.
• Potential basement flooding and

consequent damage to
equipment and furniture.

• Medium-term outage (24 h–1 week):

Beyond 24 h, some functions and human needs become difficult to fulfill. For instance,
communication can be severely disrupted, including communications for police and fire
departments, compromising public safety [19]. Basic levels of thermal comfort through
adequate heating and cooling may become unattainable, especially during severe climate
events. This can significantly affect the well-being of occupants and, in some cases, lead to
the buildings’ evacuation. Domestic hot water can be compromised as well if electricity is
employed to heat water [39]. Similarly to the short-duration outage, people with critical
electric equipment can experience life-threatening situations. In addition, medical centers
and the supply of medicines can be affected, even in the presence of some emergency power
generation means [19].

Other crucial issues include damage to dwelling contents such as the refrigeration
of food and damage to various electrical equipment appliances such as computers, TVs,
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HVAC, and various electric appliances, which can be damaged by power surges [40]. Under
extreme cold conditions, other significant issues can arise, such as the bursting of frozen
pipes coupled with water damage [41,42].

At the safety level, indoor air quality can be significantly impacted, especially in
tight-sealed buildings that rely on mechanical ventilation [43]. In addition, carbon dioxide
can build up in underground spaces, such as in parking lots (particularly in apartment
buildings), which could render these areas hazardous [44] necessitating, in some cases, the
evacuation or partial evacuation of the buildings. Other issues relate to access to multistorey
buildings due to the restricted function of elevators (especially for vulnerable people).

Additional issues include the limited possibility of transport due to the potential of
fuel shortages or dysfunctional fuel stations, as well as the impact of power outages on
electric-powered transport (e.g., trams, trains) and the charging of electric vehicles, which
are becoming increasingly abundant. A summary of the main issues related to various
criteria and outage periods is summarized in Table 1.

• Long-term outage (>one week):

Issues that occur during a single-week power outage continue and become more severe
for longer-term periods of outage [45]. Additional potentially major issues (compared to the
medium-term outage) include disruption of large-scale food and water supplies and sewage
treatment. During long-period outages, serious damage to buildings can occur, potentially
including pipes bursting (in cold periods, as discussed above), basement flooding, and
consequent damage to equipment and furniture, as well as the appearance of moisture and
damp patches [19].

Other concerns include a negative impact on living standards and social services,
mental health issues due to traumatic experiences, and the potential occurrence of various
emergencies during the outage that might endanger health and life [46]. Hazards from
sheltering in inadequate housing conditions include exposure to various hazardous condi-
tions such as contaminated water, mold, and moisture [46]. Population displacement leads
to large-scale problems, such as housing shortages, accompanied by economic and social
impacts. A detailed summary is presented in Table 1.

Table 2 graphically shows the various functions and needs that are impacted by power
outages, according to the time length of the outage. The main impacts are indicated by
triangles. Circles indicate that a combined impact of other factors may apply. These factors
include residence types, location, and demographics, as well as the type of fuel employed to
power various functions (e.g., heating, appliances, etc.). Residence types include detached
houses, attached houses, low-rise apartments, mid-rise apartments, high-rise apartments,
and apartments with or without underground indoor parking. Locations may include urban
high-density areas, rural areas with moderate density, and farmland. The demographics of
the population can play an important role in the resilience of a community; this includes the
existence of elderly people (couples or singles), families with vulnerable individuals (the
elderly, children, etc.), and young individuals (couples or singles). Other impactful factors
relate to the design of the buildings and the neighborhoods and their energy systems. While
the role of building and neighborhood design is discussed below (Section 4), the impact of
the other factors mentioned above is beyond the scope of this paper. These factors (building
types, location, and demographics) can have a significant effect on the overall resilience of
a community to power outages and need to be thoroughly investigated.
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Table 2. Functions and needs that are impacted by power outage.
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�, � Indicate low impact, ��, �� indicate medium impact, ���, ��� indicate higher impact. All impacts are
qualitatively assessed in relative terms.

4. Technologies for Improved Resilience

There are several strategies and technologies that can be used to improve resilience
during power outages at the building and neighborhood levels. Some of these are very basic
and address individual needs, while some other technologies can replace the interrupted
power for a specific time span. For instance, the adoption of renewable and alternative
energy sources presents a practical approach to adapting to power outages associated
with climate crises and extreme events, allowing it to address not only potential power
interruptions and energy deficits but also to alleviate climate change-associated disruptions.
Neighborhoods and communities can become more energy resilient by diversifying their
energy resources, including the implementation of reliable renewable energy systems [47].

In addition to improving distributed energy generation potential, energy efficiency
in buildings constitutes a key aspect of energy resilience [48,49], assisting in reducing the
energy consumption of urban areas and consequently the strain on local energy suppliers
during an energy emergency. Enhancing passive strategies, including passive heating
and cooling, can increase the preparedness of buildings and households to withstand
disasters [16,18,50]. In addition to these measures, there are some commonly applied
methods, including low-tech methods, that can assist in adapting, albeit temporarily, to a
power outage crisis.

This section presents an overview of various methods and strategies that can mitigate
the impact of power interruptions, as discussed above. These strategies are then preliminary
classified according to various criteria. The work acknowledges, however, that there is a
need to analyze in more depth the potential of various technologies and to quantify their
impacts on improving energy resilience.

4.1. Building-Level Measures

Some methods are commonly employed in residential buildings to cope with power
outages. Most of these methods can be helpful for short timespans and to address a specific
need, including emergency lighting (e.g., emergency exits, floor lighting, and other important
signage). Other methods relate to energy efficiency measures that allow a reduction in the
electricity load and prolong the period of building autonomy without relying on mechanical
systems. This has been investigated in a large number of studies, as presented in Section 4
(see below). Other advanced methods, including those focusing on energy generation, are
presented below.

Low-tech and alternative methods

Some of the temporary coping methods include simple devices that can be easily
acquired and utilized for restricted needs, such as flashlights and candles to provide lighting
for limited visual tasks or portable gas stoves to allow food preparation. When the crisis
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lasts longer than a few hours, some basic needs start to be important to fulfill, including
food preparation and thermal comfort, especially heating in cold weather. Alternative
solutions such as a wood stove or wood fireplace can mitigate some of these critical issues
for short- to medium-term outages [19,35]. However, these methods would not fulfill a
wider range of needs and cannot be applied to all types of buildings (e.g., wood fireplaces).

For thermal comfort, an efficient building design, especially building envelopes, can
assist in keeping the residence at acceptable conditions; however, these are also short- to
medium-term solutions, depending on the exigency of the outdoor thermal conditions.

Energy efficiency measures

Energy efficiency plays a major role in reducing demand, especially during periods
of extreme stress on the grid. For instance, extreme heat or cold events may increase in
magnitude and frequency, leading to an increase in peak electricity demand [51]. Higher
electricity demand can lead to prolonged power interruptions [52]. The energy efficiency
of building equipment and appliances can help communities reduce their overall load and,
as such, their demand on the local grid, which may assist in avoiding outage interruptions
in critical periods.

Energy-efficient buildings with high-performance building envelopes allow the pas-
sive performance of buildings, leading to some level of inhabitability without the require-
ment of mechanical systems. For example, research carried out on some buildings in New
York City to evaluate the impact of power outages on indoor temperatures in winter and
summer demonstrates the better thermal resilience of high-energy-performance buildings.
Such buildings that were designed with highly insulated and air-tight building envelopes
maintained a comfortable indoor temperature (in the upper 50 s ◦F (10 s ◦C) in the winter
during a theoretical weeklong power outage [22], while the indoor air temperature of older
building types dropped to 40 s ◦F (4.5 ◦C) [53] in a period ranging from 1–3 days, causing
health risks, especially to vulnerable inhabitants.

Various passive strategies can assist in reducing the impact of outdoor conditions, both
high and low temperatures, on the indoor environment. The impact of building design,
including the building envelope, is discussed more in the building design section (Section 4)
below.

4.1.1. Energy Generation

Technologies that permit the use of renewable and alternative energy sources for
power and heat production can offer resilient backups for communities [54,55]. These
technologies comprise on-site generation using photovoltaic systems, including building-
integrated photovoltaics (BIPVs), solar thermal collectors, geothermal heating, and micro
wind turbines coupled with microgrids. The planning and implementation of such tech-
nologies can be beneficial for the whole community and particularly pertinent to critical
facilities such as hospitals and buildings accommodating vulnerable people (e.g., retirement
homes). Combined heat and power systems and microgrids can operate continuously (not
only during emergencies) and, as such, they present reliable methods of energy supply.

PVs Coupled to Batteries

PV systems can withstand extreme weather events, providing backup power for build-
ings and critical facilities, thus enhancing the resilience of communities [29]. PV systems can
be sized to provide the most critical functions to residences to survive power outages [56].
Buildings with hybrid photovoltaic–battery storage systems can provide a continuous elec-
tricity supply during power outages, depending on the weather conditions and the battery
size as well as the building energy load [57]. Research highlights that a combination of PVs,
battery storage, and grid connections is cost-effective and environmentally efficient [58].

The potential of PVs coupled to batteries has been investigated in a number of stud-
ies [16], including the capabilities of PVs and plug-in hybrid electric vehicles to enhance
the resilience of households [59] and their return on investment [60]. The impact of a PVs–
batteries combination on the resilience of whole communities was also studied, e.g., [61,62].
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Micro Wind Turbines

Small-size urban wind turbines include building-integrated wind turbines or small
stand-alone wind turbines [63]. Building-integrated wind turbines can be grid-tied or
off-grid, requiring battery storage to store energy. The rotor diameter of residential wind
turbines can range from 0.9 m to 7 m and require a height of 18 m to 30 m [64].

Wind turbines extract about 40–50% of the energy that passes through them [65]. A
traditional single-home family would need one 10–20 KW turbine to produce sufficient en-
ergy to fulfill the total energy demand of a typical house (using approximately 10,000 kWh
per year) [66].

The feasibility and efficiency of wind energy depend mainly on the location. Wind
turbines are more suited for areas with reduced obstacles and with an average annual wind
speed of at least 10 mph (16 km/h) [67].

Micro Combined Heat and Power

Micro combined heat and power (micro-CHP) is a heat and power cogeneration system
designed for use at the building scale, such as single or multi-family houses, and can also
serve small office buildings (up to 50 kW [68]). A micro-CHP system provides electric
power while simultaneously generating thermal energy for space heating and hot water
provisions for a building by recovering waste heat [69].

A micro-CHP system can be designed to follow the electricity or heat demand of a
building, delivering heat or electricity as a by-product. This may result in the produc-
tion of excess electricity or heat, which requires devising methods to manage the excess
power, such as designing storage systems [70]. Excess electricity can be, under regular
circumstances, fed to the grid.

The most common micro-CHP systems employ natural gas to cogenerate heat and
power. Although natural gas CHP is responsible for GHG emissions, due to the effective
efficiency of the CHP system, the produced emissions are less than those of other alternative
systems for generating heat (e.g., a condensing boiler) [71].

Although connected to the electricity distribution network, CHP systems, including
micro-CHPs, can be completely independent, allowing them to produce energy when it is
required, thus improving the resilience of a building to power interruptions.

Fuel Cells

Fuel cell technologies present a promising option for clean power generation. This
technology allows the generation of electrical energy while producing heat as a useful
by-product. Fuel cells convert energy into electricity and heat through the chemical reaction
of hydrogen and oxygen to produce water [72,73]. Although fossil fuel is generally used to
produce hydrogen (the basic ingredient of fuel cells), fuel cells create significantly fewer
emissions than most other fossil fuel generators [72].

Fuel cells are mainly employed in two major applications: powering vehicles and
generating power for various types of buildings, utilities, and communities. Demonstrated
applications of fuel cells include backup generation for hospitals, office buildings, and
schools [74]. Some applications include remote villages and campgrounds [75]. Fuel cells
can also be used to supply power for temporary needs, including shelters and construction
sites. Fuel cells can play a significant role in enhancing distributed energy initiatives,
providing electricity and heat, and reducing the vulnerability of central grid disruptions.

Integrated Micro-Generation Systems

Integrating different systems and methods to generate heat and power is continuing
to attract attention to improve the efficiency of renewable and alternative energy resources.
For instance, research on the integration of a fuel cell (FC) micro-cogeneration device, a heat
pump (HP), and thermal storage highlights that such a combination presents an optimal
solution to manage electrical and thermal storage while reducing energy consumption and
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evading energy excess production, e.g., [69,76]. An FC-based CHP system can be sized to
produce sufficient energy for individual buildings.

Other research investigated the integration of heat pumps, PV systems, and the local
grid connection, demonstrating the efficiency of such systems in multistorey buildings [77].

Portable Generators with Various Fuel Types

Generators are some of the most common systems to generate distributed energy. The
fuel employed in generators ranges from high-GHG-producing, such as diesel generators, to
natural gas (NG) [78]. Although NG generators are cleaner than diesel generators, they still
have high GHG emissions. Other generators use gasoline and propane as fuel. Gasoline-fueled
generators fall between diesel-fueled and natural gas generators in terms of GHG emissions,
while propane generators are similar to natural gas generators (in terms of emissions).

Employing such generators can be useful during an emergency power interruption;
however, they should be restricted to use as emergency back-up generation. Emission-
control measures should be put in place when such power generation methods are em-
ployed to reduce their harmful environmental impacts. These measures comprise improve-
ments in fuel and control technologies and enhanced efficiency.

4.2. Neighborhood-Level Energy Resilience

Most of the energy generation technologies suitable at the individual building level
can be effective on a neighborhood level, with design modifications to suit larger-scale
developments. For example, PV systems and wind turbines can be designed to be not
only part of a building (integrated within the building envelope or add-on systems) but
also part of the neighborhood outdoor surface (see Section 4). Similarly, wind turbines
can be installed in various areas of the neighborhood. A CHP plant can be designed more
efficiently at the urban scale, as discussed below. Additional technologies that can be
applied only on the urban scale include district heating and cooling systems, microgrids,
and smart grids. These are summarized below.

4.2.1. Combined Heat and Power

Urban- and community-level CHP systems serve the same function as a micro-CHP
(described above) but are designed at a larger scale to serve multiple buildings within a
neighborhood. Examples of CHP implementation and its performance and impact during
power outages due to weather events are reported in the literature [79]. For instance, during
Hurricane Sandy, CHP systems supplied heat and power (although sometimes in limited
capacity) as well as other critical functions to multifamily buildings [54]. Maintaining
critical services during a power outage is vital to improving the overall resilience of
communities and can affect multiple households. This is because the risk to individual
buildings and individuals can be significantly reduced by keeping vital services running
(hospitals, water treatments, and others). On the other hand, designing such critical
buildings and facilities with backup power can enable them to serve as temporary shelters
for displaced residents [80], leading to increased social resilience and capacity to cope.

CHP systems can use various types of fuel to provide continuous operations. Most CHP
systems are fueled by natural gas, which can be reliable during outages (as long as natural
gas pipelines are not disrupted). CHP can be operated using waste generation biomass
or biogas, which can be equally reliable in times of disaster [54]. In addition to providing
emergency power, CHP systems are cost-effective and reduce overall net emissions [81].

4.2.2. District Energy

District energy systems can integrate several types of renewable energy sources to
produce thermal and electrical energy [82,83] while reducing GHG emissions [84]. Some
of the most common renewable sources incorporated in district energy systems include
solar photovoltaics and stand-alone microgrids, as discussed below. Biomass is also used
in some communities using local waste generated from tree trimming and other urban
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waste wood. These technologies are often coupled with electrical and thermal energy
storage (e.g., batteries [85], fuel cells [86,87], and borehole geothermal energy storage [88]).
The integration of different energy sources constitutes an effective method to enhance the
efficiency of the entire system.

District energy systems can be designed to fulfill only one requirement, such as heating,
cooling, combined heating and cooling needs, co-generation, or tri-generation [83]. District
systems allow the shift in energy consumption from peak demand to off-peak periods, thus
reducing the dependence on the electric grid.

4.2.3. Microgrids

The microgrid concept is explained employing a number of definitions [89–91]. Most
commonly, a microgrid is defined as a mix of distributed energy resources and interconnected
loads, constituting a single controllable entity that can be connected to or disconnected from
the grid. When disconnected from the grid, the microgrid can operate in island mode [92].

Microgrids connect buildings and facilities within a neighborhood to various dis-
tributed energy resources, such as those described above (e.g., CHP, photovoltaic systems,
wind turbines, district energy systems, and energy storage). The design of a microgrid
system varies depending on the project specifications and requirements [89]. Microgrids
can play a key role in enhancing the resilience of communities against power outages since
they are able to maintain a reliable and continuous supply of power.

4.2.4. Smart Grid

Smart grids are advanced digital systems that enable a two-way power flow [93] and
incorporate several technologies, comprising advanced metering and information and
communication networks, which are integrated into power infrastructures [94]. Smart
grids can use different energy resources, including intermittent solar- and wind-generated
electricity [95], and can accommodate storage facilities. Smart grids can play a significant
role in restricting the spread of power outages since they allow the identification of the im-
pacted parts of the electricity system and can then isolate them, improving the resilience of
a community to the power outage. Smart grids also allow users to preventively turn off the
power in specific areas before extreme weather events to avoid system-wide damage. This
capability assists in reducing the extent of power outages and shortening recovery times.

Overview of Technologies’ Potential

This section gives an overview of the potential of the technologies presented above
with respect to a number of criteria. These criteria include the current feasibility of these
technologies and their environmental impact, including their efficiency (Table 3). The
potential of these technologies is presented in a qualitative manner (Table 4), indicating the
fulfillment of some of the criteria.

Table 3. Description of criteria.

Feasibility:
Building types: potential to accommodate variety of buildings.
Accessibility: relates to various issues such as availability on the market, cost, etc.
Implementation: relates to the ease of implementation in a building, ease of use, etc.

Impact
Reduced Emissions: potential to reduce GHG emissions (based on materials used or/and fuel consumed).
Efficiency: increase in the value of reduced damage from power breakdown (fulfillment of the objectives) to
investment in the technology.

Objectives

Comfort: achieving survivable and safe temperatures and acceptable overall comfort (e.g., lighting).
Indoor air quality: potential improvement in indoor air quality.
Health and safety: potential reduction in health and safety hazards.
Fulfilling specific need: potential to fulfill various needs (more than one).
Continuous power generation: potential to generate stable power.

Outage Period Describes the suitability of the resilience measure to the outage time.
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Table 4. Summary of technologies potential. � indicates fulfillment, � indicates unfulfillment, S:
short-term, M: medium-term, L: long-term.
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Low-tech and alternative measures

Candles, flashlights, propane/kerosene lamps � � � � � — � � � — S

Wood stove � � � � � � � � � — M-L

Portable gas stove � � � � � — � � � — S-M

Wood fireplace � � � � � � � � � — M-L

Batteries � � � � � — — — � � S-M

Efficiency measures

High-performance building envelope � � � � � � � — � — S-M

Passive solar design � � � � � � � — � — S-M

Operable windows/natural ventilation � � � � � � � — � — S-M

High-efficiency appliances � � � � � — — — — — M-L

Generation

PV � � � � � � � � � � S-L

Micro wind turbines � � � � � � � � � � S-L

Micro combined heat and power � � � � � � � � � � S-L

Portable generators/propane/diesel � � � � � � � � � � S-L

Fuel cells � � � � � � � � � � S-L

Neighborhood level

PV � � � � � � � � � � S-L

Wind � � � � � � � � � � S-L

CHP � � � � � � � � � � S-L

District energy � � � � � � � � � � S-L

Microgrid � � � � � � � � � � S-L

Smart grid � � � � � � � � � � S-L

5. Impact of Building and Neighborhood Design

This section is based on the author’s research and aims to illustrate the implementation
of principles outlined in the literature review of Sections 2 and 3 in the design of buildings
and neighborhoods and their energy systems to improve their overall energy resilience. The
section highlights the impact of a holistic approach in the design of neighborhoods, their
buildings, and the exterior areas surrounding the buildings in order to provide an adequate
environment for implementing measures to enhance energy resilience and empower the
neighborhoods’ residents.

5.1. Building Design

The design of a building significantly affects its energy efficiency, its capability to
withstand climate events, and its vulnerability to energy outages. Design considerations,
such as the building type, form and configuration, and outer envelope, directly affect
the building’s energy demand [18,22,96] and its potential to incorporate solar technolo-
gies for sustainable energy production. Improving such capacity is, as mentioned above,
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a significant strategy to mitigate the impact of central power interruptions. Design as-
pects, such as being highly insulated, having an airtight building envelope, and having
optimized window systems with an adequate window-to-wall ratio (WWR), can signifi-
cantly impact the energy requirements of a building. The window-to-wall ratio (WWR)
is a variable parameter, and a country’s building and high-energy performance codes
govern the appropriate WWR value. Some examples of high-performance windows are
thermochromic glazing [97] and ventilated/non-ventilated PV-integrated windows [98].
These high-performance windows significantly diminish heating and cooling requirements
while improving visual and thermal comfort. This is not only beneficial in reducing the
size of mechanical equipment but also in increasing the duration of the self-sustainability
of a building without relying on electric energy to provide these functions. The design
of various other climate-responsive features and architectural passive design elements,
including shading strategies, light shelves, and solar chimneys, can maximize the utiliza-
tion of solar energy for heating, cooling, and daylighting, reducing dependence on local
energy grids. Architectural passive design features can be implemented in different types
of buildings, including residential, office, and commercial, allowing the enhancement of
buildings’ adaption to energy interruption.

Building envelope design for energy generation. The design of the building enve-
lope plays a significant role in preparing buildings to integrate renewable energy generation
technologies (e.g., PV and PV/thermal systems (PV/T)), thus improving their potential to
withstand power outages. The shape of the building and of the envelope affects its solar
exposure and thus its solar potential, which is highly dependent on the tilt and orientation
angles of these surfaces (Figure 1 [99]). While integrating PV technologies in roofs is an
optimal decision for low-rise buildings (≤3 floors), multistorey buildings’ facades can offer
advantageous surfaces for the integration of PV systems due to their increased surface
area from the increased height of multistorey buildings relative to the roofs of the same
buildings (which remain unchanged [100]).

The geometric design of building envelope can be carefully designed to maximize
solar radiation incident on these surfaces, consequently increasing the electric and thermal
energy generated by solar collectors. Manipulating the tilt and orientation angles of individ-
ual building surfaces can lead to increased electricity generation and the extension of the
timing peak generation. Multifaceted geometry (Figure 3d–f) can significantly increase the
energy generation potential of roofs and particularly facades [100]. Such design considera-
tions can provide the creative assimilation of PV systems, making them architecturally and
esthetically pleasant.

 
(a) (b) (c) 

Figure 3. Cont.
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(d) (e) (f) (g) 

Figure 3. Design of buildings for enhanced solar potential: (a–c) building layout, (d–g) building
facades.

5.2. Neighborhood Design

Neighborhood design has a significant impact on the energy consumption and GHG
emissions of the overall neighborhood and enhances its resilience and capability to adjust
to different stresses. Below is a summary of some factors that should be considered in the
design of resilient communities and neighborhoods.

Type of neighborhood and building mix. A mixed-use neighborhood that encom-
passes diverse amenities within walking distance provides several possibilities for mitigat-
ing energy vulnerabilities. For instance, such neighborhoods can reduce the dependence on
vehicle transport when fuel is restricted and can provide potential nearby temporary shelter
in buildings that can be supplied with continuous alternative energy (e.g., schools [80]).
Other opportunities offered by mixed-use neighborhoods include the prospective applica-
tion of district energy, large-scale renewable energy, thermal storage, and energy sharing
between buildings.

The variety of building types within a neighborhood can affect its energy consumption
as well as its overall capacity to accommodate solar technologies within its buildings and
neighborhood surfaces [101]. An optimal ratio of commercial to built land area ranges from
23% to 32%, allowing for a reduction in energy consumption and GHG emissions.

The mix of buildings also affects, as mentioned above, the potential of designating
specific buildings as temporary shelters during power outages. Figure 4 presents an example
neighborhood that includes various amenities and buildings that can serve as temporary
shelters, which are strategically placed with respect to roads and residential buildings [80].

Designated temporary shelters can be selected, where possible, according to their
energy intensity, prioritizing those that have a reduced overall energy intensity (energy per
unit area) or emergency power generation capacity. In addition, such buildings should be
easily accessible to the residents of different parts of the neighborhood.

Density. An increased built density, including a high ratio of built floor area in
a neighborhood, is often associated with urban environmental sustainability [102]. To
augment the potential of renewable solar energy generation, enhancing solar availability is
a high priority. The solar access of buildings and the neighborhoods’ outdoor areas can
be negatively affected by high density, especially with the design of high-rise multistorey
buildings. The impact of density on solar access can be offset through the thoughtful design
of the urban layout, site coverage, and building heights [103,104]. Increasing spacing
between buildings allows better solar access to buildings and increases solar availability
at the ground level for the implementation of standalone PV systems for neighborhood-
level electricity generation (see below). On the other hand, while low-density residential
neighborhoods can achieve energy self-sufficiency from PVs integrated into buildings’
surfaces, higher-density neighborhoods require diverse energy sources that are combined
with energy storage [101]. A study that investigated and contrasted the energy resilience of
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low- and higher-density neighborhoods based on specific resilience indicators showed that
higher-density, mixed-use neighborhoods are less energy resilient [80].

Figure 4. Example of mixed-use neighborhood with various amenities. Red lines indicate buildings
that can serve as temporary shelters, and/or buildings that need to maintain continuous operations.

Green and spatial areas. Landscape and outdoor areas surrounding buildings can
be designed to maximize the incorporation of PV and solar thermal collectors within
neighborhoods (Figure 5a). For solar applications, the design of public green areas should
address various issues such as avoiding shade from surrounding buildings.

Figure 5. (a) PV and STC integration in public areas, (b) PV as parking structure, (c) PV on street borders.

The implementation of solar collector structures in the public landscape can be de-
signed to enhance outdoor thermal comfort, creating attractive areas for social interaction
and, as such, improving the quality of life in the community. For example, landscape PV
structures can be employed as shading structures for thermal shelters during colder periods
(Figure 5b,c).

476



Sustainability 2023, 15, 15299

Street design. The street layout, including shape and orientation, influences the
design and orientation of the buildings on them. Street design therefore has an impact on
the solar potential of the surrounding buildings.

Beyond their impact on the energy consumption and energy generation of the build-
ings and surrounding areas, the street’s design has a significant impact on the choice of
transport and resulting energy consumption and GHG emissions. Research highlights that
streets with a higher density of intersections may decrease the reliance on individual cars
for transportation [103].

The design of connection nodes and available routes affects the potential for evacuation
during emergencies and therefore impacts the resilience of the whole community. A key
criterion for creating resilient neighborhood layouts is to reduce dependence on major
streets. This design consideration prevents the destabilization of the entire street network
system when some central nodes are disabled due to power outages or climate-related
events [100]. Potential shelter buildings should be located at street intersections to improve
their access during evacuations [80]. Although analyzing the response to disasters is
beyond the scope of this paper, the impact of neighborhood design on some responses
(such as evacuation) is mentioned due to the interconnection of various design elements
and their direct and indirect impacts on energy resilience.

5.3. Impact of Design on Energy Systems

Resilient neighborhood design should consider energy demand as well as local and
distributed energy generation strategies. The impact of neighborhood design on urban
energy systems, both on the demand and supply sides, is briefly discussed below.

Energy demand. Energy demand can be significantly reduced through the architec-
tural design of buildings and proper spatial neighborhood design. Employing high-energy-
performance mechanical systems and energy-efficient appliances can further reduce energy
consumption in buildings. Efficient mechanical systems, including heat pump technologies,
heat pumps coupled with PV systems, heat recovery systems, mechanical ventilation (e.g.,
displacement ventilation), and effective distribution and controls, are increasingly imple-
mented to improve the energy performance of different building types. For instance, smart
management systems can be implemented to preheat or precool buildings before peak
hours [105,106]. The deliberate exploitation of thermal mass, together with energy-efficient
building envelopes and mechanical ventilation, can assist in the strategic preheating and
precooling of buildings [107].

Other promising systems consist of ground source heat pumps (GSHPs), which, using
ground-extracted heat, are considerably more energy-efficient than conventional mechani-
cal systems [108]. Coupling a GCHP system with solar thermal collectors offers a significant
opportunity for energy savings, especially for heating-dominated neighborhoods [109].
Integrating energy efficiency measures with microgrid technology allows for a reduction in
energy demand on the microgrid itself.

Energy supply and neighborhood planning. Diversification of energy resources
constitutes a promising strategy to enhance the energy resilience of a community. PV
technologies integrated in buildings and in neighborhood outdoor areas form a mature
technology that is ready to be deployed at various scales and capacities [110], forming an
important layer of energy resilience. Together with solar technologies (PV and STC), other
energy resources, including combined heat and power utilizing various sources, such as
waste to energy (WtE) or reduced impact fuel (see above) and small wind turbines, can be
explored, especially when available surfaces for installing solar systems are restricted. To
achieve self-sufficient neighborhoods, energy storage is required, together with an optimal
mix of energy sources [101]. To be completely independent from the grid, during an energy
crisis, electrical and thermal storage should be sized to provide the necessary demand
of a neighborhood. It should be considered that increased levels of distributed energy
resources may lead to issues in energy balance and congestion. These potential congestion
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issues should be addressed when designing urban energy systems, allowing for the proper
management of energy production, utilization, control, and storage.

On the other hand, microgrids and smart metering can be beneficial in controlling the
zones that can be supplied with energy at specific times. For instance, a study carried out
by Singh and Hachem-Vermette [77] shows that, for long periods of power interruption,
it might be beneficial to evacuate the population to designated temporary shelters (e.g.,
schools) and to prioritize these buildings when supplying local energy. Such a scenario will
be less vulnerable than sheltering in place, as it is easier and more efficient to supply a few
buildings with energy rather than a larger number of residences. In such cases, smart grids
can be useful in controlling the energy supply to specific zones.

6. Discussion and Conclusions

This work presents an overview of the impact of power interruptions on buildings,
buildings’ occupants, and neighborhoods. It also discusses the existing technologies,
ranging from simple to more advanced, to mitigate some of these impacts. The paper
finally highlights the role of building and neighborhood design in resilient energy systems.

Depending on its length, a power interruption can severely impact people, buildings,
and neighborhoods. These impacts may include threat to the lives of vulnerable popu-
lations, even under short-term power interruptions, while, at a longer term, other issues
can arise, including displacement of the population, serious damage to buildings, and
instability of neighborhood organization. The severity of the power interruption impact is
enhanced by the interconnection of energy systems with many other basic systems, such as
water, food, connectivity, and transportation systems. The gravity of power interruption
impacts can be affected by various factors, including demographics, building type, building
design, and location. Research focusing on highlighting the correlation between the severity
of power interruptions and the factors mentioned above is still lacking.

There are various methods to cope with power interruptions at building and neighbor-
hood levels. At a building level, some of these methods are simple and affordable, allowing
the fulfillment of a specific need for a short time, while others are more sophisticated and
need planning and a larger budget to be efficiently implemented. Such methods include
PV-integrated systems with battery storage or integrated wind turbines. Several strategies
need to be analyzed with respect to the building type to fully understand their potential and
feasibility. For example, a wood stove cannot be easily installed in a multistorey building
if it is not designed at an early stage. On the neighborhood level, the implementation of
technologies requires more advanced planning, involving various stakeholders. Although
some single technologies, such as neighborhood PV installations or combined heat and
power (CHP), can mitigate power interruption, research shows that the integrated design
of various renewable and alternative energy sources within smart microgrids presents
more efficient and low-environmental impact solutions. Other employed and relatively
easy-to-implement solutions such as generators, including portable ones, should be limited
to emergency back-up generation. The utilization of such methods should be governed by
emission-control measures to reduce harmful environmental impacts.

On the design side, a holistic approach should be applied in planning energy-resilient
neighborhoods. This approach depends on the integration of building and urban design
considerations, as well as on the interaction between these design considerations. Buildings
and surrounding open public spaces need to be considered active elements of the energy
network, contributing to production, storage, and supply. The various components of a
neighborhood should be planned to maintain uninterrupted operation and to maximize
their energy efficiency and potential contribution to the neighborhood energy system. For
example, street layouts can be designed to allow the optimal orientation of the surrounding
buildings while ensuring functionality during disruptions, thus enhancing the overall
operation and resilience of the neighborhood. Additionally, the thoughtful consideration of
building density assists in achieving a range of economic, social, and environmental benefits
without compromising the solar potential of open public spaces and building surfaces.
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A flow chart presenting the main research output is included below (Figure 6).

Figure 6. Flowchart of main research output.
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The strategies and technologies discussed in this work can assist in minimizing the
impact of power interruptions and ensuring a reliable energy supply. This can contribute
to fulfilling several of the SDGs. For example, developing and implementing microgrids
and promoting the use of renewable energy sources and energy storage technologies can
reduce dependence on a single energy source (usually the local grid), contributing to SDG
7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities and Communities), and SDG
13 (Climate Action). Reducing energy consumption through the implementation of various
energy efficiency measures reduces resource consumption and waste generation, promoting
responsible consumption (SGC 12). In addition, a resilient and uninterrupted energy supply
is vital for vulnerable people (with health issues) and for healthcare facilities, ensuring
continuous access to medical services during climate disasters (SDG 3: Good Health and
Well-being). Other indirect contributions of this work to the SDGs include encouraging the
development of innovative solutions to mitigate power interruptions and to improve the
robustness and efficiency of infrastructure. This can foster economic growth and industrial
development, thus supporting SDG 9 (Industry, Innovation, and Infrastructure).

Conclusions

This paper gives an insight into the impact of power interruptions and mitigation
strategies and the role of neighborhood composition and building types in increasing the
energy resilience of a specific neighborhood.

The review of potential issues caused by power interruptions highlights the need
for substantial research to be conducted in various domains. This includes determining
correlations between the severity of impacts and the parameters representative of the built
environment and the population, as well as the assessment of various technologies with
respect to useful criteria. In addition, investigating the impact of power interruptions and
their length on the psychological performance of the population is still lacking. Such work
can assist municipalities and governmental agencies in fully understanding the impact
of power interruption in specific communities and, accordingly, in adopting feasible and
effective mitigating strategies, as well as emergency response and management.

This review of the severe and diverse impacts of energy interruptions that span social,
economic, and environmental domains supports the importance of a serious and urgent
commitment to achieving the Sustainable Development Goals, as many of these goals
have direct or indirect impacts on reducing the vulnerabilities of cities. Additionally, the
discussed energy and design strategies can play a key role in achieving affordable and clean
energy, sustainable cities and communities, climate action, and responsible consumption,
among others, which are central to numerous SDGs.
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Nomenclature

ATM Automated teller machine NG Natural gas
CHP Combined heat power PV Photovoltaic
CO2 Carbon dioxide PV/T Photovoltaics thermal
FC Fuel cell STC Solar thermal collector
GHG Greenhouse gases SDG Sustainable Development Goals
HP Heat pump WWR Window–wall ratio
HVAC Heating, ventilation, and air conditioning
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Abstract: The adoption of the circular economy (CE) can help to solve the dilemmas of food, economic
and social crises, environmental pollution, and continuous decreases in non-renewable resources,
caused by the continuous increase in the size of the global population. Identifying drivers of
and barriers to the CE is important for the implementation of the CE. In this context, this study
aims to identify and categorize the drivers of and barriers to the adoption of the CE through a
systematic literature review. In doing this, ten categories of drivers and barriers were identified:
environmental, supply chain, economic, information, legal, market, organizational, public, social,
and technological. The results of this study may contribute to the development of circular processes,
the promotion of sustainability, and may encourage the implementation of the CE in many areas. The
CE’s implementation can be a way to achieve some of the Sustainable Development Goals from the
2030 Agenda.

Keywords: circular economy; drivers; barriers; categories

1. Introduction

We live in an era of food, economic, and social crises, environmental pollution, grow-
ing awareness of social responsibility, sustainability, and concern for the environment,
and heightened growth in some economies, coupled with urbanization [1,2]. The modern
economy threatens environmental protection, and this fact places pressure on environmen-
tal stakeholders, especially firms and policymakers [2]. Arising from the perception that
current consumption patterns are at the root of the environmental crisis, criticism of con-
sumerism came to be seen as a contribution to the development of sustainable societies [3].
In this sense, the adoption of the circular economy (CE) is seen as one of the ways that we
might solve this dilemma. The CE paradigm aims to attain sustainability by preventing
environmental degradation and ensuring the social and economic wellbeing of present and
future generations [4]. CE has become a popular strategy for improving sustainability, and
is a theme that has been extensively researched over the past five years [5]. Arthur et al.
(2023) [2] assumed that some CE variables have a significant impact on the environment;
variables such as the level of materials considered as input factors for economic production,
the amount of waste generated because of the extraction and usage of these materials, and
the rate of recycling of the generated waste.

From a different perspective, while the terms circular economy and sustainability
are increasingly gaining traction within academia, industry, and for policymakers, and
are often being used in similar contexts, the similarities and differences between these
concepts have not been made explicit in the literature, and remain ambiguous [6]. However,
Velenturf and Purnell (2021) [7] suggest every actor should do their very best to develop
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a more sustainable CE, which requires research and constant learning to ensure progress
towards sustainability, even with imperfections.

The adoption of the CE fosters a reduction in the consumption of raw materials,
improves brand image, encourages the emergence of new demands for services and new
potential markets, reduces the costs and risks of emissions and waste, and increases the
potential to attract new investors [8]. Therefore, the CE approach has attracted the attention
of many firms, enabling them to make the production process more efficient, especially
when material and energy inputs become more expensive [9]. Considering the importance
of the topic, a growing number of authors have explored the theme of the CE, specifically
its drivers and barriers. However, some studies have focused only on issues that facilitate
the implementation of the CE (drivers) [10–12], while other studies have focused only on
factors that hinder the implementation of the CE (barriers) [13–17]. Some studies deal
with both drivers and barriers, but in specific contexts, e.g., the supply chain [18,19], the
textile and apparel industry [20], small and medium enterprises [21], and the building and
infrastructure sector [22], or in specific countries, e.g., Brazil [23], China [24], Taiwan [25]
and Finland [26]. Additionally, there are some studies in the literature that have only
categorized drivers of the CE in the leather industry [27] and in the Italian economy [10];
and barriers to the CE applied to the Danish economy [15], to the construction sector [28],
and to five European regions [29], as well as both (drivers and barriers) applied together to
the built environment sector [22] and to the manufacturing sector in the UK [30]. Moreover,
Mishra et al. (2022) [31] developed, measured, and validated an instrument for barriers
to the adoption of the CE practices in micro, small, and medium enterprises (MSMEs),
determining seven dimensions; however, the drivers for the adoption of the CE were not
considered in their study.

An in-depth and complete analysis joining the drivers of and barriers to the adoption
of the CE is necessary to enable a general application. Elia et al. (2020) [32] analyzed the
relationship between the level of supply chain integration and the adopted CE strategies
from the industrial field, rather than specifically analyzing the drivers of and barriers to the
adoption of the CE. Thus, notwithstanding the studies that have already been completed,
in the literature, there is a lack of investigation into these drivers and barriers in a more
detailed way that could be applied to multiple sectors [18,27], different markets [33], distinct
economies [23], and different geographic contexts [19]. Additionally, Jia et al. (2020) [20]
demand more databases to find relevant articles. In this sense, searching for a theoretical
proposition that can help to attend to such demands, this study aims to identify and
categorize the drivers of and barriers to the adoption of the CE for a general application.

The study contributes in different ways to research and practice in the CE field. It
extends the body of knowledge on CE by assessing a significant number of papers that
contain the drivers of and barriers to the adoption of the CE, equipping researchers and
practitioners with prior information about the realities that will be faced. It also helps
in planning for the transition from a linear economy to CE, making companies more
efficient with their resources and advancing toward sustainable economies [14]. The
results of D’Adamo and Gastaldi (2022) [34] in their study regarding the Sustainable
Development Goals (SDGs) showed that many sustainability opportunities have not yet
been well explored. In this sense, the adoption of the CE can be considered a way to
achieve some of the SDGs, e.g., companies producing with more responsibility, encouraging
them, especially large and transnational companies, to adopt sustainable practices (goal 12)
and reducing the environmental impact of cities through waste management (goal 11).
Additionally, Ali et al. (2023) [35] mention circular economy-centric education being the
solution to the social, economic, and environmental problems stemming from climate
change. Moreover, green technologies, through the optimization of the use of resources,
the reduction of waste, and the reduction of demand for new resources, may promote the
development of green products and services, thereby helping to reduce the environmental
impact of consumption [35]. The study presents an extended literature review, enabling
a broader view and a categorization of the drivers of and barriers to the adoption of the
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CE. These contributions are important to help companies develop the CE and help the
government obtain knowledge to work on public policies fostering the CE. It is important
to have a clear understanding of the context of the CE in order to provide a common basis
of assumptions and targets on which policymaking can be developed [36]. Additionally, it
would facilitate practitioners to understand the drivers of and barriers to the adoption of
the CE to handle them effectively.

To summarize, the present study addresses the following research question: What
are the drivers of and barriers to the adoption of the CE, and how can we categorize them
according to the literature?

The paper is structured as follows. Sections 2 and 3 present the theoretical basis and
material and methods of the study, respectively. The fourth section presents the results
and discussion of the paper. Finally, Section 5 concludes the paper by presenting the
implications and limitations of the study, and suggestions for future studies.

2. Theoretical Basis

2.1. Circular Economy

The concept of the CE, which was created primarily by practitioners, the business
community, and policymakers, is currently promoted by the European Union, several
national governments, and various business organizations around the world [8]. CE is
becoming part of popular discourse, especially in the government and corporate sector [37].

The CE focuses on the maintenance, reuse/redistribution/remanufacturing/recycling,
circularity and optimization of resources, the use of clean energy, and processing efficiency,
with zero waste as a basic premise [38]. According to Zhang et al. (2022) [4] (p. 656), the CE
is perceived as a substitute for the take–make–waste linear economy.

The concept involves careful management of two types of material flows, as described
by McDonough and Braungart (2010) [39]: biological nutrients, designed to re-enter the
biosphere safely and build natural capital, and technical nutrients, designed to circulate in
high quality without entering the biosphere. According to Sehnem and Pereira (2019) [38],
the CE emphasizes the biological cycle and technical cycle of materials.

According to the Ellen MacArthur Foundation (2019) [40], the CE is based on three
principles: (1) designing waste and pollution, (2) keeping products and materials in use,
and (3) regenerating natural systems. It makes sense to extract resources from nature to
transform them into a product or service that can be used not just once, but many times,
thus reducing the need for virgin input extraction and waste production [8]. Designing
waste, keeping products and materials in use, and regenerating natural systems creates
vital opportunities for economic growth, thereby creating jobs and benefiting society [41].
Substantially reducing waste generation through prevention, reduction, recycling, and
reuse, and achieving sustainable management and efficient use of natural resources are
some goals of the 12th SDG, proposed in the 2030 Agenda (2015) [42].

While the CE is increasingly attracting attention in academia, industry, and with
policymakers [6], Friant et al. (2020) [37] argue that the definition, objectives, and forms
of implementation of the CE are still unclear, inconsistent, and contested. This is the
case because different actors and sectors are articulating circular discourses which align
with their own interests and which do not often sufficiently examine the ecological, social,
and political implications of circularity [37]. In line with these authors, Corvellec et al.
(2022) [43] addressed critiques of the CE in their study, considering that the CE has diffused
limits, unclear theoretical grounds, and that its implementation faces structural obstacles.
According to Velenturf and Purnell (2021) [7], every actor should do their very best to
develop a more sustainable CE. Sustainable development is fraught with imperfection, and
so is the circular economy, both requiring research and constant learning to ensure progress
in pursuit of sustainability [7].

Joining the CE allows for a reduction in the consumption of raw materials [8] and
gains in resource efficiency [19,44], thus promoting waste reduction [30], in addition to
reducing a company’s environmental impact [10].
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The cost reductions arising from the implementation of the CE are one of the most
frequently considered aspects in the literature [26,44]. The CE encourages the emergence of
new demands for services and expansion into new markets, thus increasing a company’s
potential to attract new investors [8], and generating competitive advantages for circular
companies [10,20].

In addition, the adoption of the CE makes it possible to improve the reputation and
recognition of the brand [8], the relationship with customers [44], and to increase consumer
satisfaction [10]. The adoption of the CE is also seen as a potential source of new jobs [33].

2.2. Drivers and Barriers to the Circular Economy

As the concept of the CE becomes more prevalent among the topics covered in the
literature, more studies are focusing on the drivers of and barriers to the adoption of the
CE. Many authors have worked with drivers of the adoption of the CE in their studies to
encourage, motivate, and facilitate companies to adopt the CE [18,22,27,33], thus helping
in the transition from a linear economy to the CE; it is thought that the CE is much more
efficient in resources, and will generate greater competitiveness for the company and
advancement towards a more sustainable economy [14].

Some of the main drivers addressed by the literature were concern for environmental
impact and the environment [27]; increased transparency and engagement in the supply
chain [26]; reduced costs [45,46]; the existence of laws and regulations regarding the CE [47];
awareness of environmental issues among consumers [18]; investment in science and
technology [19,48]; and government support [21,49]. In this sense, Arthur et al. (2023) [2]
concluded in their study that a blend of government policies is the most effective means of
achieving a CE.

Drivers regarding companies, such as increasing the network and partnerships [50] and
gains in market share and competitiveness [33], were also heavily addressed in the literature.

On the other hand, many studies have also pointed out the barriers to the adoption of
the CE, hindering or inhibiting its implementation [30,33,51]. There is a lack of funding [19],
financial resources [29], economies of scale [52], appropriate technology for the CE [47],
information [36], and laws and rules supporting the CE [18]. Furthermore, the initial
investment cost for companies is high [52].

Within the market, demand for circular products and processes is still restricted [29],
and there is a lack of environmental awareness among consumers [53]. In companies,
there is a lack of commitment at the management level [54], and a shortage of qualified
personnel to work with CE [55]. There is also a lack of encouragement and support from
the government [56].

The literature has categorized the presentation of drivers and barriers in different
ways. Table 1 presents the categorization of only drivers, only barriers, and both drivers
and barriers, from the literature.

Table 1. Categorization of drivers and barriers from the literature.

Author(s) Drivers Barriers

Moktadir et al. (2018) [27]

Knowledge about CE, consumer awareness,
leadership, and commitment from top
management and government support

and legislation

Gusmerotti et al. (2019) [10] Economic drivers and resource risk drivers
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Table 1. Cont.

Author(s) Drivers Barriers

Ritzén and Sandström (2017) [57] Technological, financial, and supply
chain barriers

Campbell-Johnston et al. (2019) [58] Soft factors (soft) and hard factors (hard)

Kirchherr et al. (2018) [53] Cultural, market, regulatory, and
technological barriers

Ormazabal et al. (2018) [46] Hard barriers and human-based

Guldmann and Huulgaard (2020) [15] Market and institutional, value chain,
organizational, and employees

Nohra et al. (2020) [29]
Cultural, economic, informational,
regulatory, political, institutional,
technological, and environmental

Kazancoglu et al. (2020) [52]

Managerial and decision-making, work,
design challenges, materials, rules and
regulation, knowledge and awareness,

integration and collaboration, costs and
technological infrastructure

Masi et al. (2017) [19] Financial, technological, social,
informational, and institutional

Ababio and Lu (2023) [28]
Socio-cultural, technological, political

and legislative, and financial
and economic

Kumar et al. (2019) [30]
External, organizational, social,

environmental, technological, and
legal barriers

Jia et al. (2020) [20] Organizational, consumer, and institutional Organizational, financial, and political

Govindan and Hasanagic (2018) [18] Governmental, corporate, consumer, organizational, and supplier perspectives

Ranta et al. (2018) [51] Regulatory, normative and cultural-cognitive

Hart et al. (2019) [22] Cultural, regulatory, financial, and sectoral

Agyemang et al. (2019) [44] Internal and external

Tura et al. (2019) [26] Environmental, economic, social, institutional, technological and informational factors,
supply channels, and organizational

Geng and Doberstein (2008) [48] Policy, technology, and public participation

De Jesus and Mendonça (2018) [45] Soft factors and hard factors

3. Materials and Methods

In order to identify and categorize drivers and barriers to the adoption of the CE, a
systematic literature review was used as a method, as suggested by Snyder (2019) [59]. The
method used consists of a content analysis of selected studies based on specific criteria
defined by the authors. This study followed four stages, as suggested by Wolfswinkel et al.
(2013) [60] and Flores and Jansson (2022) [61].

3.1. Stage 1—Selection of Database

First, the database to be used was identified. Following Paul and Criado (2020) [62],
we decided to use Scopus, as it captures more articles than Web of Science and includes
the main journals, thus providing a more comprehensive and relevant set of articles that
could potentially be relevant, even considering that this decision may have resulted in the
unintentional exclusion of other pertinent papers listed in other databases. Scopus is a
consolidated database that is widely used in systematic review studies [18,19,63].
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3.2. Stage 2—Selection of Keywords and Search for Studies According to Clear Criteria

After selecting the database, we needed to determine the keywords for searching
relevant papers. The expressions used when searching the title, abstract, and keyword fields
were “circular economy” AND “drivers” OR “barriers”. We have not included synonyms,
as the selected keywords are well-established terms used in academia. We considered
papers and articles published in English, limiting the results to academic/scientific journals
and conference proceedings. Only full papers were included, and book chapters, reviews,
and books were excluded. This produced a list of 532 papers for further analysis.

3.3. Stage 3—Selection of Articles

To select the articles to be reviewed and included in our paper, we applied the follow-
ing criteria: (1) the abstracts of the 532 selected articles were analyzed. As inclusion criteria,
they had to be theoretical or empirical articles that presented, as a result, a list of drivers
and/or barriers. Based on this criterion, 435 articles were excluded, and 97 articles were
selected for inclusion. (2) These 97 articles were then read in their entirety to verify that the
lists of drivers and/or barriers were related to the adoption of the circular economy, and
not to adjacent fields that were not of interest to our study, such as recycling, sustainability,
and green marketing. Thus, 44 articles were excluded, and 53 articles were included.

3.4. Stage 4—Analysis through Data Coding and Structuring of Findings

A spreadsheet was created for the analysis of the 53 selected articles. The information
from these articles was released in the form of an Excel spreadsheet. The articles were
tabulated under title, year and place of publication, area, sector, or geographic context
in which the study was carried out, objectives, methodological approach, and the main
conclusions, as well as the list of drivers of and barriers to the adoption of the CE found
in the articles. Data were analyzed using the content analysis technique [64]. To ensure
the quality of the interpretation, the drivers and barriers emanating from the literature
were systematically organized according to Wolfswinkel et al. (2013) [60], Xiao and Watson
(2019) [65], and Flores and Jansson (2022) [61]. In cases in which there were doubts
regarding the organization of the drivers and barriers among the categories defined by
the authors of this study, a discussion took place between the authors until a consensus
was reached.

The flowchart in Figure 1 presents the research process.
It was observed that some studies categorized the presentation of drivers and barriers

in their research (Table 1). So, based initially on the literature review categorization of
drivers and barriers, presented in Table 1, the list of drivers of and barriers to the adoption
of the CE was grouped, and ten categories were created for the purpose of the final
presentation of the study results.

The first category identified for the present study was the environmental category.
Nohra et al. (2020) [29] and Kumar et al. (2019) [30] used the environmental category to
present barriers to the CE, and Tura et al. (2019) [26] used the environmental category to
present drivers of and barriers to the CE. In this way, issues related to sustainability, the
environment, waste management, recycling, and the scarcity of resources were allocated to
the environmental category.

The second category identified in the study was the supply chain category. Ritzén and
Sandström (2017) [57] used the supply chain category to present barriers to the CE, and
Tura et al. (2019) [26] used the supply chain category to present the drivers of and barriers
to the CE. In this sense, aspects from distribution channels, logistics, reverse logistics, and
the potential to reduce channel dependence were allocated to the supply chain category.
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Figure 1. Flowchart of the research design.

The third category identified was the economic category. Gusmerotti et al. (2019) [10],
Nohra et al. (2020) [29], Ababio and Lu (2023) [28] and Tura et al. (2019) [26] used the
economic category to present only drivers of, only barriers to, and both (drivers and
barriers), concerning the CE. In this way, aspects involving finance, sales, profitability,
revenues, earnings, costs, accounting, raw material costs and prices, and the regulatory
costs of environmental pollution and waste were allocated to the economic category.

The fourth category identified in our study was the information category. Nohra et al.
(2020) [29] and Masi et al. (2017) [19] used the information category to present barriers
to the CE, and Tura et al. (2019) [26] used the informational factors category to present
the drivers of and barriers to the CE. In this way, aspects such as knowledge, information
sharing, learning, training, and experiences were allocated to the information category.

The fifth category identified in the study was the legal category. Kumar et al. (2019) [30]
and Ababio and Lu (2023) [28] used this category to present barriers to the CE in their
article. Issues related to normativity, regulations, and legislation were allocated to the
legal category.

The market was the sixth category identified in the article. Kirchherr et al. (2018) [53]
and Guldmann and Huulgaard (2020) [15] used the market category to present barriers
to the adoption of the CE. Aspects embracing the external aspects of the organization,
for instance, the environmental awareness of consumers, consumer preferences, market
demands, and market trends were allocated to the market category.

The seventh category identified was the organizational category. Several authors
used this category in their studies; Guldmann and Huulgaard (2020) [15] and Kumar et al.
(2019) [30] used it to present barriers to the adoption of the CE, Jia et al. (2020) [20] and
Tura et al. (2019) [26] used it to present drivers of and barriers to the adoption of the CE,
and Govindan and Hasanagic (2018) [18] used it to present the drivers of and barriers to the
adoption of the CE. Internal aspects related to companies and commercial institutions, such
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as competitiveness, performance indicators, organizational culture, company policy, human
resources, the value and quality of products, raw materials and components, suppliers,
partnerships, customer satisfaction, customer relationship, branding, and company image
were allocated to the organizational category.

The public category was identified as the eighth category in this study. Geng and
Doberstein (2008) [48] used public participation as a category to present the drivers of
and barriers to the adoption of the CE. All issues related to the government, states, and
municipalities, for instance, support, incentives, financial assistance, and public policies
were allocated to the public category.

The ninth category identified in this study was the social category. Masi et al.
(2017) [19] and Kumar et al. (2019) [30] and Ababio and Lu (2023) [28] used the social cate-
gory to present barriers to the CE, and Tura et al. (2019) [26] used it to present the drivers
of and barriers to the adoption of the CE. Aspects of society and community, involving job
creation and reduction of the unemployment rate, population size, public health, safety,
hygiene, social responsibility, social projects, public awareness, social recognition, and
stakeholders were allocated to the social category.

The tenth category identified in this study was the technological category. Ritzén
and Sandström (2017) [57], Kirchherr et al. (2018) [53], Nohra et al. (2020) [29], Masi et al.
(2017) [19], Kumar et al. (2019) [30], and Ababio and Lu (2023) [28] used the technological
category to present the barriers to the CE, and Tura et al. (2019) [26] used it to present the
drivers of and barriers to the CE. Geng and Doberstein (2008) [48] used the technology
category to present the drivers of and barriers to the adoption of the CE. Aspects related to
science, technology, and innovation were allocated to the technological category.

Table 2 summarizes the authors who motivated the choice of each of the ten categories
for the purpose of the final presentation of the study results. Table 2 also shows the authors
that used other categories to work with the drivers of and barriers to the CE, and the
authors who did not use any category in their studies to present the drivers of and barriers
to the CE.

Table 2. Motivation for choosing the categories of drivers and barriers.

Categories Authors

Environmental Kumar et al. (2019) [30], Tura et al. (2019) [26] and Nohra et al. (2020) [29].

Supply Chain Ritzén and Sandström (2017) [57] and Tura et al. (2019) [26].

Economic Gusmerotti et al. (2019) [10], Tura et al. (2019) [26], Ababio and Lu (2023) [28] and Nohra et al. (2020) [29].

Information Masi et al. (2017) [19], Tura et al. (2019) [26] and Nohra et al. (2020) [29].

Legal Kumar et al. (2019) [30] and Ababio and Lu (2023) [28]

Market Kirchherr et al. (2018) [53] and Guldmann and Huulgaard (2020) [15].

Organizational Govindan and Hasanagic (2018) [18], Kumar et al. (2019) [30], Tura et al. (2019) [26], Guldmann and Huulgaard
(2020) [15] and Jia et al. (2020) [20].

Public Geng and Doberstein (2008) [48]

Social Masi et al. (2017) [19], Kumar et al. (2019) [30], Ababio and Lu (2023) [28], and Tura et al. (2019) [26].

Technological Geng and Doberstein (2008) [48], Masi et al. (2017) [19], Ritzén and Sandström (2017) [57], Kirchherr et al. (2018)
[53], Kumar et al. (2019) [30], Tura et al. (2019) [26], Ababio and Lu (2023) [28] and Nohra et al. (2020) [29].

Other categories use
De Jesus and Mendonça (2018) [45], Moktadir et al. (2018) [27], Ormazabal et al. (2018) [46], Ranta et al. (2018)

[51], Agyemang et al. (2019) [44], Campbell-Johnston et al. (2019) [58], Hart et al. (2019) [22], and Kazancoglu et al.
(2020) [52].

Authors that did not use
categories in their studies to
present drivers and barriers

to CE

Xue et al. (2010) [24], Ilić and Nikolić (2016) [49], De Mattos and De Albuquerque (2018) [50], Ghisellini et al.
(2018) [66], Mahpour (2018) [67], Mangla et al. (2018) [54], Masi et al. (2017) [19], Barbaritano et al. (2019) [33],
Bolger and Doyon (2019) [68], Camacho-Otero et al. (2019) [69], Chang and Hsieh (2019) [25], Farooque et al.

(2019) [70], Garcés-Ayerbe et al. (2019) [71], Gue et al. (2019) [72], Milios et al. (2019) [55], Piyathanavong et al.
(2019) [73], Rajput and Singh (2019) [74], Scarpellini el al. (2019) [75], Šebo et al. (2019) [47], Singh and Giacosa
(2019) [76], Tseng et al. (2019) [77], Dieckmann et al. (2020) [13], García-Quevedo et al. (2020) [14], Galvão et al.
(2020) [63], Hartley et al. (2020) [11], Jabbour et al. (2020) [23], Jaeger and Upadhyay (2020) [78], Kanters (2020)
[16], Mura et al. (2020) [21], Ozkan-Ozen et al. (2020) [79], Robaina et al. (2020) [12], Shao et al. (2020) [56], and

Werning and Spinler (2020) [17].
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4. Results and Discussion

In this chapter, the results of the analysis of the 53 articles on the drivers of and barriers
to the CE that were analyzed for this study will be described and analyzed.

Of the total of 53 articles analyzed, 27 articles addressed drivers of the CE, and
47 articles addressed barriers to the CE. However, only 6 articles dealt only with drivers
(11%), 26 articles dealt only with barriers (49%), and 21 articles dealt with both drivers and
barriers (40%) (Figure 2).

 

only drivers
11%

drivers and 
barriers

40%

only barriers
49%

Figure 2. Drivers and barriers article topic analysis.

The drivers and barriers extracted from the analyzed articles were categorized based
on the categorization of drivers and barriers from the literature shown in Table 1. The ten
categories identified and used to present the drivers that can help the implementation of
the CE and the barriers disrupting its adoption are as follows:

• Environmental, which involves aspects related to sustainability, environment, waste
management, recycling, and the scarcity of resources;

• Supply chain, which covers aspects involving the supply chain, distribution channels,
logistics and reverse logistics, as well as, according to Tura et al. (2019) [26], drivers
related to the potential to reduce channel dependence;

• Economic, which includes financial aspects, sales, profitability, revenues, earnings,
costs, accounting, raw material costs and prices, and regulatory costs of environmental
pollution and waste;

• Information, which involves aspects related to information, knowledge about the CE,
information sharing, learning, training, and experience;

• Legal, which encompasses normative, regulatory, and legislative aspects, as well as
the costs arising from these aspects;

• Market, which involves aspects of the market, that is, aspects external to the organiza-
tion, for example, the environmental awareness of consumers, consumer preferences,
market demands and market trends;

• Organizational, which involves managerial aspects and aspects related to companies
and commercial institutions, that is, the internal aspects of the company/organization
such as competition and competitiveness, performance indicators, organizational
culture, company policy, environmental aspects (such as environmental collaboration
of customers and suppliers, reduction of the environmental impact of the company
and processes), aspects regarding ownership, aspects of management and personnel
department (such as leadership, employees, workers, and shareholders), aspects
regarding the product (product value and quality), raw materials and components,
suppliers, partnerships, customers (customer satisfaction and customer relationship),
branding, and company image;

• Public, which encompasses aspects regarding the government, states, and munic-
ipalities, such as, for example, their support, incentive, financial assistance, and
public policies;
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• Social, which encompasses aspects of society and the community, involving job cre-
ation and reduction of the unemployment rate, population size, public health, safety,
hygiene, social responsibility, social projects, public awareness, social recognition,
and stakeholders;

• Technological, which involves aspects related to science and technology, technological
innovation, and technical aspects, as well as the costs arising from these technologies.

It should be noted that the dividing line between some categories is very tenuous.
When this occurred, the authors used the conceptual definition of the category as a criterion.

4.1. Drivers to the Circular Economy

A number of studies have pointed out drivers of the adoption of the CE in order to
encourage, motivate, facilitate, and drive companies to adopt CE, and different approaches
were used. In their study, Govindan and Hasanagic (2018) [18] examined the drivers in
order to understand the motivational factors for implementing the CE in the supply chain.
Moktadir et al. (2018) [27] and Hart et al. (2019) [22] refer to a driver as a facilitator in their
studies. Motivations for CE practices and facilitating factors for the implementation of
circular practices are raised in the study by Barbaritano et al. (2019) [33]. In the study by
Jabbour et al. (2020) [23], CE motivators and CE drivers were considered to be synonymous.
Finally, in their study, Xue et al. (2010) [24] address methods that drive the development of
the CE, and Piyathanavong et al. (2019) [73] presented reasons to implement CE.

Based on this, it was observed that there is no clear-cut definition of drivers in the
literature. What is known is that all expressions and nomenclatures used in the literature
when it comes to drivers express driving forces leading companies to adopt the CE. The
boundaries between the definitions are not clear; there are overlapping areas between
the concepts. For the purposes of this study, drivers are therefore defined as forces that
motivate or encourage companies to adopt CE.

There were several areas in which CE drivers were studied in the literature. Table 3
presents the contexts and sectors in which the papers were developed.

Table 3. Contexts of application of studies of the drivers of the CE.

Context/sector Authors

Supply chain Masi et al. (2017) [19] and Govindan and Hasanagic (2018) [18]

Textile industry Jia et al. (2020) [20]

Automotive sector Agyemang et al. (2019) [44]

Leather industry Moktadir et al. (2018) [27]

Manufacturing industry Gusmerotti et al. (2019) [10], Kumar et al. (2019) [30], Piyathanavong et al.
(2019) [73], and Šebo et al. (2019) [47]

Business Gue et al. (2019) [72]

Luxury furniture industry Barbaritano et al. (2019) [33]

Waste management Ilić and Nikolić (2016) [49]

Construction sector Chang and Hsieh (2019) [25] and Hart et al. (2019) [22]

Small and medium-sized companies Ormazabal et al. (2018) [46] and Mura et al. (2020) [21]

In addition, the studies’ geographic contexts cover a significant range of countries
around the world. Continents, countries, and authors are presented in Table 4.
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Table 4. Countries and regions from which articles on CE drivers and barriers came.

Countries Author(s) Drivers Author(s) Barriers

America

Brazil De Mattos and De Albuquerque,
2018 [50]

Brazil Jabbour et al., 2020 [23] Jabbour et al., 2020 [23]

USA Ranta et al., 2018 [51] Ranta et al., 2018 [51]

Asia

Bangladesh Moktadir et al., 2018 [27]

China Geng and Doberstein, 2008 [48] Geng and Doberstein, 2008 [48]

China Xue et al., 2010 [24] Xue et al., 2010 [24]

China Ranta et al., 2018 [51] Ranta et al., 2018 [51]

China Shao et al., 2020 [56]

China Farooque et al., 2019 [70]

India Mangla et al., 2018 [54]

Pakistan Agyemang et al., 2019 [44] Agyemang et al., 2019 [44]

Philippines Gue et al., 2019 [72]

Taiwan Chang and Hsieh, 2019 [25] Chang and Hsieh, 2019 [25]

Taiwan Piyathanavong et al., 2019 [73] Piyathanavong et al., 2019 [73]

Europe

Belgium, Bulgaria, Czech Republic, Denmark,
Germany, Estonia, Ireland, Greece, Spain, Italy, France,
Cyprus, Latvia, Lithuania, Luxembourg, Hungary, The

Netherlands, Austria, Poland, Portugal, Romania,
Slovenia, Slovakia, Finland, Sweden, and

United Kingdom

Robaina et al., 2020 [12]

Belgium, Denmark, The Netherlands, and
United Kingdom Kanters, 2020 [16]

Belgium, Germany, The Netherlands, Portugal,
Sweden, and United Kingdom Kirchherr et al., 2018 [53]

Denmark Guldmann and Huulgaard,
2020 [15]

Finland Tura et al., 2019 [26] Tura et al., 2019 [26]

France, Belgium, The Netherlands, Germany, Italy,
Luxembourg, Denmark, Ireland, United Kingdom,
Greece, Spain, Portugal, Finland, Sweden, Austria,

Cyprus (Republic), Czech Republic, Estonia, Hungary,
Latvia, Lithuania, Malta, Poland, Slovakia, Slovenia,

Bulgaria, Romania, and Croatia

Garcés-Ayerbe et al., 2019 [71]

France, Cyprus, Belgium, Czech Republic, The
Netherlands, Estonia, Germany, Hungary, Italy, Latvia,

Luxembourg, Lithuania, Denmark, Malta, Ireland,
Poland, United Kingdom, Slovakia, Greece, Slovenia,
Spain, Bulgaria, Portugal, Romania, Finland, Croatia,

Sweden, and Austria

García-Quevedo et al., 2020 [14]

Italy Barbaritano et al., 2019 [33] Barbaritano et al., 2019 [33]

Italy Mura et al., 2020 [21] Mura et al., 2020 [21]

Italy Gusmerotti et al., 2019 [10]

Italy, Spain, France, Romania, and Slovenia Nohra et al., 2020 [29]

The Netherlands Campbell-Johnston et al.,
2019 [58]

Campbell-Johnston et al.,
2019 [58]

The Netherlands, United Kingdom, Denmark, Belgium,
Portugal, and Serbia Hartley et al., 2020 [11]

not mentioned Ranta et al., 2018 [51] Ranta et al., 2018 [51]
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Table 4. Cont.

Countries Author(s) Drivers Author(s) Barriers

not mentioned Kumar et al., 2019 [30] Kumar et al., 2019 [30]

Scandinavia Milios et al., 2019 [55]

Serbia Ilić and Nikolić, 2016 [49] Ilić and Nikolić, 2016 [49]

Slovakia Šebo et al., 2019 [47] Šebo et al., 2019 [47]

Spain Ormazabal et al., 2018 [46] Ormazabal et al., 2018 [46]

Spain Scarpellini el al., 2019 [75]

Sweden Bolger and Doyon, 2019 [68]

United Kingdom Dieckmann et al., 2020 [13]

United Kingdom (England, Scotland, Northern Ireland,
and Wales) Kumar et al., 2019 [30] Kumar et al., 2019 [30]

Oceania Australia Bolger and Doyon, 2019 [68] Bolger and Doyon, 2019 [68]

Based on the analysis of data from articles that contained drivers of the adoption of
the CE, the drivers were categorized into the ten categories proposed for this study. As a
result, a list of 160 drivers was obtained and categorized. Some of these drivers will be
presented below.

(a) Environmental drivers support the adoption of the CE, as there is great concern
about environmental impacts and the state of the environment [20], the scarcity of
resources [26], and global warming and climate change [18]. The CE can act as a
solution to these problems, helping to minimize environmental impact [73], reduce
waste [30], and develop sustainability [22].

(b) For supply chains, the adoption of the CE brings improvements to the entire chain [27].
For example, it may improve material efficiency and energy use [18], and increase
chain transparency [26] and chain engagement [22].

(c) Considering the economic category, one of the main drivers identified in the literature
that motivates companies to adopt the CE was cost reduction [45]. By adopting the
CE, gains in resource efficiency are made [12], and new value streams are created
using byproducts and waste, thus giving companies a new source of revenue and
minimizing costs related to the treatment and disposal of waste [19]. In addition, the
regulatory costs of environmental pollution and waste are avoided [19]. Finally, the
CE generates economic growth for companies [49].

(d) Information drivers help the implementation of the CE, providing information [20],
training and education [27], and knowledge exchange [58].

(e) Considering the category of legal drivers, the existence of laws and regulations
regarding CE [23] was a very important aspect found in the literature that helps
companies to adopt CE.

(f) As market drivers, awareness of environmental issues among consumers [73], cus-
tomer awareness of green initiatives [20], and the preference and demand for circular
products [23] drive the adoption of the CE.

(g) There are several organizational drivers identified in the literature that drive compa-
nies to adopt the CE: gains in market share and competitiveness [10,20], environmental
collaboration with customers and suppliers [27], companies’ willingness to adopt
circulars [72], employee engagement and motivation [20], increased product value and
quality [44], improving relationships with customers, building loyalty, and increasing
their satisfaction [10], the promotion of the company’s reputation, its brand and im-
proving the corporate image [19], the collaboration between organizations and the
enlarging of the network and partnerships [50], and the stability of the company [44].
All of these aspects motivate companies to adopt the CE.

(h) Public drivers motivate the adoption of the CE due to the support of the government
and public institutions, whether in the form of financial, tax, or fiscal support, the
waste collection system, or public policies [21,49].
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(i) Social drivers support the adoption of the CE due to the possibility of generating
jobs [33], concern for public health [30], social awareness [45], community pressure to
adopt the CE [27], and stakeholder pressure for sustainable consumption [51].

(j) In the category of technological drivers, investment in science and technology for the
CE’s implementation is considered a very important aspect [48], in addition to the use
of new and state-of-the-art technologies [23].

The categories of drivers for the adoption of the CE and the authors can be seen in
Appendix A.

4.2. Barriers to the Circular Economy

Although on the one hand, a series of studies have pointed out drivers for the adoption
of the CE to encourage, motivate, facilitate, and encourage companies to adopt a circular
process, a number of barriers to the adoption of the CE were also found in the literature,
expressing forces opposing the CE’s implementation, inhibiting or barring the CE’s devel-
opment. Different approaches were used by authors in the literature regarding the barriers
to the adoption of the CE. According to Barbaritano et al. (2019) [33], barriers are factors
that hinder the implementation of the CE’s practices. Ranta et al. (2018) [51] consider CE
barriers to be difficulties face in the CE’s implementation. Kumar et al. (2019) [30] and Masi
et al. (2017) [19] treat barriers as inhibitors to the CE’s implementation, whereas Rajput and
Singh (2019) [74] address challenges involved in the implementation of the CE.

Based on this, it is observed that there is also no clear-cut definition of barriers in the
literature. However, all expressions and nomenclatures used in the literature when it comes
to barriers express forces that oppose the adoption of the CE. The boundaries between
the definitions are not clear; there are overlapping areas between the concepts. For the
purposes of this study, barriers are considered to be obstacles that hinder, or even prevent,
the implementation of the CE.

Several sectors were the focus of the studies of the barriers to the adoption of the CE
in the literature. Based on the literature review of the articles that deal with barriers, we
observed the application of studies in the contexts and sectors presented in Table 5.

Table 5. Contexts of application of studies of barriers to the CE.

Context/sector Authors

Supply chain Masi et al. (2017) [19], Govindan and Hasanagic (2018) [18], Farooque et al. (2019) [70], Mangla
et al. (2018) [54], Kazancoglu et al. (2020) [52], and Ozkan-Ozen et al. (2020) [79]

Food supply chain Farooque et al. (2019) [70]

Food system Tseng et al. (2019) [77]

Poultry industry Dieckmann et al. (2020) [13]

Textile industry Jia et al. (2020) [20], and Kazancoglu et al. (2020) [52]

Electronic industry Werning and Spinler (2020) [17]

Services Ritzén and Sandström (2017) [57]

Maritime Milios et al. (2019) [55]

Fashion Camacho-Otero et al. (2019) [69]

Automotive sector Agyemang et al. (2019) [44], and Shao et al. (2020) [56]

Manufacturing industry Kumar et al. (2019) [30], Piyathanavong et al. (2019) [73], Šebo et al. (2019) [47], and Jaeger and
Upadhyay (2020) [78]

Luxury furniture industry Barbaritano et al. (2019) [33]

Waste management Ilić and Nikolić (2016) [49]

Construction Chang and Hsieh (2019) [25], Hart et al. (2019) [22], Ababio and Lu (2023) [28], and Kanters
(2020) [16]

Construction and demolition Ghisellini et al. (2018) [66], and Mahpour (2018) [67]

Small and medium-sized companies Ormazabal et al. (2018) [46], Garcés-Ayerbe et al. (2019) [71], García-Quevedo et al. (2020) [14],
and Mura et al., 2020 [21]
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It was also observed that studies related to barriers were applied in a significant num-
ber of countries around the world. Table 4 presents these continents, countries, and authors.

From the analysis of data from articles that contained barriers to the adoption of the
CE, barriers were grouped according to the ten categories proposed for this study. As a
result, a list of 430 barriers was obtained. Some of these barriers will be presented below.

(a) Environmental barriers can hamper the adoption of the CE due to the difficulty of
validating, verifying, and predicting environmental pollution and all environmental
effects and impacts [13]; the lack of benefits in relation to environmental sustainability,
and uncertainty about potential environmental benefits [70]; the low level of reuse,
recycling, and recovery of waste [52]; inefficiency in waste management [67]; the
limited availability and quality of recycling materials [19]; and the underdeveloped
waste infrastructure, which is to take components back for reuse [55]. There is also an
informal sector tradition that collects recyclables and food waste (China), and textile
waste [52].

(b) Within supply chains, the adoption of the CE may be hampered due to costs, lack of
priority, lack of employee skills, lack of enthusiasm and leadership from managers [18],
lack of customer awareness [54], the fragile return and collection system [17], the lack
of reverse logistics infrastructure [52], the lack of collaboration with stakeholders in
the supply chain in CE initiatives [54], and the lack of suitable partners in supply
chains [30].

(c) Considering the economic category, some aspects can obstruct the implementation
of the CE, such as high initial investment costs [22,28,70]; high production costs,
management costs, and planning costs [29]; the low price of virgin raw materials
compared to recycled/reused materials [52]; the uncertain profits and returns [28,45],
and uncertain economic and fiscal benefits [71]; the lack of funding [15,28]; the lack of
working capital [45]; the lack of financial resources [73]; financial risk [16]; and the
lack of economies of scale [70].

(d) Some aspects of the information category can obstruct the implementation of the
CE, given that there is a lack of training and education of the people involved in the
chain [48], a lack of knowledge and skills about CE [15], an abundance of poor data
and a lack of data quality [29], and a lack of information [20].

(e) Regarding the legal category, the lack of clarity or lack of support for the CE in the
form of laws, norms, and rules becomes a major obstacle to the implementation of
the CE. For example, there is a lack of legislation for recycling [51], waste manage-
ment [55], the environment [48], green production [48], and laws that are specific to
the CE’s implementation [18]. There is also low regulatory support for increasing
reuse activities [51], and bureaucratic difficulty in enforcing legislation on the sustain-
ability (e.g., waste, water) of companies [21]. Furthermore, there are still laws and
regulations that are opposed to CE solutions [13].

(f) Market barriers can hamper the CE’s implementation, mainly considering two as-
pects: demand and consumers. The demand for circular products and processes
is still restricted [29] and unclear [15]. In addition, there is a lack of demand for
remanufactured products due to their appearance [30]. Regarding the consumer, there
is a lack of interest in circular processes and products [53] and a lack of environmental
awareness [73]. In addition, customers have a negative perception of the quality of
remanufactured products [56], preferring new products and materials over reused or
remanufactured ones [67].

(g) With regard to organizational barriers, it was identified that the lack of metrics,
measurements, and a system with indicators and a method of performance evaluation
can hinder the implementation of the CE [52], in addition to the fear of possible risks
arising from the implementation of the CE [76] and the lack of collaboration between
business functions and departments [17]. There is a business culture that operates a
linear system [53] and maintains conservatism in current practices [22] and resistance
to change [70], thus causing cultural conflicts [26]. Companies’ own cultures do
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not favor the adoption of the CE [53], and their organizational structures make it
difficult to implement the CE [18]. Regarding the managerial level of the organization,
there is a lack of commitment [70], will [30], environmental awareness [19], support,
and collaboration on the part of management [73], making the adoption of the CE
difficult. Regarding the raw material, there is volatility in terms of quantity and
availability [17] and a low quality of recovered used parts [56] negatively impacting
the adoption of the CE. The difficulty of establishing partnerships is also an aspect
that can hinder the implementation of the CE; there may be, for example, lack of
suitable partners [30], difficulty in business-to-business (B2B) cooperation [78], and
lack of a shared vision and willingness to collaborate with chain partners [52]. It takes
time to build new partnerships and mutual trust [15]. Organizations are also faced
with the challenge of a lack of qualified personnel to work with the CE and related
areas (environmental, remanufacturing, reuse of products and components) [44,46].
Regarding the company’s products, it is difficult to maintain quality throughout the
product’s life cycle, because returned materials may cause low quality in recycled
products [52]. It is also difficult for companies to manage products made from
reclaimed materials [18].

(h) Regarding the public category, the lack of incentives and support (industrial and
financial) from the government is one of the main obstacles to the implementation
of the CE identified in the literature [24,63]. In addition, existing recycling policies
are ineffective in achieving high-quality recycling, thus hampering the development
of the CE [18]. Moreover, there is a lack of public awareness about the CE [24], and
public incentives regarding the CE are misaligned, complex, and confusing [45].

(i) The category of social barriers can hamper the adoption of the CE due to the low
involvement of society in circular actions and practices [67]; the lack of a global
consensus on CE [53]; the lack of awareness in society about circularity [76]; the
linear mindset rooted in society [58]; the values, norms, lifestyles, and current social
practices; a lack of cultural diversity, and social ignorance about the resource cycle [29].

(j) Technological barriers can impede the development of the CE due to the lack of techno-
logical systems [20]; lack of technology transfer [54]; lack of appropriate technologies
for the CE [46]; lack of technical support [45,70]; insufficient technical resources [46];
weak demand and acceptance of environmental technologies [54], and the lack of skills
and technical capacities of workers [78]. In addition, as there is a need for investment
in technology for the adoption of the CE, the costs arising from this investment may
also become an obstacle to the CE’s implementation [74].

The categories of barriers to the adoption of the CE and the authors can be seen in
Appendix A.

5. Conclusions

5.1. Contributions and Implications

This study aimed to identify and categorize drivers of and barriers to the adoption of
the CE through a systematic literature review. The study’s conclusion will be presented
based on 53 analyzed articles. The results of the study show that there are more articles
in the literature reflecting barriers to the adoption of the CE than those reflecting drivers
of its adoption. Consequently, the study indicates that in the literature, there are more
barriers to than drivers of the adoption of the CE. Thus, it was observed that the literature
demonstrates a greater concern with what bars, prevents, or hinders companies and society
implementing circular behavior; this circular behavior is necessary, considering the current
increasing concern about the scarcity of resources in the environment.

Furthermore, it was observed that there are different contexts and sectors in which the
analyzed studies were applied, and a significant range of countries and regions around the
world were involved. The region in which the largest number of searches was observed
was Europe. Corroborating this, in the last 50 years, there has been an intense debate on
energy policies and issues related to the environment among the countries of the European
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Union [80], culminating in 2019 with the affirmation of commitments to face the challenges
of sustainability by adopting the European Green Deal (EGD), a set of initiatives for environ-
mental protection whose main objective is to promote sustainable development strategies
focused on energy emissions and the mitigation of climate change [81]. Furthermore, these
European Green Deal policies can be incorporated into economic models that promote
sustainable development, such as the CE [82].

Finally, the authors of 19 of the articles analyzed in this paper used some categorization
to present the drivers and barriers in their studies. Following this idea, the drivers and
barriers listed in the literature review were grouped according to ten categories identified
and proposed for this study. The ten categories of drivers that can help the implementation
of the CE and the barriers disrupting its adoption are presented as follows.

The first category defined in the study, the environmental category, looks at environ-
mental aspects related to sustainability, waste management, recycling, and the scarcity of
resources [26]. Concern regarding its environmental impact and concern for environmental
sustainability are subjects discussed in the literature [1,20].

The second category identified was the supply chain category, which involves the
aspects of the supply chain, distribution channels, logistics, and reverse logistics [57]. It is
important to pay close attention to the supply chain as a whole in order to succeed in the
CE’s development. CE strategies are crucial to restructure the take-make-discard model
through the active participation of all actors in the supply chain [83].

The economic category was the third category defined in the study, and covers financial
aspects, sales, profitability, revenues, earnings, costs, accounting, the costs of raw materials,
and the regulatory costs of environmental pollution and waste [29]. Lack of financial
resources is a major limitation for companies in adopting the CE [73]. This could be
dealt with by government support and public policies to achieve the CE, as suggested by
Arthur et al. (2023) [2].

The fourth category identified was the information category, which considers aspects
related to information, CE knowledge, information sharing, learning, training, and experi-
ence [19]. Everyone involved in the circular chain must have the necessary information
to develop the CE successfully. One of the goals of the 12th SDG of the 2030 Agenda
(2015) [42] is to ensure that people have relevant information and awareness about sustain-
able development.

The fifth category identified was the legal category, looking at normative and regula-
tory aspects, and their costs [30]. The lack of laws supporting CE practices is one of the
major obstacles to the implementation of the CE [51,55]. Policymakers should attend to
developing laws that could incentivize companies to adopt the practices of the CE.

The market category was the sixth category defined for the present study. Exter-
nal aspects of the organization, such as consumer environmental awareness, consumer
preference, market demands, and trends, constitute this category [15]. There has been
an increase in environmental awareness and concern for the environment on the part of
consumers, thus generating an increase in demand for circular products. While joining the
CE encourages the emergence of new demands for services and new potential markets [8],
companies’ interest in adopting the CE is increasing.

The seventh category identified in this study is the organizational category, which
considers aspects related to companies and commercial institutions, i.e., internal com-
pany/organizational features such as competition and competitiveness, performance indi-
cators, organizational culture, company policy, the environmental aspects of the company,
aspects related to property, the management and personnel department, products, raw ma-
terials, components, suppliers, partnerships, customers, branding, and company image [18].
The benefits arising from the implementation of the CE for companies are numerous, but on
the other hand, the challenges are also great. The adoption of the CE generates competitive
advantages for circular companies [10,20]; thus, the CE has attracted interest from the
business community wanting to work on sustainable development [8].
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The public category was the eighth category defined in the study, involving aspects
from the government, states, and municipalities, via the government’s support, encour-
agement, financial aid, and public policies [48]. The lack of incentives and industrial and
financial support from the government is one of the main obstacles to the implementation
of the CE identified in the literature [29,56,73]. It is thus observed that public involvement
is fundamental for the development of the CE. Financial resources are scarce, making im-
plementing CE unfeasible for many companies [46,70], especially small and medium-sized
companies. Through financial, tax, and fiscal support, and public policy, the adoption of
the CE can be encouraged. In accordance with this, Arthur et al. (2023) [2] mentioned that
a blend of government policies is an effective means of achieving a CE.

The ninth category identified in the study is the social category. This category involves
society and community aspects, such as job creation and the reduction of the unemployment
rate, population size, public health, safety, hygiene, social responsibility, social projects, and
public awareness [30]. Increased awareness of social responsibility [1] should be harnessed
as a driver for new circular business opportunities and the CE’s development.

Finally, the tenth category defined in the study is the technological category, which
considers science, technology, and technical aspects [53]. Considering that we live in a
technological era of digitization and great technological developments, companies could
embrace these aspects to help them in the development of the CE. It is suggested that
the development of specific technologies will be necessary for the development of the CE.
In this sense, the 2030 Agenda (2015) [42] points to the goal of the 12th SDG, supporting
developing countries to strengthen their scientific and technological capacities in pursuit of
more sustainable patterns of production and consumption.

A summary of the drivers of and barriers to the adoption of the CE is presented in
Figure 3.

Figure 3. Summary of drivers of and barriers to the adoption of the circular economy.
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It is important to highlight the multilevel approach within which these categories were
constructed. Even though it was not the focus of this study, allocation at the micro, meso and
macro levels is evident, following the findings of Ababio and Lu (2023) [28], which reinforce
the current consensus that the CE should be discussed using a multilevel approach.

First, this study contributes by extending the body of knowledge on the CE, helping
to integrate the existing literature and develop a comprehensive theoretical framework for
guiding future research, as mentioned by Zhang et al. (2022) [4]. Due to the assessment
of an extensive number of articles, a list of 160 drivers of and 430 barriers to the adoption
of the CE was obtained. Having these drivers of and barriers to the adoption of the CE
listed in the literature, it is possible to gain an in-depth understanding of the CE’s context,
thus providing researchers and practitioners with prior information about the realities
that they will face. This will also allow companies and governments to work toward
the CE’s implementation, helping the transition from a linear economy to a CE, which
is more efficient in terms of resources and will help us to advance toward sustainable
economies [14]. The transition from a linear economy to a CE is a matter of extreme
relevance in the pursuit of more sustainable development [84].

In accordance with this, the second contribution of this study is to bring about sustain-
able benefits for companies and society, by making them aware of aspects that foster the CE
and aspects that make the implementation of the CE difficult. Substantially reducing waste
generation through prevention, reduction, recycling, and reuse, and achieving sustainable
management and efficient use of natural resources are some of the targets of the 12th SDG
addressed in the 2030 Agenda (2015) [42], ensuring standards of sustainable production and
consumption by the year 2030 (2030 Agenda, 2015). In this sense, the CE can be considered
a promising concept for sustainable development [8]. Additionally, Ali et al. (2023) [35]
mention circular economy-centric education being the solution to the social, economic, and
environmental problems stemming from climate change. Moreover, green technologies,
through the optimization of the use of resources, reduction of waste, and reduction of
the demand for new resources, promote the development of green products and services,
helping to reduce the environmental impact of consumption [35].

Third, the presentation of an extensive literature review enabled a broader view and
a categorization of the drivers of and barriers to the adoption of the CE. These contribu-
tions are important to help companies develop a CE and encourage them to implement it.
Additionally, the literature review contributes to helping governments to gain knowledge,
in order to work on public policy implementation and actions to foster the CE’s adoption.
According to Schraven et al. (2019) [85], government incentives, such as research funds or
stimulating legislation, should be created. Yazdanpanah et al. (2019) [86] support policy-
making and fine-tuning the regulations that will foster the transition to a CE; for instance,
due to a lack of regulations, firms may face no prohibition of the disposal of some particular
(hazardous) wastes, and may have no incentives in the case of substituting some of their
raw materials with reusable waste inputs. In this sense, the authors suggest that policy-
makers could introduce monetary incentives to foster such practices [86]. Furthermore, the
study results would facilitate practitioners’ understanding of the drivers of and barriers to
the adoption of the CE, that they might handle them effectively.

5.2. Limitations and Future Research

The main limitations of this research refer to the number of databases used. Only
the Scopus database was used to collect data. We suggest that future studies also use
other databases.

Even though this review was quite comprehensive, the search strategy used only the
most consolidated terms in the literature, and may have left out some articles that used
other nomenclatures. Thus, it is suggested that future studies use not only consolidated
terms (for example, “circular economy”), but also different combinations of keywords
that may be synonymous, such as, for example, “circular practices”, “circularity”, and
“circular model”.
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Although some studies have discussed the circular economy in specific regions, e.g.,
in the Baltic region [87] and Central and Eastern European countries [88], the present study
did not aim to discuss drivers and barriers in different regions or countries. However, due
to the importance of countries having different behaviors, it is suggested that future studies
take these local idiosyncrasies into account, testing the current categorization.

The analysis showed that there are some aspects of categories such as social, for
example, hygiene, public health, and safety, that are not explored in depth in the literature.
Thus, future research could identify the less explored categories in the literature and explore
them, thereby leading to new frontiers.

This research is part of a research project focused on understanding how to promote
an ideal structure of the CE in the organic products sector. The next step of this research is
to validate the drivers and barriers that apply to producers and consumers in this sector.
At the same time, it will be possible to verify if this general proposal can be applied to
different sectors and markets.
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Appendix A

Table A1. Categories of drivers of and barriers to the adoption of the CE and the authors.

Barriers Authors Category Drivers Authors

Geng and Doberstein (2008) [48]; Ilić and Nikolić (2016) [49];
Mahpour (2018) [67]; Masi et al. (2017) [19]; Ranta et al. (2018)
[51]; Barbaritano et al. (2019) [33]; Farooque et al. (2019) [70];
Kumar et al. (2019) [30]; Milios et al. (2019) [55]; Piyathanavong
et al. (2019) [73]; Tura et al. (2019) [26]; Dieckmann et al. (2020)
[13]; Guldmann and Huulgaard (2020) [15]; Kazancoglu et al.
(2020) [52]; Nohra et al. (2020) [29].

EN
V

IR
O

N
M

EN
TA

L

Ilić and Nikolić (2016) [49]; Govindan and Hasanagic
(2018) [18]; Moktadir et al. (2018) [27]; Ormazabal et al.
(2018) [46]; Ranta et al. (2018) [51]; Hart et al. (2019) [22];
Kumar et al. (2019) [30]; Piyathanavong et al. (2019) [73];
Tura et al. (2019) [26]; Hartley et al. (2020) [11]; Jia et al.
(2020) [20].

Ritzén and Sandström (2017) [57]; Govindan and Hasanagic
(2018) [18]; Mangla et al. (2018) [54]; Masi et al. (2017) [19];
Agyemang et al. (2019) [44]; Farooque et al. (2019) [70]; Kumar
et al. (2019) [30]; Tura et al. (2019) [26]; Dieckmann et al. (2020)
[13]; Jaeger and Upadhyay (2020) [78]; Kazancoglu et al. (2020)
[52]; Nohra et al. (2020) [29]; Werning and Spinler (2020) [17]. SU

PP
LY

C
H

A
IN

Govindan and Hasanagic (2018) [18]; Moktadir et al.
(2018) [27]; Hart et al. (2019) [22]; Tura et al. (2019) [26];
Jia et al. (2020) [20].
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Table A1. Cont.

Barriers Authors Category Drivers Authors

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19]; Ritzén
and Sandström (2017) [57]; De Jesus and Mendonça (2018) [45];
Ghisellini et al. (2018) [66]; Govindan and Hasanagic (2018) [18];
Kirchherr et al. (2018) [53]; Mahpour (2018) [67]; Mangla et al.
(2018) [54]; Ormazabal et al. (2018) [46]; Agyemang et al. (2019)
[44]; Barbaritano et al. (2019) [33]; Campbell-Johnston et al. (2019)
[58]; Farooque et al. (2019) [70]; Garcés-Ayerband et al. (2019)
[67]; Hart et al. (2019) [22]; Kumar et al. (2019) [30]; Milios et al.
(2019) [55]; Piyathanavong et al. (2019) [73]; Scarpellini el al.
(2019) [75]; Šebo et al. (2019) [47]; Tura et al. (2019) [26];
Dieckmann et al. (2020) [13]; Guldmann and Huulgaard (2020)
[15]; Jabbour et al. (2020) [23]; Jaeger and Upadhyay (2020) [78];
Jia et al. (2020) [20]; Kanters (2020) [16]; Kazancoglu et al. (2020)
[52]; Nohra et al. (2020) [29].

EC
O
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O

M
IC

Ilić and Nikolić (2016) [49]; Masi et al. (2017) [19]; De
Jesus and Mendonça (2018) [45]; Govindan and
Hasanagic (2018) [18]; Moktadir et al. (2018) [27];
Ormazabal et al. (2018) [46]; Agyemang et al. (2019) [44],
Barbaritano et al. (2019) [33]; Gue et al. (2019) [72];
Gusmerotti et al. (2019) [10]; Piyathanavong et al. (2019)
[73]; Šebo et al. (2019) [47]; Tura et al. (2019) [26]; Hartley
et al. (2020) [11]; Jia et al. (2020) [20]; Robaina et al. (2020)
[12]; Ababio and Lu (2023) [28].

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19]; De Jesus
and Mendonça (2018) [45]; Govindan and Hasanagic (2018) [18];
Mangla et al. (2018) [54]; Ormazabal et al. (2018) [46]; Agyemang
et al. (2019) [44]; Bolger and Doyon (2019) [68];
Campbell-Johnston et al. (2019) [58]; Farooque et al. (2019) [70];
Hart et al. (2019) [22]; Rajput and Singh (2019) [74]; Galvão et al.
(2020) [63]; Guldmann and Huulgaard (2020) [15]; Jaeger and
Upadhyay (2020) [78]; Jia et al. (2020) [20]; Kazancoglu et al.
(2020) [52]; Kirchherr et al. (2018) [53]; Nohra et al. (2020) [29];
Ozkan-Ozen et al. (2020) [79]; Piyathanavong et al. (2019) [73].

IN
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R
M
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TI

O
N

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19];
De Jesus and Mendonça (2018) [45]; Moktadir et al. (2018)
[27]; Campbell-Johnston et al. (2019) [58]; Gue et al.
(2019) [72]; Hart et al. (2019) [22]; Jia et al. (2020) [20].

Geng and Doberstein (2008) [48]; Xue et al. (2010) [24]; Masi et al.
(2017) [19]; De Jesus and Mendonça (2018) [45]; Govindan and
Hasanagic (2018) [18]; Kirchherr et al. (2018) [53]; Mangla et al.
(2018) [54]; Ranta et al. (2018) [51]; Campbell-Johnston et al.
(2019) [58]; Farooque et al. (2019) [70]; Garcés-Ayerband et al.
(2019) [67]; Hart et al. (2019) [22]; Kumar et al. (2019) [30]; Milios
et al. (2019) [55]; Piyathanavong et al. (2019) [73]; Rajput and
Singh (2019) [74]; Šebo et al. (2019) [47]; Singh and Giacosa (2019)
[76]; Tseng et al. (2019) [77]; Tura et al. (2019) [26]; Dieckmann
et al. (2020) [13]; García-Quevedo et al. (2020) [14]; Guldmann
and Huulgaard (2020) [15]; Jia et al. (2020) [20]; Kanters (2020)
[16]; Kazancoglu et al. (2020) [52]; Mura et al. (2020) [21]; Nohra
et al. (2020) [29]; Shao et al. (2020) [56]; Werning and Spinler
(2020) [17].

LE
G

A
L

Xue et al. (2010) [24]; Govindan and Hasanagic (2018)
[18]; De Jesus and Mendonça (2018) [45]; De Mattos and
De Albuquerque (2018) [50]; Moktadir et al. (2018) [27];
Ranta et al. (2018) [51]; Agyemang et al. (2019) [44]; Gue
et al. (2019) [72]; Hart et al. (2019) [22]; Piyathanavong
et al. (2019) [73]; Šebo et al. (2019) [47]; Tura et al. (2019)
[26]; Hartley et al. (2020) [11]; Jabbour et al. (2020) [23];
Jia et al. (2020) [20]; Ababio and Lu (2023) [28].

Masi et al. (2017) [19]; De Jesus and Mendonça (2018) [45];
Govindan and Hasanagic (2018) [18]; Kirchherr et al. (2018) [53];
Mahpour (2018) [67]; Ormazabal et al. (2018) [46]; Ranta et al.
(2018) [51]; Agyemang et al. (2019) [44]; Camacho-Otero (2019)
[69]; Campbell-Johnston et al. (2019) [58]; Farooque et al. (2019)
[70]; Kumar et al. (2019) [30]; Milios et al. (2019) [55];
Piyathanavong et al. (2019) [73]; Scarpellini el al. (2019) [75]; Šebo
et al. (2019) [47]; Singh and Giacosa (2019) [76]; Tura et al. (2019)
[26]; Guldmann and Huulgaard (2020) [15]; Jabbour et al. (2020)
[23]; Kanters (2020) [16]; Mura et al. (2020) [21]; Nohra et al.
(2020) [29]; Shao et al. (2020) [56]; Werning and Spinler (2020) [17].

M
A
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K

ET

De Jesus and Mendonça (2018) [45]; Govindan and
Hasanagic (2018) [18]; Moktadir et al. (2018) [27]; Ranta
et al. (2018) [51]; Barbaritano et al. (2019) [33]; Gue et al.
(2019) [72]; Hart et al. (2019) [22]; Piyathanavong et al.
(2019) [73]; Tura et al. (2019) [26]; Jabbour et al. (2020)
[23]; Jia et al. (2020) [20].

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19]; Ritzén
and Sandström (2017) [57]; De Jesus and Mendonça (2018) [45];
Ghisellini et al. (2018) [66]; Govindan and Hasanagic (2018) [18];
Kirchherr et al. (2018) [53]; Mahpour (2018) [67]; Mangla et al.
(2018) [54]; Ormazabal et al. (2018) [46]; Agyemang et al. (2019)
[44]; Barbaritano et al. (2019) [33]; Campbell-Johnston et al. (2019)
[58]; Chang and Hsieh (2019) [25]; Farooque et al. (2019) [70];
Garcés-Ayerband et al. (2019) [67]; Hart et al. (2019) [22]; Kumar
et al. (2019) [30]; Milios et al. (2019) [55]; Piyathanavong et al.
(2019) [73]; Rajput and Singh (2019) [74]; Scarpellini el al. (2019)
[75]; Šebo et al. (2019) [47]; Singh and Giacosa (2019) [76]; Tura
et al. (2019) [26]; Dieckmann et al. (2020) [13]; Galvão et al. (2020)
[63]; García-Quevedo et al. (2020) [14]; Guldmann and Huulgaard
(2020) [15]; Jabbour et al. (2020) [23]; Jaeger and Upadhyay (2020)
[78]; Jia et al. (2020) [20]; Kanters (2020) [16]; Kazancoglu et al.
(2020) [52]; Mura et al. (2020) [21]; Ozkan-Ozen et al. (2020) [79];
Shao et al. (2020) [56]; Werning and Spinler (2020) [17].
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A
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O
N
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L Ilić and Nikolić (2016) [49]; Masi et al. (2017) [19]; De

Mattos and De Albuquerque (2018) [50]; Govindan and
Hasanagic (2018) [18]; Moktadir et al. (2018) [27];
Ormazabal et al. (2018) [46]; Ranta et al. (2018) [51];
Agyemang et al. (2019) [44]; Barbaritano et al. (2019) [33];
Gue et al. (2019) [72]; Gusmerotti et al. (2019) [10]; Hart
et al. (2019) [22]; Kumar et al. (2019) [30]; Piyathanavong
et al. (2019) [73]; Šebo et al. (2019) [47]; Tura et al. (2019)
[26]; Jia et al. (2020) [20]; Hartley et al. (2020) [11]; Mura
et al. (2020) [21].
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Geng and Doberstein (2008) [48]; Xue et al. (2010) [24]; Ilić and
Nikolić (2016) [49]; Masi et al. (2017) [19]; De Jesus and
Mendonça (2018) [45]; Ghisellini et al. (2018) [66]; Govindan and
Hasanagic (2018) [18]; Mahpour (2018) [67]; Mangla et al. (2018)
[54]; Ormazabal et al. (2018) [46]; Agyemang et al. (2019) [44];
Bolger and Doyon (2019) [68]; Hart et al. (2019) [22]; Kumar et al.
(2019) [30]; Piyathanavong et al. (2019) [73]; Tura et al. (2019) [26];
Dieckmann et al. (2020) [13]; Galvão et al. (2020) [63]; Guldmann
and Huulgaard (2020) [15]; Jia et al. (2020) [20]; Mura et al. (2020)
[21]; Nohra et al. (2020) [29]; Shao et al. (2020) [56].

PU
BL

IC

Geng and Doberstein (2008) [48]; Xue et al. (2010) [24];
Ilić and Nikolić (2016) [49]; Masi et al. (2017) [19]; De
Mattos and De Albuquerque (2018) [50]; Moktadir et al.
(2018) [27]; Barbaritano et al. (2019) [33]; Bolger and
Doyon (2019) [68]; Campbell-Johnston et al. (2019) [58];
Chang and Hsieh (2019) [25]; Hart et al. (2019) [22];
Piyathanavong et al. (2019) [73]; Jabbour et al. (2020) [23];
Jia et al. (2020) [20]; Mura et al. (2020) [21]; Robaina et al.
(2020) [12].

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19]; Galvão
et al. (2018) [63]; Kirchherr et al. (2018) [53]; Mahpour (2018) [67];
Mangla et al. (2018) [54]; Ranta et al. (2018) [51];
Campbell-Johnston et al. (2019) [58]; Chang and Hsieh (2019) [25];
Scarpellini el al. (2019) [75]; Singh and Giacosa (2019) [76]; Tseng
et al. (2019) [77]; Tura et al. (2019) [26]; Dieckmann et al. (2020)
[13]; Guldmann and Huulgaard (2020) [15]; Jabbour et al. (2020)
[23]; Nohra et al. (2020) [29].

SO
C
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L

Xue et al. (2010) [24]; Ilić and Nikolić (2016) [49]; Masi
et al. (2017) [19]; De Jesus and Mendonça (2018) [45];
Govindan and Hasanagic (2018) [18]; Moktadir et al.
(2018) [27]; Ranta et al. (2018) [51]; Agyemang et al.
(2019) [44]; Barbaritano et al. (2019) [33]; Bolger and
Doyon (2019) [68]; Campbell-Johnston et al. (2019) [58];
Gue et al. (2019) [72]; Kumar et al. (2019) [30]; Tura et al.
(2019) [26]; Jabbour et al. (2020) [23]; Jia et al. (2020) [20];
Ababio and Lu (2023) [28].

Geng and Doberstein (2008) [48]; Xue et al. (2010) [24]; Ilić and
Nikolić (2016) [49]; Masi et al. (2017) [19]; De Jesus and
Mendonça (2018) [45]; Govindan and Hasanagic (2018) [18];
Mangla et al. (2018) [54]; Ormazabal et al. (2018) [46]; Agyemang
et al. (2019) [44]; Campbell-Johnston et al. (2019) [58]; Farooque
et al. (2019) [70]; Hart et al. (2019) [22]; Kumar et al. (2019) [30];
Rajput and Singh (2019) [74]; Šebo et al. (2019) [47]; Tura et al.
(2019) [26]; Dieckmann et al. (2020) [13]; Galvão et al. (2020) [63];
Jabbour et al. (2020) [23]; Jaeger and Upadhyay (2020) [78]; Jia
et al. (2020) [20]; Kazancoglu et al. (2020) [52]; Nohra et al. (2020)
[29]; Ozkan-Ozen et al. (2020) [79].

TE
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A
L

Geng and Doberstein (2008) [48]; Masi et al. (2017) [19];
De Jesus and Mendonça (2018) [45]; Moktadir et al. (2018)
[27]; Agyemang et al. (2019) [44]; Barbaritano et al. (2019)
[33]; Chang and Hsieh (2019) [25]; Hart et al. (2019) [22];
Kumar et al. (2019) [30]; Tura et al. (2019) [26]; Hartley
et al. (2020) [11]; Jabbour et al. (2020) [23]; Ababio and Lu
(2023) [28].
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