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Preface to “Prospects and Challenges of Bioeconomy

Sustainability Assessment”

This Special Issue, “Prospects and Challenges of Bioeconomy Sustainability Assessment”, aims

to propose the benefits of virtuous use of human and physical resources to achieve sustainable

development goals.

Great changes happen with teamwork, harmony and attention to the next generation. The cover

image depicts the building of the University of L’Aquila, where, between October 2002 and February

2008, Idiano was a student of engineering management and Massimo was his professor. Giving young

people confidence, listening to them and embarking on a path of improvement leads us to look at the

future with more serenity. We need, as Pope Francesco says, “a new kind of education, one that allows

us to overcome the current globalization of indifference and the culture of waste”.

Students have not only rights, but also duties. They are asked to use part of their time to research

solutions for current problems and research what aspects of professional life make them proud of

what they do. At the same time, professors are not only asked to transfer their background, but to

ensure listening time toward students to hear their doubts and curiosities.

A long-lasting professor–student relationship can create a sustainable society.

This Special Issue was made possible by the effort, talent and support of the Managing Editor,

Mr. Nikola Milic.

Idiano D’Adamo and Massimo Gastaldi

Editors
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Sustainability calls for contributions from all countries in the evaluation of all its com-
ponents: nations and regions should invest in research and development, prioritizing the
use of green and circular resources [1]. Furthermore, stakeholder engagement, collaboration
amongst countries and the inclusion of both young talents and experienced professionals
are required to spur a process towards a sustainable transition [2]. We submit that in order
to define flexible, transparent and robust strategies for sustainability in the higher education
sector, stakeholders must be involved [3] and such involvement should guarantee that in-
terests must be composed to let the “sustainable hand” emerge. In fact, “sustainability does
not belong to the selfish. It is a way of life, an approach to pass on to future generations that
their dreams can come true” [4]. Some studies have underlined the importance of consider-
ing human resource management practices and related socio-economic and psychological
supports to foster competitiveness in higher education institutions (HEIs) [5]. For decades,
sustainability researchers have been adamant that HEIs should be transformed into more
sustainable and inclusive contexts. HEIs have the potential to contribute significantly to the
United Nations General Assembly’s 2015 Sustainable Development Goals (SDGs) and 2030
Agenda [6]. Historically, sustainability discourse has tended to focus on environmental
and economic dimensions, while giving less emphasis to the social dimension. However,
the COVID-19 pandemic underlined the importance of the social dimension, particularly
with regard to student support during stressful periods [7]. More specifically, the pandemic
highlighted critical issues in the education system, indicating an overall lack of resilience.
The shift to online learning revealed that some professors were unfamiliar with information
technology and some students did not have the resources to participate online; additionally,
many students reported problems concentrating and struggled to follow the new educa-
tional model [8]. These challenges limited the extent to which SDG 4 could be achieved, as
inclusive and accessible education for all did not materialize [9]. Indeed, SDGs are typically
addressed more broadly, with SDG 4 and SDG 9 receiving the greatest and least attention,
respectively [10]. Of course, the relevance of individual SDGs changes according to the
priorities set by each country under consideration [11]. The issue of sustainability is well
established, yet the pandemic period has underscored the urgency of finding sustainable
solutions. As part of that challenge, HEIs are clearly called upon to provide responses to
the various SDGs. An essential requirement is stakeholder engagement.

Research has highlighted that HEIs promote sustainability through the two main
channels: institutional initiatives and campus operations [12] (e.g., concrete, “virtuous”
projects [13] that are able to realize a zero-carbon solution [14]). Arguably, despite increased
awareness of the SDGs, the majority of HEIs have not yet fully embraced sustainability in
the curriculum; nor have they created appropriate learning environments. This is because,
over the last decades, HEIs around the world have prioritized the high employability of

Sustainability 2023, 15, 3564. https://doi.org/10.3390/su15043564 https://www.mdpi.com/journal/sustainability
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their graduates [15]. We submit that it is time to rethink educational strategy given that sus-
tainable issues have assumed a central position in business and government agendas [16].
In this way, a gap emerges that the literature needs to consider.

Some authors have proposed a tetrahedron framework, with students at the center
and vertices representing student competence, teaching methodology, professors and
alliances [17]. This framework aligns with the literature, which highlights that students
may play a decisive role in the achievement of sustainability goals [18]. Whereas college
students have been shown to present a moderate degree of knowledge about sustainability,
their behaviors have been found to be insufficient to promote a sustainable transition [19].
Furthermore, some analyses have measured the impact of a university course on students’
knowledge, showing an increase in sustainable attitudes and identifying two pillars of
future civil society: sustainable education and youth confidence [20]. Young scholars
have the opportunity to collaborate to address sustainability issues [21,22] and hone their
green skills [23] to foster transformative innovation [24]. We submit that, in order to
analyze whether HEIs are capable of equipping their students and scholars accordingly,
new methodologies must be developed to assess sustainability learning practices [25,26].
It emerges that the goal of HEIs should be to create value for students, who should be given
more attention.

Research has also highlighted the need to identify indicators to measure the impact of
initiatives, emphasizing the need for policies with quantifiable effects [27]. Some policy
suggestions call for the inclusion of sustainable topics in all professional curricula, as it has
emerged that these topics are sometimes only loosely associated with relevant subjects, such
as waste recycling and social inclusion [19]. Problems related to environmental pollution,
resource scarcity and social inequalities highlight the need not only for trained graduates,
but also graduates capable of putting their theoretical knowledge into practice. Encouraging
results have emerged from approaches in which students propose projects to solve real
problems [28]. Some analyses have shown that, after taking courses on sustainability topics,
students tend to increase their focus on bio-products and bio-energy issues and develop a
greater interest in careers in the bioeconomy [29]. The multidisciplinary nature of the course
should respond to the need to strengthen and improve courses to meet current challenges
by providing solutions. Moreover, the market itself may require new professional skills.

In this direction, encouraging results have emerged from approaches in which students
propose projects to solve real problems [28]. One example of a student-centered model is
project-based learning (PjBL), whereby students independently create their own learning
experiences [30]. PjBL aims at enhancing students’ critical thinking and ability to solve
complex contextual problems. In particular, it emphasizes the need to stimulate emotional
learning. The goal is for students to engage and interact with diverse communities, acquire
information from multiple sources, enter into collaborative patterns and develop team-
building strategies [31]. Additionally, the literature emphasizes the “living lab” model,
which, unlike a traditional lab, operates in a real-world context, putting stakeholders at the
center [32]. This approach will prompt many professors to review their knowledge transfer
habits and encourage more collaboration with students in order to monitor the progress of
project work.

A recent report released by carbon consultancy firm EcoAct aims to establish the
level of emissions released by UK universities, and suggests a pathway to zero emissions
that would include a variety of initiatives. These include an online portal where different
emissions data are collected, so that universities can get a better idea of the emissions of the
businesses they work with; an incentive system for graduates to offer their sustainability
skills to the industry for placements and internships; and suggesting that students do not
travel back home during vacations [33]. In their sustainability initiatives, we argue that
HEIs should strike the right balance between internationalization [34] and connection with
local realities [35]. In fact, some studies have highlighted the relevance of environmental
education centers in adhering to the guiding principles of sustainable development while
attending to local contexts [36]. Furthermore, the assessment and mapping of ecosystem
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services may improve knowledge co-production for sustainable territorial management [37].
Indeed, institutional investors have been found to play an important role in the develop-
ment of clean energy infrastructure, entrepreneurship, poverty reduction, corporate social
responsibility and firm development [38]. Initiatives involving different universities should
concern all countries, in order to prevent a hyper-concentration of certain countries over
others [39]. Sustainability is therefore called upon to define the point of harmony between
the needs of internalization and the development of local realities.

In fact, the world is increasingly interconnected, and internationalization is needed
to learn about other cultures and to compete and grow amidst initiatives based in other
countries. The Erasmus initiative has already fostered this perspective in students, and
universities, more generally, may become places where knowledge ecosystems can be
realized. Universities must be able to attract scholars from around the world to find
solutions to problems and improve social welfare. They must also reward achievement
and ensure the free exchange of knowledge. This may activate competitive advantages,
with an eye to the balance of ecosystems. Training meetings should be encouraged, where
participants can compare ideas from the academic, public and business spheres. In this
context, attention should also be paid to student projects, which could benefit from being
directly tested by a panel of stakeholders, with rewards offered for the most compelling
projects and ideas.

This Special Issue, titled “Prospects and Challenges of Bioeconomy Sustainability
Assessment,” suggests the need for multiple approaches (i.e., quantitative, qualitative,
hybrid) applied across different sectors of sustainability, to illustrate the real advantage of
sustainability. HEIs may play an essential role in sustainability, as key agents in the educa-
tion of future leaders who will contribute to the dissemination of SDG principles. Academia
has long recognized the importance of this role, and several studies have illustrated dif-
ferent approaches to promoting sustainability within HEIs, as well as visions that require
immediate action. The sustainability challenge depicts ecosystems that are no longer in
balance, due to human actions that have gone beyond that which is sustainable, resulting
in objective environmental change. Importantly, some emerging phenomena may limit the
extent to which current problems can be addressed. One example is “sustainable washing,”
which describes the tendency to label oneself a sustainability expert despite lacking the
necessary qualifications. To avoid sustainable washing, researchers must take care not
to present themselves as experts in sustainability unless they have produced appropriate
scientific papers on the topic or carried out sustainability projects. In addition, graduate
courses should not be considered sustainable simply by virtue of the inclusion of symbolic
words in the course title, if there is no accompanying real change in the teaching content.

The literature also indicates a need to develop interdisciplinary pathways to encourage
group work that incorporates different perspectives and knowledge bases, as well as a
mixture of resources and skills. Such group work may aim to propose solutions for everyday
challenges, with a forward-looking perspective. In this vein, professors should challenge
themselves to value the different perspectives of young people, giving them time to grow
and establish relationships as they work to attain a degree. Collaborations may also involve
the launch of start-ups, as innovation and sustainability march in the same direction. While
these models already exist, it is not always clear what governs them or how young people
can access them. Simplification and economic resources are needed to encourage youth
in this direction. The aim of collaborations should be to identify and perceive new needs,
select appropriate market segments and implement blue ocean strategies, where possible.
However, there must be a clear awareness of the risk component concerning real markets,
particularly with respect to global giants.

There are many drivers and opportunities related to the new role of universities. Their
goal should be to govern the sustainability challenges and put students at the heart of
the process, bestowing on them not only rights but also duties. Essentially, students must
develop an ability to connect theoretical knowledge with practical experience, and acquire
tacit and complex knowledge. Such knowledge takes a significant amount of time to ac-
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quire and, as such, requires patience. Universities face multiple challenges. Suggestions for
meeting these challenges may arise from evolutionary economics, which holds that success-
ful organizations replicate successful organizational routines and abandon unsuccessful
ones (e.g., looking solely at the enhancement of local resources), as well as the ecology of
organizations, which holds that inertia is limited by the mechanism of selection (e.g., if
curricula are not adjusted, enrolment will decrease). Moreover, the political context is also
relevant. The use of public funding needs to be monitored, as unproductive public spend-
ing is unsustainable due to passing the interest on debt to future generations. However, it
is necessary to invest in research, skills and the creation of hubs of excellence that can make
universities protagonists within ecosystems.

To pursue the goal of sustainability, universities should lead cultural change by lis-
tening more to students, increasing their sense of responsibility to others and directing
their assignments to impact the greatest number of people. At the same time, policymakers
should propose solutions that accrue benefits to many, and not the few. Now is the time
to build community, overcome selfishness and reduce stress. The needs of local territories
must be met, but through sustainable and resilient solutions at the national level, to prevent
a weakening of the system as a whole. Sustainable choices do not always require com-
promise, but choices must be forward-looking, even at the expense of a lack of consensus
in the short term. The knowledge triangle (i.e., education, research, innovation) must be
linked with the mission of service to society.

Author Contributions: Conceptualization, I.D. and M.G.; writing—original draft preparation, I.D.
and M.G.; writing—review and editing, I.D. and M.G.; supervision, I.D. All authors have read and
agreed to the published version of the manuscript.
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23. Sady, M.; Żak, A.; Rzepka, K. The Role of Universities in Sustainability-Oriented Competencies Development: Insights from an
Empirical Study on Polish Universities. Adm. Sci. 2019, 9, 62. [CrossRef]

24. El-Jardali, F.; Ataya, N.; Fadlallah, R. Changing roles of universities in the era of SDGs: Rising up to the global challenge through
institutionalising partnerships with governments and communities. Health Res. Policy Syst. 2018, 16, 38. [CrossRef]

25. Albareda-Tiana, S.; Vidal-Raméntol, S.; Fernández-Morilla, M. Implementing the sustainable development goals at University
level. Int. J. Sustain. High. Educ. 2018, 19, 473–497. [CrossRef]

26. Kioupi, V.; Voulvoulis, N. The Contribution of Higher Education to Sustainability: The Development and Assessment of
Sustainability Competences in a University Case Study. Educ. Sci. 2022, 12, 406. [CrossRef]

27. Qian, H.; Ye, M.; Liu, J.; Gao, D. Evaluation of and Policy Measures for the Sustainable Development of National Experimental
Teaching Demonstration Centers in Chinese Universities and Colleges. SAGE Open 2022, 12, 21582440211068516. [CrossRef]

28. Affolderbach, J. Translating green economy concepts into practice: Ideas pitches as learning tools for sustainability education.
J. Geogr. High. Educ. 2022, 46, 43–60. [CrossRef]

29. McAlexander, S.L.; McCance, K.; Blanchard, M.R.; Venditti, R.A. Investigating the Experiences, Beliefs, and Career Intentions
of Historically Underrepresented Science and Engineering Undergraduates Engaged in an Academic and Internship Program.
Sustainability 2022, 14, 1486. [CrossRef]

30. Fletcher, G.J.O.; Simpson, J.A.; Thomas, G. Ideals, perceptions, and evaluations in early relationship development. J. Pers. Soc.
Psychol. 2000, 79, 933–940. [CrossRef] [PubMed]

31. Paristiowati, M.; Rahmawati, Y.; Fitriani, E.; Satrio, J.A.; Putri Hasibuan, N.A. Developing Preservice Chemistry Teachers&rsquo;
Engagement with Sustainability Education through an Online Project-Based Learning Summer Course Program. Sustainability
2022, 14, 1783.

32. Purcell, W.M.; Henriksen, H.; Spengler, J.D. Universities as the engine of transformational sustainability toward delivering the
sustainable development goals. Int. J. Sustain. High. Educ. 2019, 20, 1343–1357. [CrossRef]

33. Williams, T. What is the Real Carbon Footprint of Universities? Available online: https://www.timeshighereducation.com/
depth/what-real-carbon-footprint-universities (accessed on 23 January 2023).

34. Ramaswamy, M.; Marciniuk, D.D.; Csonka, V.; Colò, L.; Saso, L. Reimagining Internationalization in Higher Education Through
the United Nations Sustainable Development Goals for the Betterment of Society. J. Stud. Int. Educ. 2021, 25, 388–406. [CrossRef]

35. Berchin, I.I.; de Aguiar Dutra, A.R.; Guerra, J.B.S.O. de A. How do higher education institutions promote sustainable development?
A literature review. Sustain. Dev. 2021, 29, 1204–1222. [CrossRef]

36. Eliades, F.; Doula, M.K.; Papamichael, I.; Vardopoulos, I.; Voukkali, I.; Zorpas, A.A. Carving out a Niche in the Sustainability
Confluence for Environmental Education Centers in Cyprus and Greece. Sustainability 2022, 14, 8368. [CrossRef]

37. González-García, A.; Aguado, M.; Solascasas, P.; Palomo, I.; González, J.A.; García-Llorente, M.; Hevia, V.; Olmo, R.M.;
López-Santiago, C.A.; Benayas, J.; et al. Co-producing an ecosystem services-based plan for sustainable university campuses.
Landsc. Urban Plan. 2023, 230, 104630. [CrossRef]

5



Sustainability 2023, 15, 3564

38. Khan, P.A.; Johl, S.K.; Akhtar, S.; Asif, M.; Salameh, A.A.; Kanesan, T. Open Innovation of Institutional Investors and Higher
Education System in Creating Open Approach for SDG-4 Quality Education: A Conceptual Review. J. Open Innov. Technol. Mark.
Complex. 2022, 8, 49. [CrossRef]

39. Arnaldo Valdés, R.M.; Gómez Comendador, V.F. European Universities Initiative: How Universities May Contribute to a More
Sustainable Society. Sustainability 2022, 14, 471. [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.

6



Citation: D’Adamo, I.; Gastaldi, M.

Sustainable Development Goals: A

Regional Overview Based on

Multi-Criteria Decision Analysis.

Sustainability 2022, 14, 9779.

https://doi.org/10.3390/

su14159779

Academic Editor: Antonis A. Zorpas

Received: 8 July 2022

Accepted: 7 August 2022

Published: 8 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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

Sustainable Development Goals: A Regional Overview Based
on Multi-Criteria Decision Analysis

Idiano D’Adamo 1,* and Massimo Gastaldi 2

1 Department of Computer, Control and Management Engineering, Sapienza University of Rome,
Via Ariosto 25, 00185 Rome, Italy

2 Department of Industrial Engineering, Information and Economics, University of L’Aquila,
Via G. Gronchi 18, 67100 L’Aquila, Italy

* Correspondence: idiano.dadamo@uniroma1.it

Abstract: The Sustainable Development Goals (SDGs) have the ambitious goal of protecting the
planet, eradicating poverty and providing peace and prosperity for all citizens. The challenge is
certainly very ambitious and it is necessary to monitor progress toward these SDGs over time. This
work is based on the multi-criteria decision analysis and aims to build a framework that can be
replicated. A necessary condition for this aim is that the data are available and that they are as recent
as possible. This work is based on 28 targets with data mainly from 2019 to 2020 and related to Italian
regions. The results show that Trentino Alto Adige and Valle d’Aosta have the best performance
and, in general, the northern territory has several realities that perform positively toward the SDGs.
Important results are also present at the level of central Italy (in particular Marche and Toscana),
while at the southern level the situation is not flourishing, with the sole exception of Abruzzo. The
policy implications thus drive the need for targeted green investments for southern regions, projects
that nationally promote the “green, bio and circular Made in Italy” brand that can enhance territorial
distinctiveness, and the necessary collaboration among regions to be poles of excellence based on
available resources and skills.

Keywords: Italy; indicators; multi-criteria decision analysis; policy implications; Sustainable
Development Goals

1. Introduction

The 2030 Agenda for Sustainable Development, adopted by all member states of the
United Nations in 2015, aims to achieve peace and prosperity across the world. These
aspects are even more amplified by a global disruption brought about by the COVID-
19 pandemic that has resulted in the deaths of many people, but has also changed the
socio-economic system.

The 17 SDGs require urgent action by all countries—developed and developing—
through a global partnership [1]. The theme is very broad, and therefore needs to be
declined in all areas. There is a demand for an interdisciplinary approach that can combine
artificial intelligence with the water–energy–food nexus [2], that frames the contribution of
sustainability from a technological perspective [3], that identifies the role of eco-systems
innovation [4], how public administrations implement sustainable practices [5], circular
approaches [6], businesses that optimize resources by following principles of competi-
tiveness and value-added [7], responsible consumer behavior [8], and the contribution of
culture [9] and tourism [10] towards human welfare. These are all actions that should lead
to a reduction in greenhouse gas emissions [11] using new approaches based on the circular
economy and bioeconomy [12,13]. New approaches that rely on the important role of
sustainable approaches [14], the contribution of new generations through training [15], and
the role of stakeholder engagement and renewable communities thus assume a key role [16].
In this context, society demands to adopt a model based on the sustainable hand [17]. In
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addition, it is important to emphasize the strategic role of human resources on how certain
characteristics, such as capability, motivation and opportunity, impact performance [18].

The topic of the SDGs has acquired a key role in the literature [19,20]. The approach
toward the SDGs calls for developing new approaches [21], but the problem remains dif-
ficult to define given that the goals address different scales and each SDG has multiple
aspects to consider [22]. All territories, regardless of their size, are called upon to achieve
the SDGs [23]. However, each territory has its own peculiarities and characteristics, so
it becomes important to identify and adopt a National Strategy for Sustainable Develop-
ment [24]. Following this perspective, several approaches are considered, since the areas of
analysis are very broad [7,25,26].

The role of indicators within the sustainability assessment literature is very important.
The purpose of an indicator is to provide summary information, to gather different per-
spectives, and to identify outputs and relationships useful to stakeholders. Similarly, they
play a role in increasing the awareness and responsibility of territories toward achieving
the SDGs. However, the complexity of countries’ paths to sustainable development cannot
be fully understood by resorting to a single multifunctional ranking indicator [27]. An
overall indicator can be based on partial indicators, but then it is necessary to aggregate the
different information [28]. Analyses are conducted at the local level [29] and at the global
level [30]. Particular emphasis is placed on Europe aiming for the ambitious goal of being
climate neutral [31,32]. Some authors highlight the need for active input not only from
member states, but also at the central level of European institutions [33]. In this direction,
however, the European Green Deal calls for great efforts, and therefore needs policies that
know how to have models implemented that actually follow sustainable principles.

Sustainable goals are as cross-cutting as they are specific, making it necessary to adopt
methods that can aggregate them [34,35]. The literature shows that ranking among different
alternatives is likely to increase both awareness and accountability toward achieving the
SDGs [36,37].

Multi-criteria decision analysis (MCDA) seems to be a suitable approach to provide real
support to public decision makers in policy making [38]. MCDA is an established method
in the literature that can assess sustainable performance and can be used to aggregate
contributions from different sustainable indicators. MCDA based on data obtained from the
main databases can be aggregated with each other in order to provide an aggregate indicator
and ranking. The level of accuracy of the result increases as the number of available data
increases, but also depending on the objective to be constructed. This research is based on
a strand of research that aims to provide results and critical interpretations of values to
frame the performance of certain territorial realities. The method has been applied in Italy
at the level of individual regions [39] or at the level of individual cities [40]. In addition, the
methodological approach has been used to measure the economic performance of European
countries by demonstrating that gross domestic product cannot interpret the economic
sustainability of a country [41]. This research follows this strand of analysis, in which
the gap of providing new recent data, assessing spatial performance and identifying new
methodological steps is filled. In addition, some works give particular attention to the role
of targets toward the SDGs [42,43]. In this way, the focus of this work is duplicative. From
a methodological point of view, it aims to provide a sustainable framework that can be
useful for policy makers, but, in general, for all citizens to control and monitor the progress
of their territory towards the SDGs. From a managerial point of view, the ranking analysis
and decomposition of the final result according to sustainability dimension and geographic
macro-area is useful to identify practices, actions and policies to be implemented.

2. Materials and Methods

The MCDA method is very useful in decision-making processes because it has the
advantage of synthesizing a large amount of data. The decision maker can use the syn-
thesized elements calculated in order to make a choice among different alternatives. The
method has the advantage of being easy to use, well established in the literature, and used
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in various fields, including those related to sustainability [44,45]. MCDA is based on the
identification of suitable criteria to achieve the objective. The main disadvantage is that it
does not consider dynamic aspects and does not provide direct assessments of interactions
between variables.

MCDA is a methodology that is part of the field of operations research and is defined
as a method that considers conflicting criteria within a decision-making process to identify
the best among alternative solutions [46]. The method can have characteristics of objectivity
when the criteria are measurable, allowing a fair comparison between the same alterna-
tives [47,48]. The output is a synthesis of multiple data, which, only through decomposition
can be understood whether they are convergent or divergent. The literature shows how
countries can be considered alternatives. In fact, if comparing products and technologies,
the expected result of MCDA is to see, for example, the most profitable project or the
one with the best quality. Instead, when analyzing countries, a ranking can be proposed
to define the strengths and weaknesses of individual performances and to understand
possible relationships [39,49,50].

Section 1 showed how the MCDA applies to European countries, which are then
identified as alternatives. In this paper, the analysis focuses on Italian regions. The highest
value identifies the region that best performs from a sustainability perspective [39]. The
criteria selected depend primarily on data availability. Other papers have used an approach
based on European or national statistical data [51,52], while in this paper we chose to use
data released by ASviS (Italian Alliance for Sustainable Development) [42,53]. The rationale
is due to the use of the most recent data and the active role that ASviS plays in the country.

Specifically, the latest report shows values for 28 Targets attributable to 16 of the
17 SDGs [54]—Table 1.

Table 1. List of criteria.

SDG Target Year Unit

SDG 1 Target 1.2—By 2030, reduce the number of people at risk of poverty
or social exclusion by 20% compared with 2019 2019 %

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

SDG 2 Target 2.4 (b)—By 2030, reach the share of 25% of UAA invested by
organic crops 2019 %

SDG 3 Target 3.4—By 2025, reduce the probability of dying from
noncommunicable diseases by 25% compared to 2013 2018 %

SDG 3 Target 3.6—By 2030, halve road traffic injuries compared to 2019 2020 per 10,000 population

SDG 4
Target 4.1 (a)—By 2030, reduce the number of students who do not
reach the sufficient level of numerical proficiency (18–19 years old)
below the 15% quota

2021 %

SDG 4
Target 4.1 (b)—By 2030, reduce the number of students who do not
reach the sufficient level of literacy proficiency (18–19 years old)
below the 15% quota

2021 %

SDG 4 Target 4.1 (c)—By 2030, reduce early exit from education and
training (18–24 years old) below the 9% rate 2020 %

SDG 4 Target 4.3—By 2030, reach the 50% share of college graduates
(30–34 years old) 2020 %

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

SDG 6 Target 6.3—By 2027 ensure high or good ecological quality status
for all surface water bodies 2015 %

9



Sustainability 2022, 14, 9779

Table 1. Cont.

SDG Target Year Unit

SDG 6 Target 6.4—By 2030, achieve 90% efficiency share of drinking water
distribution networks 2018 %

SDG 7 Target 7.2—By 2030, achieve 40% share of energy from
renewable sources. 2018 %

SDG 7 Target 7.3—By 2030, reduce gross final energy consumption by
14.4% compared to 2019 2019 ktoe per 10,000 population

SDG 8 Target 8.5—By 2030 to reach 78% employment rate (20–64 years old) 2020 %

SDG 8 Target 8.6—By 2030, reduce the share of NEETs to below 9%
(15–29 years old) 2020 %

SDG 9 Target 9.5—By 2030, reach the share of 3% of GDP devoted to
research and development 2019 %

SDG 9 Target 9.c—By 2026, ensure all households have Gigabit
network coverage 2019 %

SDG 10 Target 10.4—By 2030, reduce the disposable income inequality
index to the levels observed in the best of European countries 2018 s80/s20

SDG 11 Target 11.2—By 2030, increase the number of seat-km per
inhabitant offered by public transport by 26% compared to 2004 2019 places-Km per inhabitant

SDG 11 Target 11.6—By 2030, reduce exceedances of the PM10 limit to
below 3 days per year 2019 days

SDG 12 Target 12.4—By 2030, reduce the share of municipal waste
generated per capita by 27% compared to 2003 2019 kg/inhab.* year

SDG 13 Target 13.2—By 2030, reduce CO2 and other climate-changing gas
emissions by 55% from 1990 levels 2017 ton CO2 equivalent per capita

SDG 14 Target 14.5—By 2030, reach 30% share of marine protected areas. 2019 %

SDG 15 Target 15.3—By 2050, bring the increase in annual land
consumption to zero 2020 ha per 100,000 population

SDG 15 Target 15.5—By 2030, reach 30% share of protected land areas 2019 %

SDG 16 Target 16.3—By 2030, reduce overcrowding in correctional
institutions to zero 2020 %

SDG 16 Target 16.7—By 2030, reduce the average duration of civil
proceedings to the levels observed in the best of the Italian regions 2020 days

It is shown that most of the targets (22 out of 28) have a time referring to 2019. The
division of the 28 targets among the different SDGs is not fair: there are in fact four
associated with SDG 4, one with SDG 1, SDG 5, SDG 10, SDG 12, SDG 13, and SDG 14,
and two with the remaining nine SDGs. SDG 17 does not present any criteria. The choice
of targets used matches all those that are reported in the ASviS report. We also want to
emphasize that the latest available data are proposed.

All values are compared with each other and it emerges that they are homogeneous,
so no changes need to be made in order to make the more populous regions comparable
with the less populous ones. The aggregate sustainability indicator is based on the product
between a value and a weight associated with the different criteria and calculated for all
alternatives.

There are twenty-one alternatives, as all nineteen regions are considered, while the
two provinces Bolzano and Trento are proposed for the Trentino Alto Adige region. We
want to underline that in the result figures proposed in Section 3, the average value for the
Trentino Alto Adige region will be proposed as an average value between two provinces.
The values associated with the different criteria follow the normalized 0–1 method [41]: the
least performing value among all twenty-one alternatives is assigned the value 0, while the
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best performing one is assigned the value 1. Finally, an intermediate value is calculated
for all the remaining alternatives by interpolation—Table 2A,B. It should be specified that
the 14.5 target was calculated only for ten regions (Liguria, Friuli, Toscana, Lazio, Abruzzo,
Campania, Puglia, Calabria, Sicilia and Sardegna), while for the others the relevant target
and associated SDG were not counted.

Table 2. List of values. (A) 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; * = Estimated. (B) A11 = Umbria; A12 = Marche;
A13 = Lazio; A14 = Abruzzo; A15 = Molise; A16 = Campania; A17 = Puglia; A18 = Basilicata;
A19 = Calabria; A20 = Sicilia; A21 = Sardegna.

(A)

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

1.2 0.579 0.793 1.000 0.772 0.805 0.918 0.858 0.928 0.863 0.822 0.745

2.4 (a) 0.702 0.619 1.000 0.571 0.000 0.988 0.976 0.298 0.452 0.321 0.857

2.4 (b) 0.338 0.000 0.029 0.199 0.019 0.013 0.003 0.029 0.006 0.325 0.527

3.4 0.478 0.435 0.565 0.457 0.587 0.783 1.000 0.674 0.543 0.674 0.652

3.6 0.681 0.799 0.821 0.000 0.688 0.516 0.842 0.667 0.717 0.405 0.337

4.1 (a) 0.410 0.726 0.739 0.491 0.860 0.549 1.000 0.653 0.664 0.649 0.528

4.1 (b) 0.420 0.708 0.783 0.542 0.816 0.466 1.000 0.656 0.605 0.613 0.478

4.1 (c) 0.548 0.643 0.678 0.757 0.652 0.452 1.000 0.774 0.948 0.878 0.670

4.3 0.579 0.642 0.585 0.572 0.893 0.503 0.962 0.723 0.836 0.893 0.604

5.5 0.535 0.765 1.000 0.756 0.731 0.822 0.867 0.598 0.686 0.796 0.782

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 0.146 0.130 1.000 0.000 0.071 0.735 0.469 0.117 0.146 0.037 0.119

7.3 0.653 0.364 0.000 0.734 0.266 0.231 0.254 0.231 0.104 0.058 0.474

8.5 0.555 0.756 0.854 0.692 0.838 1.000 0.863 0.808 0.841 0.896 0.811

8.6 0.566 0.705 0.825 0.693 0.801 1.000 0.912 0.908 0.952 0.861 0.817

9.5 0.051 0.092 0.000 0.051 0.041 0.015 1.000 0.046 0.062 0.082 0.056

9.c 0.674 0.697 0.127 0.984 0.636 0.000 0.737 0.376 0.434 0.592 0.516

10.4 0.520 0.720 1.000 0.760 0.720 0.760 0.940 0.940 0.900 0.820 0.780

11.2 0.388 0.428 0.000 0.349 1.000 0.289 0.329 0.463 0.342 0.210 0.238

11.6 0.434 * 0.000 0.928 0.964 0.133 0.988 0.964 0.145 0.711 0.277 0.711

12.4 0.518 * 0.547 0.191 0.421 0.595 0.540 0.460 0.560 0.534 0.000 0.165

13.2 0.647 0.471 0.435 0.600 0.494 0.671 0.671 0.553 0.247 0.365 0.671

14.5 0.370 0.000 0.000 0.130 0.000 0.000 0.000 0.000 0.109 0.000 1.000

15.3 0.663 0.585 0.539 1.000 0.720 0.684 0.808 0.389 0.834 0.622 0.813

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 0.416 0.398 0.555 0.161 0.109 0.317 1.000 0.180 0.025 0.426 0.451

16.7 0.605 0.934 1.000 0.866 0.824 0.937 0.951 0.756 0.949 0.853 0.708

11



Sustainability 2022, 14, 9779

Table 2. Cont.

(B)

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

1.2 0.875 0.736 0.599 0.594 0.279 0.000 0.296 0.361 0.238 0.024 0.519

2.4 (a) 0.833 0.774 0.786 0.810 0.905 0.786 0.845 0.976 0.881 0.940 0.940

2.4 (b) 0.277 0.543 0.576 0.196 0.029 0.251 0.495 0.505 1.000 0.659 0.158

3.4 0.630 0.739 0.435 0.500 0.326 0.000 0.543 0.435 0.413 0.283 0.435

3.6 0.681 0.452 0.505 0.760 0.968 0.993 0.581 0.932 1.000 0.763 0.875

4.1 (a) 0.384 0.409 0.315 0.229 0.543 0.000 0.071 0.256 0.052 0.052 0.190

4.1 (b) 0.447 0.460 0.410 0.290 0.503 0.000 0.101 0.265 0.014 0.145 0.236

4.1 (c) 0.713 0.835 0.652 0.991 0.939 0.183 0.330 0.809 0.243 0.000 0.643

4.3 0.881 0.780 1.000 0.811 0.409 0.157 0.075 0.384 0.132 0.000 0.409

5.5 0.762 0.686 0.618 0.388 0.382 0.000 0.031 0.159 0.014 0.037 0.640

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 0.209 0.133 0.012 0.245 0.413 0.113 0.113 0.530 0.439 0.064 0.213

7.3 0.272 0.723 0.682 0.607 0.717 1.000 0.642 0.694 0.960 0.988 0.740

8.5 0.729 0.747 0.619 0.527 0.396 0.003 0.171 0.311 0.000 0.003 0.341

8.6 0.749 0.781 0.602 0.669 0.367 0.120 0.323 0.446 0.116 0.000 0.454

9.5 0.026 0.031 0.072 0.031 0.036 0.041 0.015 0.005 0.005 0.015 0.021

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 0.920 0.860 0.580 0.800 0.620 0.160 0.500 0.860 0.600 0.000 0.500

11.2 0.112 0.152 0.559 0.180 0.010 0.121 0.126 0.051 0.096 0.103 0.269

11.6 0.614 0.602 0.181 0.855 1.000 0.566 0.843 0.940 0.771 0.747 0.361

12.4 0.476 0.450 0.502 0.657 0.955 0.693 0.634 1.000 0.854 0.689 0.683

13.2 0.553 0.835 0.671 0.776 0.376 1.000 0.294 0.471 0.753 0.659 0.000

14.5 0.000 0.000 0.109 0.261 0.000 0.435 0.217 0.000 0.196 0.478 0.413

15.3 0.829 0.617 0.725 0.124 0.000 0.922 0.466 0.332 0.881 0.689 0.306

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 0.559 0.507 0.320 0.507 0.013 0.411 0.000 0.517 0.673 0.695 0.894

16.7 0.556 0.752 0.602 0.688 0.583 0.332 0.369 0.000 0.122 0.347 0.509

Two distinct methods are proposed for weights [39]:

• Equal weights among SDGs (EWG) scenario;
• Equal weights among indicators (EWI) scenario.

In the EWG scenario, the different targets are aggregated within the reference SDG. As
a result, SDGs with only one indicator will be given no change (e.g., SDG 1), while those
with two indicators (e.g., SDG 2) will be given an average value in which the targets will be
given equal importance. For SDG 4, the same principle applies where an average value is
proposed for the four targets. The EWI scenario, on the other hand, assumes that all targets
are given equal relevance. Thus, the main difference between the two scenarios is that EWI
allows all individual contributions to be assessed without performing any intermediate
operation on the final MCDA value. In contrast, in the EWG scenario, equal relevance is
preferred to be given to the individual SDG, regardless of the number of targets in it.
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The reference scenario will be the EWG scenario and the final value will be broken
down according to the three dimensions of sustainability: environmental (SDGs 6, 13–15),
economic (SDGs 7–9, 11 and 12) and social (SDGs 1–5, 10 and 16) [35,55]. Furthermore,
starting from this composition, it will be assumed that the value of the three dimensions
of the SDGs is not the same. It is considered that the involvement of experts could be a
subjective element to detect the incidence of individual SDGs, and therefore, in order to
identify a more objective method, it was chosen to consider what has been proposed in
the literature. The Scopus database was used (access date on 5 July 2022) and within the
Article title, Abstract and Keywords the number in which these word combinations were
present was detected:

• Environmental Sustainability with 113,518 items (44%);
• Economic Sustainability with 75,134 items (29%);
• Social Sustainability with 71,339 items (26%).

The literature review found that placing equal weights on indicators is a widespread
and accepted practice [56]. In particular, the logical idea is to assign equal adequacy
to individual indicators [57]. This approach is therefore chosen in several papers, and
other analyses show it as the preferred criterion [28,58], but point out that alternative
scenarios can also be developed [40]. In particular, some authors prefer to opt for a different
weight [59].

In addition, the analysis will also be conducted at the territorial level by identifying
three macro-areas:

• 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

The results of this work allow for the mapping of Italian regions based solely on the
targets considered; they are not exhaustive of an overall assessment of the SDGs. In fact,
the number of criteria considered is not comparable to that of other studies [39], but it is
crucial as it allows new information to be provided to decision makers. The sustainability
challenge does not admit delay and can move in the wake of pragmatism. For the purposes
of the EWG scenario, it should be pointed out that after the first intermediate phase in
which targets were normalized in the 0–1 range and aggregated within the relevant SDG, a
second normalization phase was applied. The values were restored to the maximum value
of 1, which was not reached if within the specific SDG, all targets were rewarded the same
alternative. The sustainability score (output of MCDA) is shown in Figures 1 and 2 for the
EWG and EWI scenarios, respectively.

The results show that the Trentino Alto Adige region excels, with the Province of
Trento having a leading position in both rankings (0.827 and 0.785 in the EWG and EWI
scenarios). Its value detects a very significant performance toward the maximum value of 1
and its gap is quite significant compared to the alternatives that follow it in the rankings:
0.134 compared to the Province of Bolzano in the EWG scenario and 0.157 compared to
Valle d’Aosta in the EWI scenario. These two alternatives trade relative position in the two
scenarios in third place with a small gap from the relative second. Thus, the first picture
that emerges from these results is the important figure of the northern regions. In particular,
the Province of Trento is first in several Targets (3.4, 4.1, 9.5 and 16.3), the Province of
Bolzano in Targets 8.5 and 8.6 and Valle d’Aosta in other Targets (1.2, 2.4a, 5.5, 6.4, 7.2,
10.4 and 16.7). Maximum performance is achieved in these targets. However, even these
virtuous regions have some aspects that need to be improved. Target 2.4b has a low value
in all three territories; the Province of Bolzano has a low value for the Target 9.5c and Valle
d’Aosta for the Targets 7.3, 9.5 and 11.2.
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Figure 1. Sustainability Score in EWG scenario.

Figure 2. Sustainability Score in EWI scenario.
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Scrolling down the ranking, the relevant performance of other northern regions, such
as Liguria, Lombardia, Piemonte and Veneto, is confirmed, which are always above the
national average (0.544 in the EWG scenario and 0.494 in the EWI scenario). We want to
underline the particular performance of Friuli Venezia Giulia and Emilia Romagna, which
are above average only in the EWI scenario.

However, the fourth place in both scenarios belongs to a central region (Marche). It
does not top in any of the targets considered, but shows significant performance in Targets
4.1c, 10.4 and 13.2, while it shows weak performance in Target 9.5. Marche is followed by
Toscana in the ranking, and Umbria, among the central regions, appears above the national
average. Again, Lazio appears above the national average only in the EWI scenario.

Regarding the southern regions, the certainly interesting figure is that of Abruzzo, the
only region among the eight to have a value above the national average in both scenarios.
Important performances are achieved in several Targets (2.4a, 4.1c, 4.3, 10.4 and 11.6) and
the highest performance in Target 15.5. In contrast, weak performances are achieved in
Targets 6.4, 9.5, and 15.3. The interesting fact is this region prevails over other northern
regions (Veneto, Emilia Romagna) and the remaining central region (Lazio). In the EWG
scenario it also precedes Friuli. However, it should be remembered that this analysis refers
only to the analysis involving the 28 targets identified by ASviS.

As mentioned, all other southern regions occupy the last positions in the ranking and,
in particular, the weakest results are recorded by the three most populous regions in this
macro-area: Campania, Sicilia and Puglia. The results showed that the value of Target 9.5
was low for several alternatives. In order to give an answer to this aspect, it is useful to
apply the concentration indicator for each target. The excellent performance of the Province
of Trento and the strong gap with all other alternatives leads to a very low concentration
indicator. A similar situation occurs for Target 14.5, which we said is valid for only a few
alternatives and with a better performance than Toscana. In contrast, the results tend to be
very similar for Targets 2.4a and 10.4—Figure 3.
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Figure 3. Indicator concentration. All normalized values are reported in red colors for each target.

A further analysis that can be conducted is on the basis of the sustainability dimension.
Again, it is worth noting that the results obtained refer only to the targets proposed by
ASviS, but they provide an interesting overview—Figure 4.
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Figure 4. Sustainability Score in EWG scenario—Environmental, economic and social group.

The Province of Trento is a leader in all dimensions considered. Together with the
Province of Bolzano (second in the environmental side and third in the economic side) and
Lombardia, these are the only territorial realities that are above the national average in all
dimensions. Valle d’Aosta (second in the social), Toscana, Marche and Umbria are regions
that only in the economic dimension show a lower performance than the national average.
Liguria (second in the economic) and Abruzzo present a mirror assessment relative to the
environmental dimension in which they perform worse than the national average. Finally,
Puglia is the only region that in no dimension performs better than the national average.

The proposed results thus showed that within territorial areas regions’ behaviors vary,
but they show a gap that particularly affects the South. Unlike other studies, even in the
environmental dimension it does not tend to perform optimally—Figure 5. However, it
should be pointed out that these results are strongly affected by the small number of targets:
thirteen related to the social dimension, nine to the economic dimension and six to the
environmental dimension.
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Figure 5. Sustainability Score in EWG scenario—A comparison among macro-areas.
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The northern regions excel with a value of 0.615, which is slightly higher than the
0.582 associated with the central regions. In contrast, the difference with the southern
regions appears to be much more significant, with a value of 0.469. These results can be
explained by the reasons seen for the individual regions, since these are values that are
obtained simply by aggregating the regions’ data associated with the relevant macro-areas.
The south has a significant gap in both the social dimension (in which northern Italy
excels) and the environmental dimension (in which central Italy excels). The particular
figure, however, is for the economic dimension in which the variations are much less
significant and see the North excel, followed by the South. This result is affected by
the weak performance of Emilia Romagna, which presents the worst value in terms of
Target 12.4.

Finally, the last analysis that can be conducted is one in which the values proposed in
Section 2 are always considered, but in this alternative scenario, a different weight is given
to the criteria. Specifically, a different weight is not given to each individual target or SDG,
but to its dimension—Figure 6.

Figure 6. Sustainability Score in EWG scenario with different weights.

The results see the Province of Trento still in first place with 0.809, followed by the
Province of Bolzano with 0.712. Compared to the baseline scenario, it occurs that Calabria
exceeds the national average figure (0.522), while Umbria and Veneto take the reverse
path. This result evidently depends on environmental performance, which, in the weighted
average, accounts for 44 percent. There is also a significant increase in Campania, which
has a better environmental performance than Calabria, which is next in the economic
dimension, but closes the ranking in the social dimension.

4. Conclusions

The theme of sustainability has now become a term that is used in all contexts in
order to identify positive action towards civil society and in the protection of eco-systems.
However, our society is far from applying sustainable hand concepts, as there is an interest,
often economic, that overrides the other dimensions. The SDGs are a remarkably relevant
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benchmark, but not all targets can always be quantified. In such scenarios, it becomes
essential to identify benchmarks and make them as objective as possible.

Moreover, the sustainability challenge can only be met if all countries move toward
the same goal. The world is a puzzle in which if the largest emitting components do not
implement responsible behaviors, inevitably the other components of the puzzle will be
harmed as well. In this context, policy makes the choices and should move toward a shared
goal that is useful for the future. However, it is up to all of us citizens to make a contribution,
big or small it does not matter, but we should be protagonists of a participatory model.
We need to promote best practices, demand reforms and choose responsible consumption
patterns. Inevitably, businesses, to compete in the marketplace, will also have to adapt.
This is particularly so at this time when both the COVID-19 pandemic and the conflict
in Ukraine have brought attention to the relevance of having resources locally. Within
this framework, the bioeconomy plays a key role, as it enables the use of resources that
potentially move toward sustainability.

This work proposes an easily replicable method of analysis in which, regardless of
the number of criteria available, it is possible to provide a sketch of an area. A limitation
of the work is certainly the small number of the targets, but the main methodological
contribution is to provide a framework that can be adopted. The framework, based
on MCDA, consists of the following steps: (i) finding recent sustainable data for each
alternative; (ii) homogenization among these data; (iii) identification of weights for these
criteria by choosing alternative methods; and (iv) decomposition analysis of the final result
according to its components (e.g., sustainability dimension and definition of a geographic
macro-area). Another limitation of this paper is that it proposes an alternative scenario
based on the weights of the three dimensions of sustainability, but values obtained with
unequally weighted weights can also be proposed in order to see how the results change.
In addition, if you make the assignment of weights through experts, the results may change
depending on the categories of stakeholders.

Such work, however, also provides managerial insights. Although the analyses cannot
be extended to the overall level of sustainability, they allow for, at the level of the targets
analyzed, the observation of how performance in the Italian territory varies widely. Trentino
Alto Adige (with the provinces of Trento and Bolzano) and Valle d’Aosta have very relevant
results and, in general, most of the northern regions move in that direction. The central
regions also show positive results and, in particular, Marche and Toscana propose high
values of sustainability score. Finally, among the southern ones, only Abruzzo stands out.
It thus emerges that very populous regions, such as Emilia Romagna, Lazio, Campania,
Puglia and Sicilia, require interventions in the targets examined in this paper. This also
prompts reflection on whether current city patterns, in which a depopulation of inland
areas to densely populated areas takes place, is a positive aspect for sustainability. This
work has not explored this issue in depth, but the question needs to be asked if we are
trying to understand whether we want a decentralized or centralized society. Perhaps the
solution lies in how resources are distributed differently in various territories, without
being concentrated. However, research has the task of investigating these issues.

The result that emerges from this work is the need to optimize the resources at one’s
disposal, to invest in the availability of these data that are strategic for making decisions, and
to identify policies that can move more resources. The target on research and development
indicates that many territories can invest in this aspect, and likewise the green and circular
resources need to be enhanced. Sometimes, the social aspect is neglected because it is
more difficult to identify. However, the key turning point could be precisely in citizen
involvement, collaboration between territorial realities, and the ability to match young
talent with more experienced figures. Sustainability is not a trend, and the natural disasters
of recent times define the urgency of implementing policies that promote sustainable actions
and practices. A sustainability that should be demonstrated with numbers by moving from
innovative and resilient ideas.
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The results of this work show that there are opportunities for sustainability that have
not yet been well explored, highlighting a weak performance of southern regions; European
and Italian policies place special emphasis on this. However, public money should be
spent only when it produces a benefit for the community, otherwise it generates a debt
to be borne by future generations. The political choice can, therefore, be to reward a
“green, bio and circular Made in Italy” in which the sad European record of NEET (not
[engaged] in education, employment or training) in Italy is overcome and young people
are allowed to make their contribution to this society. We need to put resources and skills at
the center of the sustainable agenda, each with its own profile and taking advantage of the
benefits associated with interdisciplinary. Investment is the best medicine for an economy
that risks periods of stagnation, and through the development of the various excellences
that characterize Italian territories, this Mediterranean country can play a decisive role in
European economic recovery.
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Abstract: The bioeconomy is an effective solution to align with the sustainability agenda and to meet
the pressing calls for action from Cop26 on a global scale. The topic of the circular bioeconomy has
gained a key role in the literature, while the theme of energy community is a basic form of social
aggregation among stakeholders. This work focuses on biomethane and proposes a framework based
on several criteria that are evaluated using a hybrid Analytic Hierarchy Process (AHP) and 10-point
scale methodology. The results show that regulation and energy community are considered the two
most relevant categories. The overall ranking of criteria sees the stakeholders’ engagement as the
most important, followed by more significant subsidies for small- and medium-sized plants and
the principle of self-sufficiency applied at the inter-regional level. Subsequently, the Italian Adriatic
corridor composed of four MMAP (Marche, Molise, Abruzzo, and Puglia) regions is considered as a
case study in order to evaluate the possible environmental (854 thousand tons CO2eq

year ) and economic
(from 49 million EUR to 405 million EUR in function of plant size) benefits associated with potential
biomethane production of 681.6 million m3. It is found that the biomethane community is an enabler
of sustainability and this strategy can be used for sharing different natural resources.

Keywords: AHP; bioeconomy; biomethane; energy community; Italy; point scale; stakeholders’
engagement; sustainability

1. Introduction

In a world constantly affected by wars, geopolitical risks, and a constantly surging
need to modify production models to cope with resource depletion and scarcity, sustainabil-
ity [1] is becoming the main challenge worldwide, involving different types of stakeholders
in society. Sustainability is “development that meets the needs of the current generation
without compromising the ability of future generations to meet their own needs” [2]. Sus-
tainability is the balance point between economic prosperity, environmental improvement,
and social equity, famously known as the three dimensions. The Triple Bottom Line cap-
tures the spectrum of values that organizations must embrace to be competitive given the
increasing weight they are gaining [3].

Sustainable development [4] and the Circular Economy (CE) [5] are the dominant
concepts suggesting new business models [6] that are able to reach the Sustainable Devel-
opment Goals (SDGs) [7]. The CE proposes the criteria of narrowing, slowing, and closing
resource loops [8] to promote sustainable development [9]. For this aim, the concept of
waste is proposed as an added value [10,11].

Europe, with its strategy of the European Green Deal, aims to be the first climate-
neutral continent by 2050 [12]. Consequently, the European Commission explicitly seeks
to achieve a just transition to a low-carbon energy system. The topic is very much felt
in the literature and is becoming increasingly relevant. Some authors highlight three
different perspectives: “energy justice occurring within community energy initiatives,
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between initiatives and related actors, and beyond initiatives” [13]. Energy communities
need government tools to develop, and a review of the topic highlighted four categories:
(i) community planning and capacity; (ii) environmental protection; (iii) grid access; and
(iv) payment-based [14]. For this scope, it is crucial to enhance the integration of the pro-
sumer [15] but also to clarify the role of the stakeholders [16]. These concepts can be studied
on individual projects [17] or can identify suitable indicators to measure performance [18].

In addition, the recent war in Ukraine has highlighted energy problems of national self-
sufficiency for some countries, and society is no always able to reduce and limit the impact
of the main industries on energy consumption (manufacturing [19], transportation [20],
and both civil and industrial buildings [21]) through digital technologies adoption. In the
current situation, to avoid a placebo effect, this is no longer sufficient, and a breakthrough is
needed. The greater energy dependence on foreign countries and the greater dependence on
speculative aspects related to the different actors involved in the chain of sale of the energy
sources ask for urgent actions in the safe restoration and valorization of waste and biomass
to produce valuable and competitive materials and energy [22]. The bioeconomy plays a
key role in trying to answer this call, enabling the conversion of natural renewable resources,
originating from the biological world, into energy sources [23,24]. The bioeconomy provides
suitable answers to the requirements of sustainability in several areas [25,26].

Biomethane can be considered a reference model for the circular bioeconomy [27]
through which sustainable best practices could be followed. Indeed, composed of different
substrates (e.g., crop leftovers, organic components of municipal solid waste, etc.), it allows
the displacement of non-renewable resources with biological ones, triggering the use of
biomass and shrinking biowaste presence in landfills [28]. In addition, biomethane can
be allocated for different uses (e.g., natural gas grids, energy source for vehicles) and/or
converted into feed cogeneration units [29].

Even if different benefits deriving from biomethane adoption can be envisaged for
different stakeholders of society levels [30–32], a quite heterogeneous and relevant set of
issues can be registered that hinder its full diffusion (e.g., improvement in cleaning and
upgrading technologies and processes [33], distrust towards related production plants,
and regulation inefficiency [34]). To bridge all the issues related to the full adoption of
biomethane towards a widespread solution in current society, pushing the criticalities
analysis and leading policymakers to identify guidelines to be implemented to foster
biomethane development, innovative frameworks are needed.

Indeed, there is a clear need for understanding how to distribute and deliver the
latent value coming from biomethane among all the stakeholders in society through a
sustainable hand [22]. The main issue is that to manage to achieve sustainability effectively,
the huge quantity of different flows involved (of resources, energy, and wastes) needs a
systematization of the related data and information [35]. The main means of bolstering this
mechanism are not only digital technologies, which need to be implemented and exploited
along the entire product lifecycle [36], but also innovation ecosystems, which are necessary
to trigger cooperation and foster the birth of communities able to propose sustainable
solutions addressing present and future necessities.

The sustainability bioeconomy aims to provide concrete answers to current problems
but also to meet the needs of the literature [22]. For this reason, biomethane is proposed as
a virtuous example of a circular bioeconomy, and its potential within an energy community
is identified. A topic that needs attention and that finds little space is the use of biomass.
Grounded on the concept of energy communities, the goal of this work is to build, propose,
and assess a meso-level framework that is needed in CE models to analyze the large number
of variables affecting rising biomethane communities. The framework is also engaged to
explore the advantages deriving from cooperation dynamics characterizing the MMAP
regions model.

The paper is structured as follows. Section 2 presents the research process, detailing
the criteria chosen in the hybrid AHP and 10-point scale methodology conducted that are
useful for building the biomethane framework development and for its application to the
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Italian context of the central and southern Adriatic regions. Section 3 shows the results of
the survey related to the framework proposed, detailed with the category, local, and global
priority (in Sections 3.1–3.3, respectively). It is also proposed in Section 3.4 a discussion to
drive a future direction towards the sustainability of the biomethane community composed
by the MMAP regions in Italy. Finally, Section 4 concludes the paper, raising the gaps of the
research and unveiling that there is room for further studies to address the challenges to be
addressed in the near future to bolster local communities in approaching sustainability.

2. Materials and Methods

A framework gains greater visibility when composed of a substantial number of
criteria. The number of criteria can better explain the differences among conflicting criteria
or to better delineate a topic. In this paper, we follow the Triple Bottom Line but choose
not to propose the three dimensions as reference categories. We aim to identify how other
categories influence these dimensions. The need to individuate categories arises from the
substantial number of criteria chosen. The AHP is characterized by a small number of
criteria and the aggregation of criteria within categories allows for comparison. The local
priority and global priority method has precisely this objective.

This section is divided into six parts. In Section 2.1, the hybrid AHP and 10-point
scale methodology are proposed with an identification of the experts in Section 2.2. A
framework for assessing the impact of biomethane development is proposed in Section 2.3.
Furthermore, the environmental and economic values associated with biomethane plants
are shown in Sections 2.4 and 2.5. Finally, the case study is proposed in Section 2.6.

2.1. Hybrid AHP and 10-Point Scale Methodology

Decision models allow for the comparison of alternative solutions and decision making
through quantitative data. These methods include AHP, which is used to evaluate energy
projects [37,38]. The method proposed by Saaty [39] allows obtaining a priority list to be
identified through pairwise comparisons based on expert judgments. The AHP, also known
as the analytical hierarchy process, is a structured technique for organizing and analyzing
complex decisions and is based on mathematics and psychology [40].

The dimension of the AHP comparison matrix ranges from one to ten factors but is
typically set to seven ± two. When the number of criteria is very large, some authors have
suggested the use of an integrative method applied to the biogas based on local–global
priority [41]. The local priority measures the relevance of a criterion within the same
category. The category priority evaluates the relevance of each category and, finally, the
global priority is obtained as a product of the local priority and the category priority.

For each matrix, a nine-level scale can be used [42]: 1 → equally preferred; 2 → equally
to moderately; 3 → moderately preferred; 4 → moderately to strongly; 5 → strongly
preferred; 6 → strongly to very strongly; 7 → very strongly preferred; 8 → very strongly to
extremely; and 9 → extremely preferred.

All values are normalized to 1, and to verify the goodness of the results, the consis-
tency ratio (CR) is calculated. The CR is calculated as the ratio between the consistency
index and the random inconsistency. This value must be less than 0.10 [42]. This verifi-
cation occurs automatically during the survey such that experts are not disturbed by an
inconsistent assessment.

As a result, this work proposes a hybrid method in which AHP is used to assess local
priority. Instead, the 10-point scale—which ranges from not at all (1) to extremely (10)—is
chosen to evaluate category priority. This new approach emerged from the need to propose
new methodological approaches that maintain a high quality of the result obtained but
also from the time requirements related to experts (as highlighted in the pre-check phase of
the survey).
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2.2. Identification of Experts

The experts for this work were chosen, leading to 10 academic profiles. The invitation
was made through an e-mail to those who have developed a Special Issue on scientific
journals in the domains of biomethane, biogas, and, more generally, of bioenergy. The
invitation was addressed to European colleagues and contained within it the objective of
this work. Participation required a minimum number of years of experience equal to 10
and it was reported that the accessions would be chosen in chronological order. Once the
adherence was received, the authors proceeded to organize an interview through Skype
or Google Meet, lasting up to 1 h, in which they specifically reported what the study was
aimed at, and feedback was also collected. It was important that the excel sheet includes
only the necessary values and the self-check associated with the consistency ratio. Table A1
proposes the list of the experts with relative data on the role, country of work, and years
of experience.

It should be noted that two of these ten experts were chosen in a phase called the
pre-check phase of the survey in which the questionnaire was presented to receive feedback
and the methodology was proposed in detail. In this phase, the necessity to replace the AHP
methodology with the 10-point value emerged because it was considered more accessible.
The motivation was not only due to the potential 9 × 9 matrix but also to the fact that, with
a 10-point scale, the criteria were seen as non-conflicting. This information was re-proposed
to the other experts as a modification of the first e-mail.

2.3. Biomethane Framework Development

The goal of this work was to assess a meso-level that is needed in CE models in order
to provide a comprehensive framework for analysis [43]. To this end, the framework was
built through an analysis of the literature [34,44–47] and the expertise acquired by the
experts involved in this research, which led to considering a large number of variables and
to ground the framework on the global/local priority approach [48].

Once the criteria were identified, it was decided to divide them into categories to allow
for their comparison. To allow for a uniform comparison when evaluating global priority,
an identical number of criteria per each category (in this case, chosen equal to three) was
considered. As the criteria were chosen, the categories that could contain them were also
identified. For the category priority, the number of nine was chosen.

Consequently, this survey consisted of nine 3 × 3 matrices related to the assessment
of local priority conducted through the AHP method, while a 10-point scale was more
preferred than an AHP-based 9 × 9 matrix to evaluate category priority.

It should be noted that the two pre-survey experts (see Section 2.2) validated the
initial list of criteria but indicated changes to make the questions clearer. In addition, the
two methodologies were compared (AHP and 10-point scale) to evaluate the category
priority, from which emerged a preference for the second one. Furthermore, the values
were then normalized to 1 to maintain consistency with what was obtained in the local
priority evaluation phase and to make the calculation of global priority consistent.

The chosen categories addressed:

(i) Two phenomena that typically hinder plant deployment, e.g., Not in my back yard
(Nimby) and Not in my term of office (Nimto);

(ii) Four variables that are characteristic of biomethane plants, e.g., size, substrate, final
use, and technology;

(iii) Three variables that can help explain aggregation phenomena, e.g., energy community,
regulation, and communication.

Among the categories, the three dimensions of sustainability were not considered to
avoid triggering discussions about how the other categories might be viewed in contrast.
However, all 27 criteria have an influence on the three dimensions of sustainability. In some
categories, emphasis was placed on subsidies that are currently in place even in developed
markets such as Italy. Table 1 proposes the list of all twenty-seven criteria, which is the first
result of this work that was to be used as input for the survey.
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Table 1. Biomethane framework.

Category Acronym Criteria

Regulation R1 Self-sufficiency principle (regional level)
R2 Self-sufficiency principle (inter-regional level, but not national)
R3 Self-sufficiency principle (national level)

Substrates S1 All substrates available
S2 Only sustainable substrates (regional or inter-regional)
S3 Only sustainable substrates (national)

Plant size P1 More significant subsidies for small–medium size
P2 More significant subsidies for large size
P3 Subsidies not differentiated by plant size

Final use F1 Electricity
F2 Transport
F3 Mix

Technology T1 Enterprise–university relationships
T2 Mature technology
T3 Internally produced plant components

Nimby N1 Stakeholders’ engagement
N2 Nimby with residues produced in your area
N3 Nimby with residues not produced in your area

Energy community E1 Bonus for installations in an energy community (tax deduction)
E2 Bonus for installations in an energy community (subsidies)
E3 No bonus for installations in an energy community

Nimto I1 Nimto determined by local politicians
I2 Nimto determined by national politicians
I3 Nimto has not relevance

Communication C1 Organization of webinars/public meetings
C2 Transparent site in which to report the results
C3 No additional actions required

2.4. Environmental Analysis

The environmental benefits associated with biomethane over the use of fossil sources
are verified in several works: 23 g CO2eq

MJ [49], 40 g CO2eq
MJ [50], 53 g CO2eq

MJ [51], and

62 g CO2eq
MJ [52]. However, it is necessary to specify that several values are proposed

for these analyses. The International Renewable Energy Agency (IRENA) estimates the
greenhouse gas (GHG) emissions of biomethane according to the feedstock type: liquid
manure 33 g CO2eq

km , organic waste 48 g CO2eq
km , and maize 66 g CO2eq

km . These values are signifi-

cantly lower than those produced by fossil sources: methane 124 g CO2eq
km , diesel 156 g CO2eq

km ,

and petrol 164 g CO2eq
km [53]. These data show that methane has a less negative impact on

the environment than other sources and that biomethane has significant reductions. The
highest value recorded for maize is caused by cultivation and harvesting processes.

In this research, three scenarios are considered, defined according to the literature [44]:

• The baseline green scenario, in which the unitary value of reduction in GHG emissions

is assumed equal to 83.5 g CO2eq
km .

• The alternative green scenario, in which the unitary value of reduction in GHG

emissions is assumed equal to 76 g CO2eq
km .

• The alternative strongly green scenario, in which the unitary value of reduction in

GHG emissions is assumed equal to 91 g CO2eq
km .

According to D’Adamo et al. [44], we defined a model to assess the potential reduction
in terms of GHG emissions. It is necessary to make some assumptions to define the environ-
mental savings associated with the use of a certain amount of biomethane. Considering that
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a natural gas vehicle (NGV) has an annual mileage of 20,000 km and multiplying this value
with that of the three scenarios examined, it is possible to calculate how much less impact
an NGV has on the environment if it is fueled by biomethane compared to natural gas. The
next step is to estimate how many NGVs can be used by dividing the potential biomethane
calculated in the previous subsection and the consumption of one NGV (1333 m3). Finally, it
is possible to estimate the overall emissions reduction by calculating the savings associated
with a single NGV by their total number.

2.5. Economic Analysis

Economic analysis related to biomethane plants can be conducted on estimated pro-
duction costs equal to 0.54–0.73 EUR

m3 [29], 0.5–1.5 $US
m3 [53], and 90 EUR

MWh [54], as well as on
profitability values with a Net Present Value (NPV) that ranges from −585 thousand USD
if subsidies were not provided to 5667 thousand USD [55], or from 0.49 million EUR to
132.7 million EUR based upon the mix of recovered waste [56]. However, in the analysis of
the costs, the value associated with the externalities is not considered, and for this reason, it
is suggested a minimal subsidy equal to 0.13 EUR

m3 for biomethane production systems [57].
In March 2018, the Italian government adopted a policy decree (GU (Official Journal)

no. 65 of 19 March 2018) to stimulate the development of biomethane [58]. This provides a
value of incentive equal to 0.305 EUR

m3 (single-counting) for the first ten years. Furthermore,
this value is assumed equal to 0.61 EUR

m3 (double-counting) if using some sustainable sub-
strates (i.e., the Organic Fraction of Municipal Solid Waste (ofmsw) and by-products). The
decree does not differentiate incentives by plant size.

In this research, two scenarios are considered, defined according to the literature [44]:

• The minimum scenario where the minimum size for which biomethane plants are

profitable (200 m3

h and 350 m3

h for the ofmsw and by-products, respectively).
• The maximum scenario in which the size chosen for large plants is considered accept-

able by citizens (500 m3

h for both substrates).

In the recent period, the conflict in Ukraine has led to a rise in costs, to which specula-
tion has also been added, leading to the biomethane selling price (virtual trading point)
being estimated at different values. The base value of 0.25 EUR

m3 [44] is modified to 0.375 EUR
m3

and 0.50 EUR
m3 [22]. Table 2 proposes the economic profitability associated with the min-

imum and maximum scenarios for two distinct substrates as a function of biomethane
selling price.

Table 2. NPV of biomethane plants [22,44]. Data are expressed in thousand EUR.

Biomethane Selling Price 0.25 EUR
m3 0.375 EUR

m3 0.50 EUR
m3

ofmsw 200 m3

h 421 2199 3779
ofmsw 500 m3

h 8016 11,733 15,450
By-products 350 m3

h 131 3028 5581
By-products 500 m3

h 1656 5623 9131

Another useful indicator to monitor the delay in the realization of the projects is the
Discounted Do Nothing Cost (DDNC), which, when considered for 1 year, presents the
following values [44]:

• Six kEUR and 20 kEUR for the 350 m3

h by-products plant, and 200 m3

h for the ofmsw in
the minimum scenario, respectively.

• Seventy-nine kEUR and 382 kEUR for the 500 m3

h by-products plant and 500 m3

h for
the ofmsw in the maximum scenario, respectively.

It should be noted that the decree provides a bonus for an alternative “biomethane
producer and distributor” business model. This is an important aspect as the number of
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points of sale is currently not suitable to meet the needs of consumers, especially in some
areas of the country.

2.6. The Italian Context: Central and Southern Adriatic Regions

The 2019 Integrated National Plan for Energy and Climate assigns a priority role to
renewable gas in order to achieve the biofuel release targets set by the directive on the
promotion of the use of energy from renewable sources—RED II—in the European Union.
The total theoretical potential, which is calculated with data updated to 2016, is estimated
to be approximately 6.2 billion m3 per year of advanced biomethane [59]. In particular,
these authors have considered the following substrates: (i) straw; (ii) residues from the
grape-wine chain; (iii) tomato peel residues; (iv) citrus juice residues; (v) residues from
the olive oil industry; (vi) solid urban waste; (vii) zootechnical waste; (viii) sludge from
wastewater purification; and (ix) milk whey. The aim of the Italian government is to inject
2.3 billion m3 of biomethane into the gas network by 2026, plus 1.1 billion m3 in transport
within the Next Generation EU. The National Federation of Methane Distributors and
Transporters (Federmetano) proposes the potential production of 8 billion m3 by 2030.

In this context, the regions of central–southern Italy on the Adriatic side (MMAP)
have started forms of collaboration to strengthen the Adriatic ridge and constitute a point
of overall connection with all of Italy and Europe [60]. This is a political gesture among
regions of different political orientation but that are united in building the future of their
communities. Italy’s population exceeds 60 million, and MMAP regions account for about
12% (Figure 1).

Figure 1. MMAP regions.

Table 3 proposes data on the potential of biomethane from substrates relative to
the regions examined [59]. However, for the ofmsw, the values proposed by Istituto
superiore per la protezione e la ricerca ambientale (ISPRA) were considered [61]—Table 4. The
conversion factor ( tons o f msw

m3 biomethane) proposed in Table 3 was considered, 75% of
separate collection was assumed for all regions (a value currently achieved by the Veneto
region), and the weight of organic waste on the total calculated in Table 3 was considered.
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Table 3. Potential biomethane in MMAP regions (data in thousand m3) [59].

Marche Abruzzo Molise Puglia MMAP

Straw 119,106 51,554 31,044 328,206 529,910

Residues from the grape-wine chain 1071 3303 1766 14,512 20,652

Tomato peel residues 2 102 69 3660 3833

Citrus juice residues 0 4 0 12,559 12,563

Residues from the olive oil industry 358 1881 1993 14,252 18,484

Solid urban waste 21,573 14,098 1284 23,395 60,530

Zootechnical waste 30 21 18 197 266

Sludge from wastewater purification 141 22 104 109 376

Milk whey 3786 708 3904 9569 17,967

Total 146,247 71,693 40,182 406,459 664,581

Table 4. Data on waste in MMAP regions [61].

Marche Abruzzo Molise Puglia Total

Total (kt) 797 600 111 1872
Separate collection (%) 70.3 62.7 50.4 50.6

Total separate collection (kt) 560 376 56 947
Total organic fraction (kt) 248 162 23 383

%organic/total 44.3 43.1 41.1 40.4

Potential biomethane (thousand m3)—estimated 23,558 15,432 2109 36,424 77,523

Thus, our estimates of an increase in separate collection to 75% for all regions pre-
dict an increase in the value of 60,530 thousand m3 of biomethane. The final value is
77,523 thousand m3 of biomethane (an increase of about 17 million m3). Consequently, the
potential biomethane in MMAP regions is assumed equal to 681,574 million m3.

3. Results

This section presents results regarding the relevance of the framework criteria associ-
ated with biomethane. Sections 3.1 and 3.2 show the results for category and local priority,
respectively, while Section 3.3 shows the results for global priority. Section 3.4 shows the
sustainable benefits associated with MMAP regions.

3.1. The Assessment of Category Priority

The aggregation phase of the judgments provided by the experts consists of receiving
the weighted data for each category (Table A2) and each criterion (Table A3). Their product
determines the global priority, the result of which obviously depends on the incidence of
the two specific components. In particular, the weight of each expert is the same during the
aggregation phase. The experts evaluated the incidence of the categories and, in six cases,
the maximum value of 10 was assigned to both regulation and the energy community. It
should be pointed out that, in four cases, this value was also assigned to substrates and
plant size. For the other five categories, the maximum value has never been assigned. It
should be pointed out that normalization for this weight does not take place in such a way
that the sum of all is equal to 1 but is conducted by comparing the absolute value obtained
by the experts divided by the maximum value (equal to 10).

The results show that the four categories proposed above have the highest value that
is also close to 10 (Figure 2): regulation (0.96), energy community (0.95), and substrates and
plant size (both 0.93). However, all nine categories were considered to be of some relevance

30



Sustainability 2022, 14, 4735

as the lowest value is given to communication with a weight of 0.74. Other categories have
the following weight: technology (0.88), final use (0.84), Nimby (0.83), and Nimto (0.82).
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Figure 2. Category priority.

Regulation is seen as a key element as it dominates the sector, defining the guidelines
to be followed. Similarly, the theme of the energy community has recently been introduced
by the European Union in the Clean Energy for all Europeans package of 2019. It is worth
highlighting how the energy community theme has been characterized by the presence of
subsidies that play a key role in the development of the sector [48,62]. The same subsidies
are used to assess the theme of plant size and for substrates (although not implicitly for the
latter category).

3.2. The Assessment of Local Priority

The analysis conducted within each category made it possible to highlight the role of
the specific criteria. In this subsection, the specific result is assessed accordingly, while in
the next subsection, the interconnections are identified.

As far as regulation is concerned, all the experts assigned the greatest importance
to R2—self-sufficiency principle (inter-regional level and not national)—which assumed
a weight of 0.54, followed by R1—self-sufficiency principle (regional level)—with 0.30
(Figure 3). Therefore, the meso-approach is preferred to a macro or micro model as it
is considered that the theme of sustainability cannot be circumscribed to a restricted
geographical area, which is, in any case, called upon to meet objectives with respect to
national performance. In particular, the relationship between local and regional authorities
is seen as a strategic lever for moving towards ambitious goals. Some authors have
highlighted the relevance of quantifying the potential of biomethane for strategic choices
by defining the relevance of the territorial context of reference [63].

0.16

0.30

0.54
Self-sufficiency principle (inter-regional

level) not national

Self-sufficiency principle (regional level)

Self-sufficiency principle (national level)

Figure 3. Local priority (regulation).

The analysis of substrates shows that unsustainable choices cannot be made and,
therefore, each area must deal with residues, waste, and raw materials that do not, however,
lead to a worsening of eco-systems. This weight of 0.93 is divided between S2—only
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sustainable substrates (regional or inter-regional)—with 0.51, and S3—only sustainable
substrates (national)—with 0.42 (Figure 4). In particular, the sustainability of the resources
used also suggests the use of resources coming from outside the area in question as the
environmental balance is, in any case, compensated. In fact, the recovery of resources is
linked to a longer transport than expected. The idea prevails that the inability of some
areas to grasp sustainable opportunities can be a source of competitive advantage for
others. Criterion S2 was considered most important to eight experts, while criterion S3 was
considered most important to the other two. The relevance of substrates for energy and
sustainable purposes is also evident in the different contributions that can be provided by
resources that are classified as first, second, and third generation substrates [64].
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Only sustainable substrates (national)
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regional)

Figure 4. Local priority (substrates).

Regarding the size of the plants, it is clear that larger plants present significant eco-
nomic results due to the economies of scale. In addition, this can also depend on incentive
policies that do not distinguish between subsidies according to size. Experts did not con-
sider this a particularly critical aspect (P3—subsidies not differentiated by plant size—with
0.30). However, they assigned greater importance to P1—more significant subsidies for
small–medium size—with 0.62 (Figure 5). In particular, it emerges that small-scale plants
can support sustainable development in areas that do not have a large quantity of raw
materials. The risk run is that the non-profitable nature of such plants would rightly not
allow their realization. All experts agreed on the greater relevance of criterion P1. The role
of size should be properly identified in order to capture both the exploitation of available
resources and public acceptance. This is an essential aspect that could be reflected in
causing significant delays to the implementation of the work. However, such delays can
also be determined by aspects related to bureaucracy [44].
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More significant subsidies for small-medium
size

Figure 5. Local priority (plant size).

The issue of final use is one of the great advantages of biomethane that takes advantage
of its flexibility. However, the perception is that electrical use can be reduced given the
presence of other renewable sources and it is hoped that greater use will be made of
transport—F2 with 0.60 (Figure 6). The contribution of renewables in the transport sector
is still marginal in most European countries. However, the experts did not underestimate
the flexible role of biomethane and, therefore, the mix is still given relevance, albeit less
significant—F3 with 0.33. All experts agreed on the greater relevance of criterion F2. The
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purposes of biomethane use are all relevant as they contribute to the reduction in fossil
fuels in different applications. However, a comparison of them should be verified in the
function of the energy portfolio of the country under analysis [65].
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Figure 6. Local priority (final use).

The technology category shows that the biogas–biomethane chain is considered ma-
ture, but there is space for improvement. In particular, during the interviews with experts,
it emerged that particular studies should be placed on how to increase the yield of raw
materials. Therefore, the maturity of the technology takes a low weight not because it is
considered a weak factor, but because other aspects must be valued. The academic world
clearly highlights the importance of collaboration and, therefore, factor T1—enterprise–
university relationships—takes on a weight of 0.42. However, the factor considered most
important was T3—internally produced plant components—with 0.50 (Figure 7). This
figure should also be understood in the period in which the survey was conducted, in
which the importance for companies of internally producing the components they use most
emerged. Experts were split almost down the middle on the most relevant criterion (six
of them identified T3 while the others identified T1). Studies of biomethane in Europe
provide experiences that can be examined in other countries as well. The relevance of the
connection between technology, subsidies, and domestic production of components plays a
favorable role in supporting the development of the sector [66].
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Figure 7. Local priority (technology).

As far as Nimby is concerned, the experts unanimously penalized this phenomenon
if it develops for residues produced in their own area of competence, while they as-
signed a slight relevance to criterion N3—Nimby with residues not produced in your
area—with 0.25. On the other hand, all agreed to consider criterion N1—stakeholders’
engagement—the most relevant in this category and the weight assigned was decidedly
very significant compared to the others, with an average weight of 0.70 (Figure 8). In
particular, sustainable development is also associated with inclusive development and
provides for decision-making models that involve all stakeholders. It was highlighted by
experts as often being underestimated, but the achievement of which allows implementing
good actions and to be a model of best practice. The correct balance between personal
interest and the interest of an organization theorized by the school of human relations is
the basis of this concept. The topic of stakeholder engagement is not well discussed in the
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literature and is one of the topics that will need to be explored [67]. In fact, this aspect turns
out to be a decisive factor towards the implementation of energy community models [22].
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Nimby with residues not produced in your
area

Stakeholders' engagement

Figure 8. Local priority (Nimby).

The topic of the energy community is analyzed by considering whether its aggregation
should be encouraged. The answer provided by the experts was clear. However, the way in
which this happened sees seven of them favoring the subsidy while three favored the tax
deduction. These aspects are reflected in the final weight, where, however, the difference is
not so great: criterion E2—bonus for installations in an energy community (subsidies)—has
a weight of 0.51, which is greater than the 0.44 associated with criterion E1—bonus for
installations in an energy community (tax deduction)—Figure 9. The subsidy is seen with
interest because it stimulates greater production of output. Instead, tax deduction typically
affects investment costs. However, the need emerges to introduce a form of incentive
to stimulate this ecological transition and to encourage such models of aggregation. A
crucial aspect is therefore the contribution of local community energy initiatives to support
a decentralized sustainable energy system. The key elements highlighted are the type
of organization, the level of activities, and the development of a shared vision. All this
translates into a very communicative slogan “power to the people” [68].
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Figure 9. Local priority (energy community).

With regard to Nimto, it is highlighted how this aspect also influences the results. The
judgment of the experts on this aspect was unanimous. However, the judgment changed
as to who should be attributed greater responsibility in the non-realization of strategic
work. In fact, criterion I1—Nimto determined by local politicians—has a weight of 0.51
and was considered the most relevant by seven experts. The others assigned it to criterion
I2—Nimto determined by national politicians—with a weight of 0.44 (Figure 10). The
rationale that emerges is that we do not always see a sharp distinction between these
two categories based on the actual responsibilities that are laid out in the laws. What
does emerge, however, is how political non-decision making can delay change towards
ecosystem defenses. Support schemes and innovation are among the main forces that drive
investment in renewable energy technologies, and both involve considerable uncertainty.
These aspects identify the ability to pursue the fight against climate change. However, one
element that can destabilize these choices is uncertainty [69].
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Figure 10. Local priority (Nimto).

Finally, the communication aspects show that, additionally in this case, the experts
agreed on the need to implement changes compared to the current situation. Criterion
C2—transparent site in which to report the results—achieved by the sorting and recov-
ery of waste has a weight of 0.42, while criterion C1—organization of webinars/public
meetings—is considered more relevant with 0.54 (Figure 11). These data highlight, on the
one hand, that autonomy is given to people, to their digital skills. Similarly, interaction,
both in human and digital form, is important as it is considered fundamental for dispelling
doubts and perplexities. Almost all the experts (nine) identified C1 as the most relevant.
However, key aspects of the development of biomethane plants are represented by appro-
priate communication models [22,70]. It should be emphasized that the literature shows
that the topic of the circular economy needs to be more appropriately addressed [71].
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Figure 11. Local priority (communication).

3.3. The Assessment of Local Priority

The results show that global priority does not follow the order defined by category
priority. In fact, in first place in the ranking, we find criterion N1 (with a value of 0.581),
despite the fact that the Nimby category occupies only the seventh position in the relative
ranking associated with the categories. This figure can be explained by what was deter-
mined within the local priority for this category: N1 has a weight of 70%, which is the most
significant among all the cases analyzed.

In numerical terms, in second place in the global ranking is placed criterion P1 (with a
value of 0.577). Additionally in this case, with 62%, this occupies the second most significant
weight in terms of local priority when considering all the numerical values, even if the plant
size category is the third most significant. In third place in terms of local priority, criterion
F2 with 60% occupies the fourth place in the global ranking with 0.504, with the category
to which it belongs positioned in sixth place. The most relevant category, regulation, sees
its most significant criterion (R2) in third place in the global ranking with 0.518.

Among the top ten criteria in the global ranking (which have a value of at least 0.400),
we find all the criteria positioned in first place in all categories. The only category that has
two criteria is the energy community with criterion E2 positioned in fifth place in the global
ranking with 0.485. This result can be explained by the minimal difference between the
first two criteria that have a distance of seven percentage points (the same happens for the
Nimto category).

35



Sustainability 2022, 14, 4735

In addition, the nine least relevant criteria for each category occupy the last positions
in the overall ranking. It is worth noting that eight of the nine criteria have a weight as
local priority less than 0.10, and all these criteria have a global priority value of less than
0.100. The exception is criterion R3 (regulation—self-sufficiency principle (national level)),
which has a local weight of 0.16 and a global weight of 0.154—Table 5.

Table 5. Global priority.

Acronym Criteria Global Weight

N1 Stakeholders’ engagement 0.581
P1 More significant subsidies for small–medium size 0.577
R2 Self-sufficiency principle (inter-regional level, but not national 0.518
F2 Transport 0.504

E2 Bonus for installations in an energy community (subsidies) 0.485
S2 Only sustainable substrates (regional or inter-regional) 0.474
T3 Internally produced plant components 0.440
I1 Nimto determined by local politicians 0.418
E1 Bonus for installations in an energy community (tax deduction) 0.418
C1 Organization of webinars/public meetings 0.400

S3 Only sustainable substrates (national) 0.391
T1 Enterprise–university relationships 0.370
I2 Nimto determined by national politicians 0.361
C2 Transparent site in which to report the results 0.311

R1 Self-sufficiency principle (regional level) 0.288
P3 Subsidies not differentiated by plant size 0.279
F3 Mix 0.277
N3 Nimby with residues not produced in your area 0.208

R3 Self-sufficiency principle (national level) 0.154

P2 More significant subsidies for large size 0.074
T2 Mature technology 0.070
S1 All substrates available 0.065
F1 Electricity 0.059
E3 No bonus for installations in an energy community 0.048
N2 Nimby with residues produced in your area 0.042
I3 Nimto has not relevance 0.041
C3 No additional actions required 0.037

These results highlight that the theme of the biomethane community can be defined
as an enabling factor towards sustainability. The integration between the different criteria
allows for highlighting how the aggregation between regions is a winning element because
it allows for pursuing the spirit of a European community and can be suitable for intercept-
ing public funds available. In addition, collaboration would allow the aggregation of skills
and resources and could have greater weight as a leading player in a market.

The essential elements for an energy community foresee the collaboration among
all the actors involved in which one could think of a bottom-up decision-making model
that is not, however, confirmed by the relevance given to Nimto (the joint weight given
both to the political and national class should be underlined), which could push to a
top-down model. Clearly, the solution lies in stakeholder engagement where choices are
made with everyone’s input, but if a final choice is not reached (and it is necessary to make
such a choice in order to not reduce future opportunities), a leader who can synthesize is
needed. Incentives should privilege small plants to allow a greater spectrum of choices
by providing some territories lacking raw materials with this option as well. The choice
of biomethane towards transport appears to be the desired end use, and substrates from
one’s own geographical area can be preferred but others can be accepted if they follow
sustainability criteria. The formation of an energy community should be subsidized and, in
particular, there is a push for a choice that would increase the production of this energy
carrier. Another aspect considered critical is to strengthen the industrial fabric to increase
the competitive advantage of a territory.
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3.4. Biomethane Community Composed of MMAP Regions: A Future Direction
towards Sustainability

The results obtained from Section 3.3 have highlighted how the theme of the energy
community, and specifically that represented by biomethane, is capable of providing
various points for reflection. Sustainability requires the contribution of everyone, and
during the green transition, it is clear that global scenarios based on competitiveness will
change. The recent war in Ukraine, which has led to the death of many children, has
highlighted the need for a change in mentality. A sustainable approach as reported in the
editorial in which this new section within the Sustainability journal was introduced [22] has
the ambition of being a meeting point among different stakeholders. A metaphor could
indicate a port where ships from different parts of the world can dock, where ideas, projects,
and ambitions of everyone can be gathered, but with a special eye on new generations.
The Adriatic corridor and its four regions, MMAP, are fortunate to have uncontaminated
territories where the relationship between man and nature is not disfigured. There are
ideas for improvement that can be pursued and circular bioeconomy models can support
the achievement of the Sustainable Development Goals [3].

The strategy can proceed in this direction by expanding the fields of collaboration and
creating what could be called the sustainable innovation hub, the idea of an innovation
ecosystem based on the involvement of different stakeholders, a result that emerges un-
equivocally from this research. Sustainable innovation hubs are grounded on the concept
of Digital Innovation Hubs (DIHs), i.e., ecosystems that assist companies to improve their
competitiveness through innovations and fostering the implementation of up-to-date dig-
ital technologies [72,73]. Involving different stakeholders belonging to a heterogeneous
ecosystem, DIHs provide a set of supportive services that help companies to become more
competitive by improving their business by means of digital technology [74].

The four regions have already signed important agreements in terms of infrastructure,
transport, and communications, leaving aside political affiliation, which is certainly an
element to be stressed. The need for teamwork is emphasized. This work, in a simple way,
aims to unite this great strategic project with the results obtained previously, highlighting
how the theme of biomethane development can be an element of sustainable success. This
is confirmed not only by the environmental and economic results associated with them but
also by a substantial number of social opportunities and related economic opportunities
induced that could be connected. In addition, it would allow resources to be acquired at
lower values and would allow all interested parties to present valid projects by choosing
appropriate technologies, adopting models of public participation and reasoning on how
this meso-approach reaches the macro-level of sustainability and is then architected at the
micro-level on where to install these plants.

Economic estimates are that ofmsw is treated separately while the other substrates are
all incorporated at the by-products level. Environmental estimates consider one cubic meter
of biomethane regardless of its source of origin. Figures 12 and 13 provide environmental
and economic results.

The obtained results are based on an estimate of potential biomethane production
of 681.6 million m3 for the four regions examined (an increase of 17 million compared
to values proposed by Pierro et al. [59]). It is evident that this value also includes raw
materials currently used for other purposes (e.g., for electricity production through biogas)
and that all raw materials are recovered at the technical factors assumed in the reference
study. It is also true that an increase in the percentage of separate waste collection has
been considered. These data clearly call for the virtuous contribution of all stakeholders.
It is clear that ofmsw plants are more profitable than by-products, but a reduction in the
profitability of these plants should be envisaged with a simultaneous reduction in the bill
paid by citizens, rewarded for good separate collection. In fact, nowadays, it is not only
necessary to differentiate but also to do it correctly. This obviously translates into lower
costs for the companies that treat such waste in a better energy yield from a technical point
of view. As for by-products, it is necessary to inform all stakeholders of the advantages
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they could have from the recovery of these residues and their sending first to an anaerobic
digestion plant and then to an upgrading plant.
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Figure 12. Potential environmental results (thousand tons CO2eq).
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Figure 13. Potential economic results (million EUR).

The economic results also show that as the sale price of biomethane increases, the
plants would become more profitable for investors. However, a higher sales price would
have a negative impact on consumers. Thus, it is necessary to be vigilant of these aspects.
Sustainability is the meeting point of all stakeholders, thus it cannot only support renew-
able plant owners but also consumers. Taxes that are paid on resources that are more
environmentally damaging are considered appropriate. In addition, attention should be
paid to the less affluent income groups who do not have the opportunity to take advantage
of these sources. It could happen that these groups would have to pay higher prices (taxes
on fossil fuels), which would worsen their difficult economic situation.

In this period, great attention has been given to the development of electric vehicles,
which, if powered by green sources and with proper battery disposal, are able to provide
important environmental results. However, no less important is the role that can be played
by NGVs, which are known to pollute less than diesel and gasoline, are a widely known
technology, and are typically chosen by consumers for their savings. Evidently, these
aspects can be confirmed if natural gas is gradually replaced by green gas. However, we
would like to point out that, currently, the energy policy of countries should be projected
towards a strong expansion of renewables but the transition should not disregard the
use of some fossil sources. Among these, gas has the lowest impact, and the European
Commission has indicated this source as necessary for this transition.
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The reduction in geopolitical risk and the production of domestically produced energy
are necessary steps for the energy development of a country and for energy communities to
move towards these directions. The previous analysis has underlined the role of subsidies,
which are justified if it is considered at present that several fossil sources are agreed.
However, their value cannot be fixed forever in the long term but should be reduced
gradually while assuming, however, a stable regulatory framework.

The results of this work assume that at the usual selling price of biomethane and
not subject to increases, there would be 49 million EUR in the minimum scenario and
405 million EUR in the maximum scenario (see Figure 13). The choice of plant size must be
referred to individual territories. However, some considerations emerge:

• Where it is possible to build a larger plant, it is desirable for the territory to provide
significant raw materials;

• Incentives for small plants should be provided to allow the recovery of these residues
that in the absence of economic unprofitability could lead to the non-realization of
the plants;

• Technical analysis should be conducted on how the different substrates can be mixed
as clearly a shared plant allows for taking advantage of different opportunities.

The associated DDNC 1-year amounts to 2263 million EUR in the minimum scenario
and 19,333 million EUR in the maximum scenario. The delay in the non-construction of
the plants has led to greater energy dependence on foreign countries, greater dependence
on speculative aspects related to the different actors involved in the chain of sale of the
final product, and, above all, a non-contradiction of environmental aspects. The results of
this work show a reduction of 854 thousand tons CO2eq

year in the baseline green scenario and

777 tons CO2eq
year and 931 thousand tons CO2eq

year in the alternative ones (see Figure 12).

4. Conclusions

This work contributes to clarifying how the theme of biomethane, a virtuous model
of the circular bioeconomy, is relevant to the reduction in geopolitical risks. The transport
sector is called to reduce its environmental impact. The biogas–biomethane supply chain
moves towards this direction as it can be used as a vehicle fuel, but it can also be used
for other purposes (e.g., it can be distributed into the natural gas grid or converted into
cogeneration units).

At present, those who have economic interests in fossil fuels are speculating because
they are aware that, today, many countries depend on this raw material. The future foresees
the presence on the market of an alternative resource, and this will inevitably lead to
a reduction in economic opportunities associated with those who use fossil fuels. It is
necessary to identify the transition to advance renewable sources and, in the same way,
allow businesses and citizens to have controlled prices.

From a methodological point of view, this work proposes a hybrid approach based
on AHP and 10-point value to determine the incidence of the criteria, and this model is
suitable when it comes to consider weights based on the local–global priority in which the
category priority is calculated considering a consistent number of criteria.

From a conceptual point of view, the model of a united Europe is based on the
breaking down of barriers among several countries. The idea of a collaboration of the four
regions of the Adriatic corridor (Marche, Molise, Abruzzo, and Puglia) has proved to be a
winning strategic idea. The strategy can proceed in this direction by expanding the fields
of collaboration and creating what could be called the sustainable innovation hub.

From an operational point of view, the energy communities are able to create new
forms of market and alternatives to centralized structures to combine the interests of
multiple subjects. However, their realization is by no means simple as it requires an
approach based on the concept of shared value. Biomethane is an example of a shared
resource that can affect these territories.

The work has some limitations:
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• Need to conduct an up-to-date analysis on the energy yields of substrates;
• Environmental performance as a function of specific substrates;
• Economic evaluations applied to specific substrates;
• Development of a network of plants distributed throughout the territory in order to

maximize available resources;
• Communication and dissemination models to inform stakeholders and citizens about

these changes;
• Research method hybridization has a major impact and changing the combined

method may result in different results.

However, this work reports economic and environmental results that are verified with
an implementation plan for the development of biomethane, whose values may vary as a
result of changes in critical variables. Nevertheless, findings underline that the biomethane
community is seen as an enabling factor towards sustainable development.

The ecological transition is a great challenge and the increase in energy costs cannot
be described as being caused by the development of sustainable sources. Obviously, this
change will affect the interests of some companies and investors whose portfolios were
based on fossil sources. However, the transition cannot be to the disadvantage of companies
and citizens. For this reason, it should be monitored, and cooperation between the private
and public sectors is required. Renewables can take advantage of the funds that are made
available, but these projects should be implemented quickly in order to avoid generating
costs of doing nothing. In addition, the intervention of a third party is required where
abnormal market phenomena are created. This outcome would allow for proper movement
towards the goals of the Next Generation EU.

The MMAP project may be able to combine tourism and industry to attract young
people from all over the world and it may represent a strategic crossroads within the
corridors of integrated logistics. The element that can make the difference is the ability to
be a team creating a strong, cohesive, resilient, inclusive, and sustainable community.
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Appendix A

Table A1. Survey participants.

No. Role Country No. Years

1 Full Professor Sweden 18
2 Full Professor Spain 19
3 Full Professor Italy 20
4 Full Professor Denmark 16
5 Associate Professor Finland 12
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Table A1. Cont.

No. Role Country No. Years

6 Associate Professor Germany 15
7 Associate Professor Switzerland 16
8 Associate Professor Greece 11
9 Associate Professor Italy 12
10 Associate Professor France 14

Table A2. Category weights provided by ten experts.

Category 1 2 3 4 5 6 7 8 9 10

Regulation 10 9 10 9 9 10 10 10 10 9
Substrates 8 10 9 9 10 9 9 10 9 10
Plant size 8 10 10 9 9 9 10 9 10 9
Final use 9 8 8 8 9 9 9 8 8 8

Technology 9 9 9 9 9 8 8 9 9 9
Nimby 8 8 8 9 9 9 8 8 8 8

Energy community 9 8 9 10 9 10 10 10 10 10
Nimto 8 9 9 8 8 8 8 9 7 8

Communication 8 7 8 8 7 7 7 7 8 7

Table A3. Local weights provided by ten experts.

Criteria 1 2 3 4 5 6 7 8 9 10

R1 30 25 30 20 35 35 30 30 30 35
R2 60 60 60 60 45 50 55 50 60 40
R3 10 15 10 20 20 15 15 20 10 25

S1 5 10 5 5 5 5 10 5 10 10
S2 55 50 55 55 60 40 50 55 40 50
S3 40 40 40 40 35 55 40 40 50 40

P1 62 70 60 55 60 55 70 50 65 60
P2 8 5 10 5 10 5 10 10 10 5
P3 30 25 30 40 30 40 20 40 25 35

F1 5 5 10 5 5 5 10 15 5 5
F2 75 50 55 65 65 65 50 60 50 65
F3 20 45 35 30 30 30 40 25 45 30

T1 55 35 40 30 50 40 40 50 30 50
T2 5 10 5 10 5 10 5 10 10 10
T3 40 55 55 60 45 50 55 40 60 40

N1 60 75 70 70 65 75 70 70 75 70
N2 5 5 5 5 5 5 5 5 5 5
N3 35 20 25 25 30 20 25 25 20 25

E1 50 45 60 40 55 40 40 40 35 35
E2 45 50 35 55 40 55 55 55 60 60
E3 5 5 5 5 5 5 5 5 5 5

I1 45 50 55 40 55 60 45 50 55 55
I2 50 45 40 55 40 35 50 45 40 40
I3 5 5 5 5 5 5 5 5 5 5

C1 55 50 45 55 55 60 55 50 60 55
C2 40 45 50 40 50 35 40 45 35 40
C3 5 5 5 5 5 5 5 5 5 5
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Abstract: Many industrial processes make use of sodium because sodium is the fifth most abundant
metal and the seventh most abundant element on Earth. Consequently, there are many sodium-
containing industrial wastes that could potentially be used for carbon capture, paving the way
towards a circular and biobased economy. For example, a common industrial chemical is NaOH,
which is found in black liquor, a by-product of the paper and pulp industry. Nonetheless, the literature
available on CO2 absorption capacity of aqueous NaOH is scarce for making a fair comparison with
sodium-containing waste. Therefore, to fill this gap and set the foundation for future research on
carbon capture, the CO2 absorption capacity of NaOH solutions in a concentration range of 1–8 w/w%
was evaluated, a wider range compared with currently available data. The data set presented here
enables evaluating the performance of sodium-based wastes, which are complex mixtures and might
contain other compounds that enhance or worsen their carbon capture capacity. We designed a
customized reactor using a 3D-printer to facilitate in-line measurements and proper mixing between
phases without the energy of stirring. The mixing performance was confirmed by computational
fluid dynamics simulations. The CO2 absorption capacity was measured via weight analysis and
the progress of carbonation using a pH meter and an FTIR probe in-line. At 5 w/w% NaOH and
higher, the reaction resulted in precipitation. The solids were analyzed with X-ray diffraction and
scanning electron microscope, and nahcolite and natrite were identified. With our setup, we achieved
absorption capacities in the range of 9.5 to 78.9 g CO2/L for 1 w/w% and 8 w/w% of NaOH, respectively.
The results are in fair agreement with previously reported literature, suggesting that non-forced
mixing reactors function for carbon capture without the need of stirring equipment and a possible
lower energy consumption.

Keywords: carbon capture and storage; aqueous bases; reactor design; chemical absorption; FTIR;
absorption capacity; in-line measurements; 3D-printed reactors

1. Introduction

In recent decades, environmental changes due to increased greenhouse gas (GHG)
emissions have been intensely studied [1]. Among these GHGs, it has become evident
that the increased level of CO2 in the atmosphere is one of the main contributors to these
changes [2]. Consequently, interest has been growing towards developing technologies
for carbon capture and storage (CCS) as a temporary but necessary solution to capture the
emitted CO2 [3,4].
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Even though many different CCS technologies have been proposed to date, only
a few have reached commercial status, highlighting CO2 chemical absorption [5]. Cur-
rently, solvents such as ammonia, piperazine and amines have been proposed for their
absorption of industrial CO2 emissions, with commercial focus on the latter group [6,7].
Monoethanolamine (MEA) is one example of a commercial amine with a high capture
capacity [8–10]. Despite its popularity, MEA has some significant drawbacks, such as high
regeneration costs, emissions from the MEA production process, and the formation of
nitrosamine—a carcinogenic compound—due to amine degradation [11,12].

Hydroxide-based solvents (i.e., NaOH or KOH) are another interesting group of
solvents for CO2 chemical absorption [11]. Indeed, NaOH has been proposed previously
as an effective solvent for CO2 capture [13–17]. Many industrial processes make use of
sodium-based chemicals because sodium is the fifth most abundant metal and the seventh
most abundant element on Earth. Consequently, there are many sodium-containing wastes
that could potentially be used for carbon capture, paving the way towards a circular
and biobased economy. The promotion of bioeconomy strategies plays a key role in
the development of our society towards sustainability [18–20]. A common industrial
chemical is NaOH, which is found in black liquor, a biobased residue of the paper and
pulp industry [21,22]. Another example of high sodium content waste is saline industrial
residue. On the other side, the regeneration of NaOH usually requires either a high energy
penalty (thermal regeneration) or a chemical reaction with other compounds (chemical
regeneration) [11]. Nonetheless, if NaOH comes from wastes, the carbonated solution due
to CO2 capture does not need to be regenerated. Hence, the formed carbonates could be
directly stored or even used as added-value products. This is a clear example of strategies
to promote bioeconomy-based and sustainable societies.

The use of an aqueous NaOH solution for CO2 absorption has been reported in the
literature [23–25]. For example, CO2 capture from coal-fired flue gas was investigated in a
continuous bubble column scrubber with efficiencies in the range of 30–98% to produce
Na2CO3 for algae production [26]. In addition, parameters such as absorption efficiency
and mass-transfer coefficient were evaluated [26]. A comparison of removal efficiencies of
CO2 between aqueous ammonia and an aqueous NaOH solution in a fine spray column
was carried out [27]. These authors targeted a CO2 removal efficiency of 90% and reported
the corresponding mole ratios of solvent to CO2 to be 4.43 and 9.68 for NaOH and aqueous
ammonia, respectively. These findings further suggest the advantages of NaOH for CO2
capture over other solvents. Another very interesting study proposed capturing CO2 from
air by spraying NaOH. The expenses of this CO2 capturing alternative ranged from 53 to
127 $/ton CO2 [28]. Aqueous NaOH was also used to capture CO2 in a two-stage combined
process, in which Ca(OH)2 was utilized to obtain CaCO3 and regenerate the NaOH. The
authors obtained CO2 absorption efficiencies of 67.85% and regeneration rates for NaOH of
85.37% [29]. As summarized, the use of NaOH for CO2 capture has been studied.

Nonetheless and despite the importance of aqueous NaOH solutions for CO2 capture
with sodium-based wastes and to the best of our knowledge, only one work has dealt
with the estimation of absorption capacities of CO2 in aqueous NaOH solutions. This
is crucial to estimate the performance of other sodium-based wastes and to validate the
performance of alternative reactor designs. Yoo Miran et al. evaluated the absorption
capacity of a gas stream containing 30 v/v% CO2 for different concentrations of aqueous
NaOH solutions (1–5 w/w%) [17]. In this work, authors measured the absorption capacity
through a combination of experiments i.e., the CO2 concentration in the outcoming gas
stream, the pH value and the electrical conductivity of the solution over time. Furthermore,
they predicted the evolution of chemical species in the solutions with time. However,
for a mechanistic optimization of future carbonation reactors, it is crucial to monitor the
chemical reactions occurring during absorption. Furthermore, it is necessary to expand the
studied concentration range to values typically found in waste solutions [21,22]. Hence, to
fulfill these knowledge gaps, the present study measured the absorption of CO2 in aqueous
solutions of NaOH up to 8 w/w% at ambient pressure and temperature. Importantly, the
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absorption was monitored using an analytical balance and the progress of the chemical
reactions inside the reactor was followed with a pH meter and an FTIR probe. We observed
the formation of carbonate and bicarbonate ions and absorption of CO2 depending on pH.
This opens new avenues for optimization either for maximum absorption capacity or the
formation of value-added products.

In addition, we customized the reactor design for non-forced mixing, which reduces
the amount of equipment and possibly the amount of energy needed. The reactor enabled
also in-line measurements and was 3D printed using a resin printer. Its mixing performance
was corroborated by computational fluid dynamics (CFD) simulations. All experiments
were conducted in this customized 3D-printed bubble batch reactor using bubble motion to
create mixing.

At solutions of 5 w/w% NaOH and higher, solid carbonate and bicarbonate species
were formed due to saturation. The solids were analyzed with X-ray diffraction and scan-
ning electron microscopy and natrite (Na2CO3) and nahcolite (NaHCO3) were identified.
With our setup, we achieved absorption capacities in the range of 9.5 to 78.9 g CO2/L
for 1 w/w% and 8 w/w% of NaOH, respectively. The results are in fair agreement with
previously reported literature findings that non-forced mixing reactors function for carbon
capture and may entail economic advantages compared to stirring-based ones. This as-
sessment is however out of the scope of this study. With this work, we aimed to lay the
foundation for future works for sustainable CO2 capture using wastes with a high sodium
content. Furthermore, the results enable finding suitable conditions for reaching either
a high absorption rate, a maximum absorption capacity or value-added species formed
by absorption.

2. Materials and Methods

2.1. Materials

Aqueous NaOH solutions were prepared by dissolving high purity NaOH (VWR, 99%
purity) in distilled water to give concentrations ranging from 1–8 w/w%. The gas mixture
had a composition of 30 v/v% CO2 and 70 v/v% N2. This composition has been previously
used by other authors [17]. A stereolithography (SLA) 3D-printer Form 3+ (Formlabs) was
used to print a custom designed reactor of the UV curable resin Rigid 10K (Formlabs). The
reactor was designed using the CAD software Autodesk Fusion 360.

2.2. Experimental Setup, Procedures, and Reactor Design

Figure 1 shows the experimental setup used for CO2 carbonation experiments. The
gas mixture of CO2 and N2 was flowing at a steady rate of 200 mL/min adjusted with a
pressure regulator and monitored with an in-line flowmeter. The gas passed through a
sparger into the 3D-printed reactor, which was filled with 60 mL solution. For each NaOH
concentration, experiments were carried out using two different setups. The first setup
included the pH-meter (HQ430D, HACH, Loveland, CO, USA) and the FTIR (ReactIR 702L,
Mettler Toledo, Greifensee, Switzerland) probe immersed in the solution to record pH and
FTIR spectra with time (Figure 1A). The experiments were stopped once the pH reached a
value of 8 because below this threshold the amount of absorbed CO2 is insignificant. To
measure the absorption capacity, a second experiment was performed for the same duration
as the first with the 3D-printed reactor mounted on a balance (QUINTIX2102-1S, Sartorius,
Göttingen, Germany), which was connected to a computer for data logging (Figure 1B).
The pH value was checked at the end of this second run to corroborate that an identical pH
value was reached.
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Figure 1. Experimental setups: (A) The first run includes 1. gas bottle (30 v/v% CO2, 70 v/v% N2),
2. pressure regulator, 3. three-way valve, 4. mass flow meter, 5. reactor, 6. sparger, 7. FTIR, 8. pH-
meter, 9. computer for data logging; (B) The second run includes 1. gas bottle (30 v/v% CO2, 70 v/v%
N2), 2. pressure regulator, 3. three-way valve, 4. mass flow meter, 5. reactor, 6. sparger, 7. gas outlet,
8. balance, 9. computer for data logging.

The FTIR spectrum of air was subtracted as background from the obtained FTIR
spectra prior to analysis. For 5 w/w% NaOH and higher, precipitation occurred. The
formed solid product was filtered and dried prior to X-ray Diffraction (XRD) and Scanning
Electron Microscope (SEM) characterization. X-ray diffraction (XRD) measurements were
performed on the D8 Discover Bruker instrument. The patterns were recorded for a
diffraction angle range of 2θ from 10 to 70o with a scan step of 0.02◦ per second. The peaks
of the obtained phases were matched with peaks present in the database (PDF-4-2021) from
the International Centre for Diffraction Data (ICDD). SEM images were obtained using a
Phenom ProX Desktop SEM (ThermoFisher Scientific, Waltham, MA, USA).

Concerning the reactor design, there are two important processes during optimized
gas absorption, (1) enhancing the mass transfer of the gas into the liquid through the bubble
surface and (2) avoiding saturation of the absorbed gas in the liquid phase in the reactor.
Raising bubbles introduce a fluid motion upwards followed by a down-coming fluid
motion elsewhere by continuity. However, these upwards and downwards flows depend
on the size of the reactor cross-section. The reactor was designed to have a narrow and
long body with the gas sparged from the bottom enabling homogenous mixing caused by
the bubble motion without the need for forced mixing. This reduces the need of additional
equipment and energy for stirring. The 3D-printed reactor design and its dimensions can
be seen in Figure 2.

The top of the vessel is wider to allow the pH meter and FTIR probe to be immersed in
the solution. The non-absorbed gas escaped to the atmosphere through the gas outlet and
could have carried a small amount of solution resulting in a loss of weight. Evaporation
of the solvent also occurred during absorption. Hence, blank experiments were carried
out to evaluate the losses. These experiments were conducted by sparging the same gas
mixture through distilled water, with the reactor mounted on the analytical balance and
measuring the weight loss with time. The obtained weight loss trend from the blank runs
was included in the data treatment to compensate for the solvent losses.

48



Sustainability 2022, 14, 10795

  

Figure 2. Dimensions (left) and design of reactor in Autodesk Fusion 360 (right).

2.3. Computational Fluid Dynamics (CFD) Methodology

To qualitatively address the flow field inside the reactor geometry and evaluate the de-
gree of mixing of the solution, we employed CFD using an unstructured mesh of 11,428 cells
to solve the non-reactive multiphase model equations in the reactor. We employed a two-
fluid Eulerian-Eulerian model to describe the suspension of CO2 and N2 bubbles in water.
In particular, the CO2 and N2 components are treated as a gas phase while the water is the
liquid phase. Gas and liquid volume fractions measure the relative concentration of the
two components in each part of the reactor. Following the experimental procedure, the gas
phase is injected into the domain from the sparger after starting to rise along the liquid
phase driven by buoyancy effects. Turbulence in the liquid phase was modeled using a
modified version of the k-ε model, adapted for turbulent bubbly suspensions [30]. The
momentum exchange term between the two-phases includes drag, lift and virtual mass
forces, moreover, turbulent dispersion was also included using the Favre-averaged drag
relationship developed in [31].

We used the software ANSYS Fluent R2021 V2 for our simulations. The temporal
discretization is first-order implicit with a time step of 10−4 s, the pressure-velocity coupling
is handled by the Phase Coupled scheme SIMPLE, and the pressure interpolation is body
force weighted. Convective terms and volume fractions are discretized using the QUICK
scheme while the turbulent equations employ a first-order upwind in the non-linear terms.

3. Theoretical Considerations of Carbonation Reactions of CO2 in Aqueous Bases

For a comprehensive explanation of the theory involved in carbonation reactions,
readers are referred to reference [17]. In this section, the essentials of carbonation reactions
of CO2 in aqueous bases are described. As the system has two phases, liquid and gas, the
process is dictated by two phenomena, the physical transition of CO2 from the gas bubble
to the liquid, and the chemical reaction between the absorbed CO2 and the OH−. The
following three different forms, the carbonate ion CO3

2−, the bicarbonate ion HCO3
− and

carbonic acid H2CO3, exist in an aqueous solution depending on the pH [32].
At pH above 12.3, CO2 reacts with OH− ions to form CO3

2− ions according to
Equation (1).

CO2 + 2OH− ↔ CO2−
3 + H2O (1)
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As the OH− ions are consumed i.e., the pH is lowered, the CO2 converts to both
carbonate and bicarbonate ions. The two species exist in equilibrium dependent on pH and
below a specific pH only bicarbonate ions are formed according to Equation (2).

CO2 + OH− ↔ HCO−
3 (2)

Finally, at pH = 4.3 and lower, all of the CO2 turns into carbonic acid (Equation (3)).

CO2 + H2O ↔ H2CO3 (3)

The carbonation of CO2 with NaOH occurs in two steps to form sodium carbonate
(Equation (4)) and bicarbonate (Equation (5)) [15].

CO2(g) + 2NaOH(aq) ↔ Na2CO3(aq) + H2O(l) (4)

Na2CO3(aq) + H2O(l) + CO2(g) ↔ 2NaHCO3(aq) (5)

Sodium carbonate and bicarbonate have a high solubility in water up to 30.7 g/100 g
water and 10.3 g/100 g water respectively at room temperature [33]. In contrast, carbonic
acid has very low solubility i.e., once the pH drops to favor the production of carbonic acid,
the absorption of CO2 is reduced significantly [34].

4. Results

4.1. Mixing in the Reactor

The first step is to corroborate that the reactor shape allows suitable mixing, which
was confirmed in CFD simulations. Figure 3 shows the flow fields computed using the CFD
numerical approach. Panel (A) represents the gas volume fraction inside the reactor along
a vertical section. The gas bubbly phase is injected from the sparger, close to the bottom of
the reactor. The highest relative concentration is found near the injection point, as indicated
by the red-orange color. Afterwards, the gas rises along the vertical axis, decreasing the
relative concentration compared to the liquid phase (represented by green and blue colors).
The order of magnitude of the gas velocities inside the reactor can be seen in panel (B) of
Figure 3, where the highest velocity of around 0.3 m/s is found close to the inner wall of
the reactor immediately on top of the sparger. Finally, to evaluate the degree of mixing of
the gas phase inside the reactor, we compare the ratio between the turbulent viscosity and
molecular viscosity of the suspension (Panel C).

Since the reactor does not have rotating stirring parts, turbulence is needed to reach
a good mixing because molecular diffusion is too slow. The regions inside the reactor
with a high ratio between turbulent and molecular viscosity will give an indication of the
preferential zones where mixing is achieved. From Figure 3C, it can be observed that the
lower part of the reactor, on top of the sparger, is characterized by a turbulent viscosity
ratio that is up to one order of magnitude the molecular viscosity of the water, suggesting
that this is the region with the highest degree of mixing inside the reactor. The good level of
mixing is confirmed by looking at the gas volume fraction distribution in Figure 3A where,
after the mixing region, a uniform gas concentration in the horizontal plane is achieved
at around 50% of the volume fraction (green contour). Overall, these results confirm that
the reactor design is adequate: the bubble motion creates a suitable mixing environment
without the need for any additional power input by stirring.
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Figure 3. Contour plots of the gas volume fraction (A), gas velocity (B) and turbulent viscosity ratio
(C) obtained from the CFD simulations.

4.2. Carbonation Reactions and Reactor Performance

The FTIR probe provided insights for understanding the occurring chemical reactions
over time. Carbonate ions appear with a strong peak at around 1380 cm−1, bicarbonate
ions with a lower intensity at around 1360 cm−1, 1300 cm−1 and 1008 cm−1 and water at
around 1635 cm−1, as highlighted in Figure 4E [35]. Unfortunately, the bicarbonate ion
peaks at 1360 cm−1 and 1300 cm−1 overlap with the carbonate ion peak, which complicates
quantification of each species. FTIR spectra as a function of wavenumber and time of all
NaOH solutions are shown in Figure 4. The carbonate ion peak appears from 2 w/w%
(B) while the bicarbonate ion peak starts to be visible from 3 w/w% (C). Furthermore, the
carbonate ion peak grows first with time before a shift to lower wavenumbers is observed.
This is true for all samples.

It is noteworthy that the intensities of the carbonate ion peaks in comparison with
the water peak increased up to a NaOH concentration of 6 w/w% (F). For example, 2 w/w%
NaOH (A), the carbonate ion peak at 1380 cm−1 is only slightly noticeable in contrast
to 4 w/w% NaOH (D) revealing strong carbonate and bicarbonate ion peaks. This might
indicate that the intensity of the observed carbonate ion peaks albeit overlapping signals
may be correlated with its amount not only with time but also between samples. This
observation might provide insights for CO2 absorption in sodium-based wastes. At 5 w/w%
NaOH and higher, precipitation occurred. This might be attributed to a stagnation of the
intensity increase of the carbonate ion peak compared with the water peak. In the case
of the 8 w/w% NaOH, the pattern of the FTIR spectra changed, which might be initiated
by precipitation. Due to the gas bubbling, most of the solid particles were most likely
dispersed in the reactor causing an interference of the FTIR measurement.

The formed solids that precipitated for the 6 w/w% were analyzed with XRD and
SEM. The obtained SEM images presented in Figure 5A–D reveal irregular, rectangular and
needle shapes. The obtained XRD pattern corresponds to a mix of natrite (main peaks at
26◦, 27.5◦, 33◦, 35◦, 38◦, 40◦, 41.5◦, 46.5◦, 47◦, 48◦, and all the other peaks from 53.5◦), and
to a minor extend of nahcolite (main peaks at 30◦, 34.5◦, and 44.5◦) as shown in Figure 5E.
Similar shapes and crystal structures were also found in previous works both from an
after-process product [36] and commercial NaHCO3 production before utilization [37].
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Figure 4. FTIR spectra of CO2 absorption in NaOH solutions with time for (A) 1 w/w%; (B) 2 w/w%;
(C) 3 w/w%; (D) 4 w/w%; (E) 5 w/w%; (F) 6 w/w%; (G) 7 w/w%; (H) 8 w/w%.

Figure 5. SEM images (A–D) and XRD diffractogram (E) of the powder obtained for 6 w/w% NaOH.

The CO2 carbonation and absorption of the NaOH solutions were successfully moni-
tored using an analytical balance, pH meter and FTIR probe. The increase in weight with
time corresponded directly to the captured amount of CO2. The pH and FTIR data agreed
with the results of the balance and provided insight into the chemical reactions occurring
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during the absorption, as explained in Section 4.2. The pH value prior to absorption is
12.4 for the 1 w/w% NaOH solutions and 13.5 for the 8 w/w%. It decreased upon the
consumption of OH− ions due to the formation of carbonate and bicarbonate ions. This
formation could be followed by FTIR as explained in Section 4.2 (see typical FTIR spectrum
in Figure 4E). Hence, the sum of absorbance values in the regions 1372–1388 cm−1 for the
carbonate ion and 1000–1016 cm−1 for the bicarbonate ion were plotted with time to reflect
their formation during absorption.

Figure 6 shows an example of all measurements obtained with time for 4 w/w% NaOH
providing a clear picture of the progress of absorption. In the beginning the absorption
rate of CO2 was high and all absorbed CO2 was converted into carbonate ions (A). The
highest absorption rate occurred within the first 6 min until a pH value of 12.9. Up to that
point, the CO2 absorption was 12.4 g/L. After approximately 11 min, the pH dropped
from 12.3 to 10.2 with the highest drop rate at pH 11.2 (B). At the same point in time,
according to the sum of absorbance intensities (C), the formation of carbonate ions reached
a maximum, and bicarbonate ions started to emerge (D). The absorption of CO2 up to
that point was 19.8 g/L. After 24.5 min, the pH continued dropping at a much slower
rate and it took 35 additional minutes to decrease from 9.6 to 8.0 (B). During that time,
11.5 g/L of CO2 was absorbed until the experiment was stopped at pH 8. These absorption
trends were previously reported by [17], which confirms that the proposed reactor design
produces the same results as forced-mixing reactors. Nevertheless, our results including
FTIR verified that the formation of carbonate and bicarbonate ions depends on pH and
absorption capacity. This wealth of data enables optimizing the duration of the reaction to
maximum absorption rate or capacity or value-added products.

Figure 6. CO2 absorption (A), pH (B), the sum of the absorbance intensities of the wavenumber
range 1372–1388 cm−1 corresponding to the carbonate ion region (C) and the sum of the absorbance
intensity of the wavenumber range 1000–1016 cm−1 corresponding to the bicarbonate ion region
(D) with time for 4 w/w% NaOH.
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Solutions of 1 to 8 w/w% NaOH were prepared to obtain a mechanistic understanding
of the concentration-absorption rate dependence. The increase in weight with time due
to CO2 absorption of three solutions of 1, 4 and 8 w/w% NaOH is shown in Figure 7. The
total duration of the experiments to reach pH 8 became longer with increasing NaOH
concentration. For the 1 w/w% NaOH solution, it took 4.5 min (A) while for the 8 w/w%
it lasted 2 h and 20 min (C). Furthermore, for the 1 w/w% NaOH, the rate of absorption
was relatively constant throughout the experiment in contrast to the 4 and 8 w/w% NaOH
solutions for which the rate levelled out with time. Interestingly, the same amount of CO2
absorption for the 4 w/w%, 40 g/L, was reached after roughly 1/3 of the duration for 8 w/w%
NaOH. This finding suggests that the amount of OH− ions present in solution i.e., pH, is the
driving force for the absorption rate. Below pH 8, CO2 is still being absorbed at a very low
rate until complete saturation and the weight stabilizes. These experiments were not run
until rate depletion because such a low rate is not of interest from an industrial perspective.

Figure 7. Weight increase of the reactor and the corresponding CO2 absorption for 1 (A), 4 (B) and
8 (C) w/w% NaOH.

Figure 8A compares the experimental absorption capacities with the theoretical values
if all CO2 reacts forming carbonate and bicarbonate ions, respectively. These theoretical
absorption capacities were calculated as the stoichiometric amount of CO2 that reacts
completely towards carbonates or bicarbonates according to Equations (1) and (2). This
can only be used as a guideline because for most of the studied pH range here, carbonate
and bicarbonate ions will form. The absorption capacities are between the two theoret-
ical values, indicating that a mixture of carbonate and bicarbonate ions was produced
at the end of the reaction. This agrees with the chemical reactions occurring at this pH
(Equations (1) and (2)) and has also been verified by the FTIR spectra as we will explain
in the next section. Additionally, it appeared that the absorption capacity has an almost
linear correlation with the concentration of NaOH as shown in Figure 8B. This correla-
tion and the absorption capacities for 1–5 w/w% NaOH agreed well with the trends and
values reported in the literature [17]. This further proves that the 3D-printed reactor with-
out forced mixing produces the same absorption capacities as those reactors employing
forced mixing. Consequently, the presented solution has a clear advantage from an energy
consumption perspective.
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Figure 8. (A) Obtained and theoretical absorption capacities for NaOH solutions of 1 to 8 w/w%
NaOH. A total conversion of CO2 to carbonate and bicarbonate ions was assumed to estimate the
theoretical capacities using Equations (1) and (2). (B) Linear regression based on the experimental
data, indicating that the concentration of NaOH and the absorption capacity correlate linearly.

5. Conclusions and Future Remarks

Herein the absorption capacity of aqueous NaOH solutions for CO2 capture was
assessed for a wide range of concentrations (1–8 w/w%) with a 3D-printed reactor that
avoids forced-mixing. The experimental setup included an in-line FTIR probe and pH
meter to monitor the reaction over time and an analytical balance to estimate the absorption
capacity through weight increase. Overall, the obtained CO2 absorption capacities were
in the range of 9.5 to 78.9 g/L for 1 w/w% and 8 w/w%, respectively. Reported capacities
and crystal structures agreed with our results confirming that the non-forced mixing
reactor design functions for CO2 capture, which is an advantage from an energy and
equipment savings perspective. Furthermore, monitoring the formation of carbonate and
bicarbonate ions concurrently with pH and CO2 absorption paves the way for optimizing
the duration of the reaction for the maximum absorption rate or capacity or value-added
products. The further optimization of absorption rate can be performed by adjusting the
NaOH concentration. The 3D-printed design allows for easy implementation and hence
applications for sodium-based wastes. The absorption capacity of such wastes can now be
compared to aqueous NaOH solutions and optimized for different purposes and processes,
such as the use of industrial waste to promote circularity in our societies. There are many
sodium-containing industrial waste and its use for carbon capture undoubtedly boost the
transition towards a biobased economy.
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Abstract: The research highlights the importance of sustainable supply chain management (SSCM),
technology adoption (TA), and performance measurement in promoting sustainability and improving
supply chain performance. By incorporating sustainable practices and utilizing digital technologies,
organizations can create a more sustainable future and improve their overall performances. This study
conducted an in-depth review of the literature to investigate the presence of TA in SSCM with a focus
on digital-based supply chains. The review used both bibliometric and content analysis methods to
analyze relevant research articles, with the goal of providing a comprehensive understanding of the
current state of research in the field, identifying any gaps in the literature, and providing direction for
future research. The content analysis of the literature showed the absence of concrete frameworks for
SSCM and the need for clearer and more applicable sustainability measurement indices. To address
this gap, the study proposed a framework for achieving sustainable development goals through
SSCM. In addition, a framework for deploying sustainability indicators was presented. The proposed
framework can be used by practitioners to develop practical and comprehensive measures for their
respective industries.

Keywords: sustainable supply chain management; sustainable development; sustainability
performance; social responsibility; environmental issues; sustainability

1. Introduction

The Sustainable Development Goals (SDGs) of 2030 and digital technology are closely
interconnected. Digital technology can play a significant role in achieving SDGs by enabling
faster and more efficient solutions to global challenges such as poverty, inequality, and
climate change. Sustainable business practices or otherwise, though not a new concept,
have gained importance with time, looking at the adverse impacts on mother earth and the
environment causing a threat to the existence of humankind.

Sustainable supply chain management (SSCM) can facilitate the adoption and im-
plementation of supply chain integration using digital technologies. By incorporating
sustainable practices and principles into their operations, organizations can improve their
overall supply chain performance, reduce waste, and increase efficiency. Technology Adop-
tion (TA) such as automation, data analytics, and the Internet of Things (IoT) can help
organizations to achieve these goals by providing real-time data, facilitating communica-
tion and collaboration, and streamlining processes. As a result, suppliers can become more
competitive in terms of their operational performance, as they can better meet customer
demand, reduce costs, and improve their overall competitiveness [1]. Value creation is
essential in sustainable model research and other management fields [1]. This realization
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and sustainability awareness are restricted to the manufacturers and across the value chain,
both upstream and downstream [2]. Organizations are now more concerned with long-term
survival than with competitive advantage. Concerns about supply chain sustainability
have grown even in emerging economies. Digitalization can potentially restructure how
procurement departments and vendors collaborate in supply chains [3], including sustain-
ability. Sharing and collaboration should be encouraged as a result of digitalization. The
role of Industry 4.0 in sustainable supply chain management has been investigated. Most
businesses anticipate that digitalization will improve sustainability by utilizing big data an-
alytics for energy management or facilitating chain knowledge transfer [4]. The traditional
objective has been to make these elements and the chain efficient to garner higher profits;
however, now, the sustainable supply chain is in focus, and Supply Chain Functions (SCFs)
emphasize sustainability and profits [5,6] both. With the added dimension of sustainability,
environmental, social, and economics in the business, the importance of measuring the
performance of the supply chain has grown over recent periods in emerging countries such
as India, China, and other Southeast Asian nations [2,7]. Measuring the performance of the
supply chain helps firms analyze and improve Supply Chain Performance (SCP) and is an
effective tool [8]. SCP is found to be helpful in measuring a business’s entire value network
within and outside its boundaries.

The Sustainable Supply Chain Management (SSCM) concept has evolved to integrate
the supply chain’s social, environmental, and financial concerns. A systematic review has
been conducted to develop SSCM performance management and set a future research
agenda. There are substantial reviews of the literature on SSCM available [9]; however, this
study is focused on SSCM and measurement matrices and related management frameworks.
A review of the literature is one of the principal methodologies to accumulate better
knowledge and understanding of past work and related key issues.

Supply chain management systems use digital technologies to track and optimize
the environmental impact of products. Integrating digital technologies with sustainability
practices can involve the use of technology to optimize resource usage, reduce waste and
emissions, and improve overall sustainability performance. Over time, research is evident
that there is the potential for digital technologies to improve sustainability performance
in supply chains, while also providing valuable insights and guidance for organizations
looking to adopt AI-based technologies.

Digital technologies play a significant role in SSCM. In the area of supply chain
management (SCM), digitization has allowed organizations to have a more comprehensive
and real-time view of their supply chains, enabling them to make informed decisions and
respond quickly to changes in demand and supply. For instance, digitization has enabled
organizations to use data and analytics to optimize their inventory levels, improve delivery
times, and reduce waste [10].

Moreover, digitization has made it possible for organizations to adopt new business
models such as a circular economy, where the focus is on reducing waste, conserving
resources, and creating sustainable value. In this context, digitization has enabled organiza-
tions to better track and manage the life cycle of products, from raw materials to end-of-life,
thereby reducing their environmental impact and promoting sustainability [10]. The In-
ternet of Things (IoT) and big data analytics (BDA) are indeed two of the most prevalent
and impactful digital technologies in the current business landscape. The IoT refers to the
network of connected devices that can collect and transmit data, enabling organizations to
gain real-time insights into their operations and make informed decisions [3]. Blockchain
technology has gained significant attention in recent years for its potential to revolutionize
supply chain management. Its key features, such as transparency and data sharing, make it
well-suited for promoting greater visibility and accountability in the supply chain. This has
the potential to help companies identify and address sustainability challenges and improve
the overall sustainability of their supply chains [11].

SCM theory suggests that effective management of the four critical elements of the
supply chain is essential for ensuring that the supply chain operates efficiently and effec-
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tively and that the customer’s needs are met in a timely and cost-effective manner. Theory
suggests that planning, sourcing, manufacturing, and delivery are critical elements of any
supply chain function [12].

Sustainable development is essential for addressing the environmental and social
challenges facing the world, and it requires a holistic approach that balances economic,
social, and environmental considerations. The goal of sustainable development is to
create a more resilient and equitable world for current and future generations (MDG
2015) (http://www.un.org/millenniumgoals/2015_MDG_Report/pdf/MDG%202015%2
0rev%20(July%201).pdf (accessed on 20 September 2022)) report, people living in slum
conditions are growing worldwide. The World Social Situation report by the U.N. reveals
that more than 40% of the world population earns less than 1.25 dollars per day. Sustain-
ability has been defined differently and needs to be conceptualized in totality. Measuring
or quantifying sustainable development is the challenge for the day. Therefore, with the
growing need for a sustainable supply chain, it is imperative to examine the role and
importance of Sustainability Indicator Functions in driving a supply chain’s sustainability
performance and deploying sustainable indicators.

An extensive review of the literature has been undertaken to address the sustainability
measurement issues from a different perspective of a supply chain and connect sustainable
development goals through sustainable supply chain management by its various stock-
holders, such as employees, buyers, sellers, government, and society. The integration of
digital technology and SSCM has the potential to revolutionize the way companies manage
their supply chains, enabling them to create more sustainable, efficient, and responsible
supply chains. As companies continue to adopt digital technologies, it is likely that the
role of SSCM in supply chain management will become increasingly important, leading to
greater sustainability and a more responsible and sustainable future.

There is less time to come up with answers to sustainability problems; no one has a
clear understanding of how much the issue has actually impacted society and business [13].
In this paper, the authors made an attempt to identify the novelty of the study related to
(1) the sustainability and digital supply chain (DSCM) prospectus of TA and (2) how the
adoption of technology related to DCM business can achieve SSCM. There is little research
that evidences digital technologies’ potential impact on supply chain sustainability. These
aspects highlight the need for further research to better understand the intersection of
sustainability and digital technologies in supply chains and to develop practical guidelines
for their effective integration.

Based on the above discussion, this study investigates the following research questions
(RQ) to set future research direction:

RQ 1. How can organizations effectively integrate digital technologies and sustainabil-
ity practices to create more sustainable and environmentally responsible supply chains?

RQ 2. What are the best practices for deploying the sustainability functions of a
supply chain?

RQ 3. How can blockchain and other digital technologies help improve supply chain
transparency and enhance sustainability performance?

2. Materials and Methods

The systemic review conducted by [14] aimed to establish a link between Sustainable
Supply Chain Management (SSCM) and sustainable development, digital enablers, and
supply chain management [10]. The review used the Scopus database and searched for
articles using the keywords “Sustainability and sustainable supply chain management”
and “Digital Supply chain” from 2011 to 2022. A total of 543 articles were reviewed out of
989. The review aimed to provide insights into the current state of research on SSCM and
its association with sustainable development. The results of the review could be used to
inform future research and guide organizations in their efforts to adopt sustainable supply
chain practices.
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A systemic review has been conducted to establish an association between Sustainable
Supply Chain Management (SSCM) and sustainable development [14], sustainable supply
chain management, and food company performance with linking to quality assurance [15].
The review on Sustainable Supply Chain Management and Digital Transformation [3]
literature has been searched using the keywords sustainability and sustainable supply
chain management and digital supply chain on the most widely accepted and accessed data
source, i.e., Scopus database during 2011–2022. A total of 543 articles have been reviewed
out of 989 articles.

A reliability test for content analysis has been carried out using the method proposed
by [16] in SPSS. The alpha value of the test result was 0.83, which is acceptable. The
frequencies of different sustainability themes in supply chain management are listed in
Figure 1 (the x-axis represents the frequency of words).

Figure 1. Frequency of keywords in reviewed papers.

2.1. Descriptive Statistics of the Reviewed Papers

For our supply chain management research, we rely on Scopus because of its compre-
hensive coverage of peer-reviewed studies [17]. Now that we have been exposed to newer
research, we use the most commonly used keywords [18–20]. Table 1 shows our systematic
approach to compiling the final data sets of five hundred forty-three research papers. In the
realm of academic research in quantitative science studies, Scopus serves as a content-rich
and comprehensive bibliometric data source [21]. The Scopus database has increased
interest more than the WOS and PubMed data sources of its worldwide access and diverse
research platform [22]. So, the bibliometric analysis of this study is conducted using the
Scopus database. Due to the initial manuscript being retrieved from the Scopus database
via software, bibliometric and bibliographic information have also been utilized [17]. When
such documents are converted without first cleaning the data, there is the risk that an
unsupported assertion will be made. Thus, we examine the data’s references to clean it up.
This course of action is made possible by the expansion, visualization, and comprehension
of bibliographic data [23]. To obtain the above-filtered data, we used the search words
“sustainability” and “sustainable supply chain management”.
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Table 1. The summary statistics of literature used for bibliometric analysis are listed below.

Filtering Criteria Reject Accept

Search parameters.

Search engine: Scopus

Date of data Extraction: 28 June 2022

Author’s keywords: (“sustainability” AND “sustainable supply chain management”) 989

Subject area: “Business, Management and Accounting”, “Economics”, “Econometrics and
Finance”, “Social Sciences”, “Decision Sciences”, and “Environmental Science”. 158 831

Search year: 2011–28 June 2022 30 801

Language screening: “English”. 4 797

Document type: “Articles”, “Book”, 188 609

Publication state: “Final” and “Article in the press”. 40 569

Content screening: Include articles if “Titles, abstracts, and keywords” indicate relevance to the
scope of the study (i.e., sustainable supply chain management) 26 543

Authors of single-authored documents - 1000

Minimum two documents as an author with one citation - 222

Note(s): Table showing the last collection of (543) articles from the Scopus database.

The annual percentage growth rate of the studied literature was 56.7164. Sustainability
Switzerland (76 publications), the Journal of Cleaner Production (66 publications), the
International Journal of Production Economics (22 publications), Business Strategy and The
Environment (19 publications), Resources Conservation and Recycling (18 publications),
Supply Chain Management (15 publications), International Journal of Operations and Pro-
duction Management (13 publications), and International Journal of Production Research
and Transportation Research Part E Logistics And Transportation Review (11 publications)
are among the top contributors (10 publications each) to the Forum on the Supply Chain
(07), as shown in Figure 2.

 

Figure 2. Statistics of reviewed papers from top journals.

The environmental dimension of supply chain management has a higher correlation
(72.48%) with sustainability, followed by economic (70%) and sustainable supply chain
(56%) dimensions, as shown in the correlation-based network diagram of keywords in
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Figure 3. The year-wise distribution of papers reviewed is presented in Figure 4, which
indicates a sudden (almost double) increase in the articles published in this area from 2011
to 2012 and demonstrates that the topic has gained paramount importance in the past few
years. The tools and methods for reviewing papers are classified in Table 2.

Figure 3. The directed network of supply chain management, sustainability, sustainable devel-
opment, sustainable supply chain management, and sustainable supply chains dimensions in the
reviewed literature.

 

Figure 4. Year-wise distribution of reviewed papers.
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Table 2. Methods used for performance measurement/management in the reviewed papers.

Tools/Methods Papers Counts

AHP, AHP-QFD, FAHP, QFD-SFD [24–33] 16

Balance Score Card, Association Rule, Bibliometric Network Analysis [34–40] 12

BSC, Fuzzy Delphi Method (FDM), Fuzzy MCDM, Fuzzy-Based DEMATEL, Grey-Based
MCDM, Fuzzy ANP [41–48] 23

Content Analysis, Econometric Method, Conceptual Framework, Empirical Study and
Modelling, Data Analysis, Inferential Statistics [3,8,49–93] 64

DEA, ISM, LCA, EIO, VCA, Matrices, Factor Analysis [53,59,76,94–110] 18

Quantitative Modelling, TBL, Simulation, and Modelling, Social Network Analysis [39,111–120] 22

Qualitative Framework, Grey-Based SCOR, MCDM, CFA, Complexity Analysis, MILP,
Bibliometric Analysis [35,121–129] 17

2.2. Inferential Statistics

The study undertakes content analysis for data synthesis and identification of emerg-
ing themes, which was considered the most reliable approach for this kind of study, as
suggested by [130]. Content analysis has been performed among 543 reviewed articles
to verify that Sustainable Supply Chain Management positively supports sustainability
(Figure 5).

Figure 5. Directional relationship between Sustainability and SSCM. Model referred from [131].

From text analytics, we generate the directional network as shown in Figure 3;
48.96 percent of the reviewed literature has taken all three dimensions of sustainability;
therefore, it is legitimate to test the stated hypothesis among 48.96 percent of the litera-
ture [132]. Out of 71 pieces of literature with all dimensions of sustainability, 43 noted a
positive association between sustainable development (SD) and SSCM, while 10 stated
negative and 18 said nothing about sustainability. Of 543 pieces of literature with at least
one sustainability dimension, 73 endorsed a positive association between sustainability and
SSCM. Most of the reviewed literature has supported the positive association between SD
and SSCM. The reviewed literature has also indicated increased citations on sustainability
science. Theorists of SSCM should seek out those institutional entrepreneurs who actively
reshape the institutional conditions in which they are situated [133].
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Establishing a relationship between SSCM practices and sustainability performance
management has been challenging. The authors have tested the association between SSCM
practices and sustainability performance with widely stated variables in Table 1. The
principle SSCM methods, such as green procurement, green manufacturing, green dis-
tribution, green logistics, and recycling, were tested for association with sustainability
performance (economic performance, environmental performance, and social performance).
The Chi-square association test shows a relationship between SSCM practices and sustain-
ability performance (Tables 3–5). The p-value of the test is more than 0.05, which shows
the strong relationship between SSCM practices and sustainability performances. SSCM
has become an increasingly complex and globally accepted phenomenon in the area of
sustainability [31,134]. Global supply chains face difficulties assessing their performance if
the multidimensional and transnational aspects are ignored (GSCs) [135].

Table 3. Cross tabulation results.

Sustainable Supply Chain Practices × Sustainability Performance Cross Tabulation

Count

Sustainability Performance
Total

Economic Performance
Environmental

Performance
Social Performance

Sustainable
Supply Chain

Practices

Green Distribution 40 30 33 103

Green Logistics 30 35 34 99

Green Manufacturing 35 40 30 105

Green Procurement 29 42 40 111

Recycling 45 45 35 125

Total 179 192 172 543

Table 4. Chi-Square test results.

Value Def Asymp. Sig. (Two-Sided)

Pearson Chi-Square 7.342 a 8 0.500
Likelihood Ratio 7.469 8 0.487

No. of Valid Cases 466
a. 0 cells (. 0%) have an expected count of less than five. The minimum expected count is 26.50.

Table 5. List of sustainability indices.

S.No. Index Acronym/Institution

1 EPI Environmental Performance Index
2 NRMI Natural Resource Management Index
3 H.F. Human Footprint
4 GRI Global Reporting Initiatives
5 GPI Genuine Progress Index
6 DJSI Dow Jones Sustainability Index
7 CSD Commission on Sustainable Development
8 Dashboard Developed by Consultee Group of Sustainable Development Indicators
9 Barometer Developed by the World Conservation Institute
10 TBL Triple Bottom Line Index
11 Ethos Corporate Social Responsibility Indicators
12 IChemE Institute of Chemical Engineers
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2.2.1. Sustainability and Supply Chain Management

This study conducted a structured review to determine whether millennium devel-
opment could be achieved through Sustainable Supply Chain Management (SSCM). The
word sustainable development indicates the participation of every member of society in
economic activity. [136] have advocated traditional farming systems and other activities
such as craftsmanship (e.g., manufacturing and local food production), which essentially
lead to human integration with nature. The Common Agricultural Policy (CAP), formu-
lated in Europe, challenges participatory planning and attitudes toward traditional work.
Participatory economic activity and collaboration are significant indicators of sustainable
supply chain management; a few examples, like AMUL and GOPALJEE dairy supply
chains from India, could be stated in support of the argument. The human race has endless
needs, and to satisfy these needs, a supply chain management system has been developed
and defined with linkages (networks) for different human activities. Therefore, researchers
must address those endless needs legitimately for the sustainable development theory. A
system view of supply chain management is shown in Figure 6, followed by a process view
of the supply chain and SSCM process in Figures 7 and 8.

Figure 6. A simple supply chain.

Figure 7. SSCM process.
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Figure 8. Process view of attaining sustainable development through SSCM.

The objective of a supply chain is to maximize supply chain surplus, which is defined
by the following:

Supply Chain Surplus = Customer value—Supply Chain Cost

The value of the product or service fulfilled by a supply chain may vary according
to the need. Therefore, for sustainable supply chain management, supply chain costs
should be minimized; costs may function as environmental, social, and economic concerns,
including waste produced, carbon emission, etc.

2.2.2. Sustainability and Digital Supply Chain Management (DSCM)

Sustainability and digital supply chain management (SCM) are closely related concepts
that can be used to improve the overall efficiency and impact of businesses. Sustainability
refers to the responsible use of resources [131], the reduction of negative environmental
impact, and promotion of social well-being. Digital solutions can provide visibility and
traceability in the supply chain, enabling companies to make more informed decisions
and better assess the sustainability of their suppliers and operations [136]. Digitizing
the global value chain has grown significantly [131]. Digital transformation leveraging
sophisticated technologies like cloud computing, big data, and blockchain simplifies and
accelerates supply chain integration [131] with Industry 4.0. By integrating materials and
information and synchronizing inter-organizational activities, firms have tried to improve
supply chain operations by collaborating with suppliers and customers [137]. It is important
for companies to have a clear and comprehensive understanding of the potential benefits
and risks of digitization and to develop effective change management strategies to ensure
successful adoption.

Table 5 shows the different measurement indices used for measuring sustainabil-
ity [138]; most companies use these indices for their sustainability initiatives. [139] argued
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that these indices have failed to provide a minimum acceptable level of indicators. Using
these indices in the deployment of sustainability indicators is also unclear.

The authors have surveyed sustainability initiatives of the top ten Fortune 500 com-
panies, as listed in Table 6. The sustainability reporting initiatives contain CSR as well.
CSR initiatives are now reported and designed as sustainability programs for companies.
The shift from CSR to sustainability reporting is evident in Table 6. Sustainability report-
ing practices are random; they should be structured and contain concrete evidence of
sustainability initiatives.

Table 6. Sustainability reporting program initiatives from top 10 Fortune 500 companies.

Rank Company Website
Sustainability Initiatives

Social Environmental Economic

1 Walmart
Stores

www.corporate.
walmart.com

The Walmart Foundation meets the needs of the under-served by directing charitable
giving toward our core areas of focus: Opportunity, Sustainability, and Community.

2 Exxon
Mobil

www.exxonmobil.
com

Malaria, corporate
citizenship, human rights,

local Economic
development, Indigenous
peoples, cultural heritage

and diversity, land use
and resettlement,
transparency and

corruption, community
relations

Air emissions reductions,
ecosystem services,

environmental drilling
initiatives, environmental
stewardship, freshwater
management, managing

arctic resources, site
remediation, spill

performance

Environment and
safety, operations,
policy, technology,
flexibility, energy

efficiency

3 Chevron www.chevron.com Health, education,
volunteerism, freshwater Freshwater, biodiversity

Energy efficiency, land
management,

IPIECA/API/OGP
reporting standard

4 Berkshire
Hathaway

www.
berkshirehathaway.

com
Investors health

5 Apple www.apple.com Environment, supplier responsibility, accessibility, privacy, inclusion and diversity,
education, reuse and recycling

6 Phillips 66 www.phillips66.
com

Operating excellence, people, transparency & accountability, community
investments, supplier diversity, governance & ethics, environmental metrics.

7 General
Motors www.gm.com

Sustainability considers environmental, social, and economic opportunities and
supports the long-term success of our company. Value is created through top-line

growth opportunities, bottom-line improvements, and risk mitigation. Our
customers drive how much weight is designed—everything starts and ends with our

customers. At G.M., we view sustainability as a business approach that makes
long-term stakeholder value. It is an approach executed by every function at every

level of our company.

8 Ford Motor www.ford.com Investors health

9 General
Electric www.ge.com

At G.E., Sustainability means aligning our business strategy to meet societal needs
while minimizing environmental impact and advancing social development. This

commitment is embedded at every level of our company.

10 Valero
Energy www.valero.com

Social health and safety,
community, valero benefit
of children, volunteerism,

employee benefit

Environmental matrices,
environmental awards

Investors, financial
reports, filings &

statements, industry
fundamentals,
investor faqs
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3. Measurement of Sustainability and Its Indicators

Today, sustainable development and equitable growth are extremely important. The
authors discovered evidence and a link between Sustainable Supply Chain Management
and Sustainable Development, as indicated in the research question. The United Nations
General Assembly approved a set of global Sustainable Development Goals (SDGs) consist-
ing of 17 goals and 169 targets. In addition, in March 2015, an initial set of 330 indicators
was introduced. Some SDGs were based on previous Millennium Development Goals,
while others were based on fresh ideas. A rigorous examination of these indicators was
conducted by [140].

Many researchers have indicated the sustainability of the energy supply chain, infras-
tructure needs, road, and transports mechanism could enhance inclusive growth [141–145]. A
few researchers have tried to capture sustainability matrices for measurement. Refs. [53,146]
have personated a well-structured review of different sustainability measurement indices and
frameworks such as GRI, IChemE, DJSI, CSD, Dashboard, Barometer, TBL, and Ethos. While
measuring and managing the performance of sustainability, the following questions need
to be answered, as discussed by [138]. Ref. [138] have discussed performance measurement
and management tools in SSCM, and the same, with some additions, which are presented
in Table 7.

• What type of performance is being measured in SSCM?
• Which indicators should be used?
• Who is measuring performance?
• What type of SSCM Performance Measurement indicators and methods will be used

by which business sector?

Table 7. Overview of performance measurement and management tools in SSCM.

Social Environmental Economic Other Integrative

Tools

Social LCA, Social
Audit, Social

Benchmarking,
Stakeholder

Dialog, Social
Reporting

Life Cycle
Assessment (LCA),

Eco-audit,
Environmental
Benchmarking,
Environmental

Reporting

Cost-benefit
Analysis,
Economic

Input–Output
Analysis, Financial

Reporting, Risk
Analysis

Transparency
Deployment,

Quality
Sustainability, Role

of I.T. in
Sustainability

Sustainability Audit,
Sustainability

Benchmarking,
Sustainability Reporting

Concept Corporate
Citizenship

Design of the
Environment

SCOR Framework,
Financial Audit Digitalization Sustainability Balanced

Scorecard (SBSC)

System

Social
Management
System (SMS)
Occupational

Health and Safety

Environmental
Management
System (EMS)

Quality
Management
System(QMS)

Yet to be
Developed

Integrated Management
System

Standard
SA 8000(SMS),
OHSAS 18001

(OHS)

ISO 14001 (EMS),
ISO 14040 (LCA),

ISO 14064
ISO 9001 (QMS)

Global Reporting
Initiatives (report), U.N.

Global Compact

3.1. Social Indicators

A reference model for social sustainability measurement has been proposed by [146]
that indicates the dimensions and level of sustainability measurement. The reference model
proposed could be linked to the sustainable social supply chain management model, as
suggested in Figure 9. A list of social sustainability indicators is presented in Table 8.
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Table 8. Social Indicators of SSCM.

S.No. Indicator Description

1 Workforce participation
Describe joint management and workforce health and safety programs and

processes to facilitate the crew’s participation in health and safety dialogues at all
levels.

2 Workforce health Describe programs and processes for identifying and addressing significant
workforce health issues, especially at the community and country levels.

3 Occupational injury and illness
incidents

Report health and safety data on workforce injuries or illnesses resulting from
occupational incidents.

4 Product stewardship Describe the company’s approach to assessing and communicating product health,
safety, and environmental risks.

5 Process safety
Report the number of Tier 1 process safety events (an unplanned or uncontrolled

loss of primary containment) with a narrative and report per business activity
(refining, upstream, etc.).

6 Local community impacts and
engagement

Describe policies, strategies, and procedures to understand and address local
community impacts and engage with affected stakeholders.

7 Indigenous peoples Describe policies, programs, and procedures to engage with indigenous peoples
and address their concerns and expectations.

8 Involuntary resettlement Describe policies, programs, and procedures related to involuntary resettlement.

9 Social investment Describe strategies, programs, and procedures relating to social investment and its
effectiveness.

10 Local content practices Describe policies and practices related to local content.

11 Local hiring practices Describe the company’s approach and programs for providing employment
opportunities to residents of host countries.

12 Local procurement and supplier
development

Describe the company’s programs and processes to improve the ability of local
suppliers and contractors to support operations and carry out projects.

13 Human rights due diligence Describe policies, programs, and procedures the company has in place to respect
human rights—including workers’ rights—in its operations.

14 Human rights and suppliers Describe policies, programs, and procedures to promote respect for human rights
by suppliers.

15 Security and human rights Describe policies, programs, and procedures related to security and human rights.

16 Preventing corruption Describe policies, programs, and procedures to prevent bribery and corruption
and monitor compliance.

17 Preventing corruption involving
business partners

Describe anti-corruption policies and procedures for business partners, including
suppliers and contractors.

18 Transparency of payments to host
governments

Describe policies, initiatives, or advocacy programs to promote revenue
transparency.

19 Public advocacy and lobbying Describe the company’s approach to managing public advocacy, lobbying, and
political contributions.

20 Workforce diversity and inclusion Describe policy and procedures promoting diversity and inclusion.

21 Workforce engagement Describe policies, programs, and procedures on engagement and workforce
satisfaction.

22 Workforce training and development Describe policies and procedures for providing workforce training and
development opportunities.

23 Non-retaliation and grievance system Describe the non-retaliation policy and confidential workforce grievance system.
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Figure 9. Social framework of sustainable development using SSCM.

3.2. Environmental Indicators

The concept of ‘Green Supply Chain Management (GSCM)’ was introduced to in-
clude environmental concerns of the supply chain, and plenty of scholarly studies and
formulations have been carved out in this area. The significant ideas from these studies are
remanufacturing, recycling, green production, waste management, green energy, reverse
logistics, etc. [99]. A sustainability reporting framework is proposed (Figure 10) based on
the content analysis of the reviewed literature. A list of Contemporary Environmental
Indicators is identified in Table 9.

 

Figure 10. Environmental framework of sustainable development using SSCM.
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Table 9. Environmental indicators of SSCM.

S.No. Indicator Description

1 Natural recourse management Report the effective use of natural resources

2 Land management and greenery Report the effective use of land

3 Environmental governance Report environmental awareness

4 Energy management Report the effort to use renewable energy

5 Greenhouse gas emissions Report the quantity of greenhouse gas emissions from combustion and other
processes, including carbon dioxide and methane

6 Eco-efficiency Report total energy consumed in oil and gas operations or other business activities

7 Alternative energy sources Report qualitatively on company research, plans, or current initiatives related to
alternative or renewable energy sources

8 Flared gas Report the quantity of hydrocarbon gas flared into the atmosphere from operations

9 Biodiversity and ecosystem services Qualitatively describe how the company addresses risks and opportunities related
to biodiversity and ecosystem services

10 Freshwater Report the quantity of freshwater withdrawn or consumed by operations

11 Other air emissions Report quantities of emissions to the atmosphere from operations

12 Spills to the environment Quantify spills to the environment from operations and describe significant falls and
response measures

13 Discharges to water Quantify hydrocarbon discharges to a water environment from operations

14 Waste and recycling Report quantities of waste disposed of, resulting from operations and methods of
recycling

15 Environmental health Report the health of the air, water, and land

3.3. Economic Indicators

Economic efficiency has been the primary performance criteria for a supply chain that
includes cost, service, and operational efficiencies until the emergence of Supply Chain
Management, Global Commodity Chains, Global Value Chains, and Global Production
Networks [54]. After 2000, a sudden increase in the literature on sustainability and a
worldwide debate on sustainability has forced supply chain planners and designers to
design holistic performance criteria in sync with economic, social, and environmental
performance. Economic indicators alone have been used for performance measurement
by about 40% of the reviewed literature. The rest of the reviewed literature has suggested
combining three dimensions of sustainability. After a rigorous review of the 145 pieces of
the stated literature, a list of economic indicators has been compiled and shown in Table 10.
A conceptual framework for economic sustainability management has also been proposed
and demonstrated in Figure 11.

3.4. Other Indicators

A supply network is created to satisfy various customers’ needs; therefore, the net-
works have different issues for different regions. Hence, it is imperative to devise a few
need-based sustainability dimensions for specific sectors. The House of Sustainability con-
cept is proposed by [147] for the coal sector, which advocates including moral sustainability
factors in dimensions of sustainability. Ethical sustainability is essential for companies
to grow ethically and socially. Transparency sustainability is necessary for Food Supply
Chains such as meat, milk, wine, frozen food, and perishable vegetables, while some
authors have suggested technical and political sustainability and information transparency
for the future sustainable dimensions [28,37,60].
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Table 10. Economic indicators of SSCM.

S.No. Component Indicator

1

Cost

Inventory

2 Transportation

3 Facilities and Handling

4 Information

5 Productivity

6

Service

Response Time

7 Product Variety

8 Product Availability

9 Customer Experience

10 Time to Market

11 Order Visibility

12 Return Ability

13

Financial

Return on Investment

14 Return on Equity

15 Return on Assets

16 Accounts Payable Turnover

Figure 11. Economic Framework of Sustainable Development.

4. Discussions

From production to operations through end-of-life management, green supply chain
management (GSCM) integrates the principle into conventional supply chains to create
environmentally friendly processes (reduce, reuse, recycle, reclaim, and degrade). The goal
of green supply chain management is to aid businesses in operating more sustainably and
effectively. It is sometimes referred to as green logistics. The purpose of green SCM goes
beyond only being environmentally friendly. Enhancing sustainability and increasing effi-
ciency in operations are other important goals. The three pillars of sustainability—people,
earth, and profits—are all considered by an all-encompassing green approach. It is evident
from the literature that Green Supply Chain Management (GSCM) is a subset of Sustainable
Supply Chain Management (SSCM), as SSCM covers all dimensions of sustainability [148].
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Forty-eight percent of the reviewed literature has endorsed that SSCM could achieve sus-
tainability goals proposed by the United Nations MDG report. A framework showing an
association between sustainable development and SSCM is established in Figure 12.

Figure 12. Sustainable development and SSCM.

4.1. Sustainable Development and SSCM

The research objective of this study is investigated through content analysis of the
reviewed literature. Most of the literature that addresses the SSCM has mentioned sustain-
able development (80%). The impact of sustainability initiatives on other functions and
capabilities of a supply chain has been studied and concluded to have a positive association
with some lag, while some authors have shown a negative impact [52,58,67,106,149–152].

Social, environmental, and economic indicators and variables for SSCM are a subset of
300 indicators of sustainable development mentioned in the UN MDG Report 2015. Overall,
the data and content analysis reveal that through SSCM and government and NGO initia-
tives, sustainable development could be achieved; a framework for achieving sustainable
development is shown in Figure 12 and answers the RQ1. Moreover, a systemic process
could be adopted to measure and manage SSCM, as shown in Figure 13. An SSCM Manage-
ment System may contain performance measurement methods, matrices, and indices for
different dimensions of social, economic, and environmental sustainability development.
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Figure 13. SSCM deployment process.

4.2. Deployment of SSCM

Ascertaining questions are still important, such as who is going to measure sustain-
ability? What should be the appropriate framework for different sectors or entities of a
supply chain? The solutions are unclear, and each stage of a supply network has another
framework and sustainability indicators. Therefore, the SSCM deployment framework is
proposed to address the above questions, as shown in Figure 12, and answers the RQ2.

Ref. [24] have proposed a four-stage QFD that is confusing and tedious to implement.
Ref. [27] presented the Sustainability Deployment Function (SDF) based on customers’
needs. However, while implementing this framework, there may be a possibility that
some dimensions of sustainability may be ignored; therefore, it is essential to deploy
the sustainability functions from the company’s perspective, not from the customers’
perspective.

Hence, the authors proposed a house of a sustainability framework; the proposed
House of Sustainability framework may be easy to deploy for all stakeholders of a sup-
ply network. It allows the flexibility to choose specific sustainability indicators for their
basket and requirement. The following steps could be adapted for the deployment of
sustainability:

• Identify the sustainability indicators for the company using AHP, ISM, or some clus-
tering tools;

• Each indicator has variables to measure or deploy, so identify the variables of each of
the arrows;

• Construct the House of Sustainability similar to the House of Quality proposed
by [147];

• Find out the suitable variables to deploy or report, or measure for the company using
the following formula:
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Fi = di
n
∑

j=1
v ij

Where
Fi = total impact score on ith indicator
di = Relative importance or weight of ith sustainability indicator
Vij = impact of jth variable on ith sustainability Indicator

Considering the total impact score and the company’s sustainability reporting strategy,
the company should deploy the required sustainability indicators.

5. Conclusions, Limitation and Scope of Future Research

Existing reviews have focused on the practices of SSCM. This study has shown the
road for the future in the SSCM area. Content analysis of the literature reviewed showed a
positive association between sustainable development and Sustainable Supply Chain Man-
agement. The suggested framework demonstrates how various supply chain management
stakeholders, including employees, suppliers, buyers, the government, and society, may
work together to accomplish the sustainable development aim. Additionally, it aids in the
achievement of the sustainable development goal through the use of sustainable supply
chain management. The author argues that sustaining a supply network might lead to
sustainability and suggests a comprehensive methodology for integrating sustainability
indicators into a supply chain. In addition, the study provided a framework for using
sustainability indicators.

The reviewed literature has also indicated the sharp growth of research on sustain-
ability associated with SSCM. The United Nations’ sustainability goals could be achieved
through SSCM; hence, SSCM will also guide future research. The study proposes the
‘House of Sustainability’ framework for deploying sustainability. The proposed frame-
works to achieve 17 SDG goals are formulated in this literature concerning SSCM for
all three dimensions of sustainability. It has also been shown statistically that through
SSCM practices, sustainability performance could be affected. A report piloted by El-
sevier in collaboration with SciDev.Net (https://www.elsevier.com/__data/assets/pdf_
file/0018/119061/SustainabilityScienceReport-Web.pdf (accessed on 20 September 2022))
has indicated a baseline in both the definition and the understanding of sustainability
science. This report helps to follow its progression and trajectory. The report examines
six key themes encompassing the 17 United Nations Sustainability Development Goals:
Dignity, People, Prosperity, Planet, Justice, and Partnership. The key findings of the report
are (https://www.elsevier.com/research-intelligence/resource-library/sustainability-2015
(accessed on 20 September 2022)):

• Sustainability science has a high growth rate (7.6%) in research output;
• Research output in sustainability science attracts 30% more citations than an average

research paper;
• Research in sustainability science is highly collaborative;
• Sustainability science is less interdisciplinary than the world average.

The report has also indicated that the high growth rate is contributed mainly by devel-
oped countries, showing the collaboration between the northern and southern hemispheres.
The key findings indicate the importance of the topic for the research; it also points out that
it is less interdisciplinary and can expand. The analysis of this paper also presented the
same story as the above report. Practitioners may create thorough and realistic strategies for
their specific sectors using the author’s suggested framework for a sustainable supply chain.
Sustainability indicator deployment and sustainability reporting have different formats
in different countries, and business entities along the supply chain face the challenge of
deploying sustainability indicators.

Since the actual data for the developed framework in this study is based on published
literature indexed in the SCOPUS database, we did not include any research in our analysis
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that were not SCOPUS-indexed. Future studies, including publications indexed in other
databases, should be looked into to gain a more comprehensive understanding of particular
issues. In the future, by including the voice of supply chain managers of various firms
and social media data, a more comprehensive framework and sustainability deployment
mechanism can be developed to eliminate the grey areas of sustainability, DSCM, and
sustainable supply chain management.
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Abstract: Given the environmental issues that today’s societies confront, such as climate change,
waste management, ecosystem deterioration, etc., environmental education is becoming increasingly
important. Adoption of environmental education as an integral part of the educational system is
required for the Environmental Education Center (EEC) to be able to provide knowledge, skills, and
values so that society can become active and environmentally responsible through awareness-raising.
According to the scholarly published research, EECs can positively affect local communities and
create an environmentally friendly culture. In addition, given that EECs can even play a significant
part in the development of lifelong learning activities at the education and sustainable development
nexus, it is considered critical to establishing future potentials and dynamics. Thus, aiming to analyze
EECs’ strengths, weaknesses, opportunities, and threats (SWOT analysis) within our complex and
ever-evolving world, educators, students, and other fellow citizens in Cyprus and Greece participated
in a survey in which they were asked to fill in a questionnaire, specifically developed for each group
category. The findings of this study provide a deeper understanding of the implications arising as a
result of effective environmental education absence, as well as the importance of a holistic approach
through EECs. Moreover, it offers the research community a solid framework for future innovation
in citizen engagement and training.

Keywords: sustainability; environmental awareness; behavior change; SWOT analysis; qualitative
analysis; education for sustainable development; green movement; environmentalism; environmental
science; environmental education

1. Introduction

The personal relationship of individuals with the environment in the present time
proves to be the beginning of all the problems that govern it [1–3]. The increasingly rapid
growth rates and the lack of rational management of environmental issues have the effect
of continually degrading and destroying natural resources, resulting in the degradation
and deterioration of ecosystems [4,5].

According to Global Environment Outlook 5 (2012) [6], the five environmental issues
that require immediate management in Europe are air quality, biodiversity, chemicals
and waste, climate change and drinking water [7,8]. An important role in tackling these
problems on a local scale, which is the beginning of the widening of initiatives and actions
at a broader level (regional, national, transnational), is held by local communities [9]. The
first and most important stage in the development of active and sensitized local societies
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is their training as well as their practical application to local, initial environmental issues,
more generally or more broadly [10].

Sustainable development seeks to secure a new policy where economic development
interacts in harmony with environmental protection and social well-being [11,12]. With
“lighthouse” in the triptych Economy, Society and Environment, Sustainable Development
is defined as “development that satisfies the present, without affecting the potential of
future generations to meet its needs” [13,14]. Such an approach effectively limits the
uncontrolled economic development that has the sole purpose of economic prosperity,
without taking into account the environmental parameter and corresponding limits to
environmental protection that only concentrates on the environment [15].

In this framework, it is considered that the education of citizens regarding sustainabil-
ity constitutes one of the most powerful drivers to combat the areas of concern and a critical
intervention from local authorities to establish the potential impact on climate change
mitigation [16,17]. An important pillar of boosting awareness among citizens includes
prevention activities. According to the Waste Framework Directive [18], waste prevention
measures need to be taken before the categorization of material or discarded products
(i.e., chemicals, materials, substances). On the contrary, prevention activities should aim at
the reduction of the quantity of waste beforehand. Therefore, waste prevention activities
should not be based on general observations and implementations that might confuse the
learning process of the citizens but should focus on individual waste streams, behaviors, lo-
cal culture and waste characteristics (i.e., composition, production, recycling, and recovery,
etc.) [17,19]. Awareness activities relating to sustainable development and waste reduction
(i.e., recycle, reuse, refurbish and recovery) are key components to the transition towards
sustainable development [20–22].

According to Pappas et al. (2022) [23], both industrial and domestic alterations are
able to reduce greenhouse gas emissions and aid the development of strategies toward
sustainability. An important component of the implementation of such activities is the
acceptance of them on behalf of the public through a willingness to contribute to such a con-
cept and not only the enforcement of policies towards the final goal of climate mitigation.
Understanding the problems and opportunities to the transition towards sustainability
from all sides comes only through education of the citizens and the integration of indi-
vidual responsibility and thoughtful actions before an item becomes waste [23]. Areas
of investigation include the environment (i.e., limited resources, health implications due
to climate change and waste accumulation), society (i.e., social behavior and acceptance
towards sustainability, job openings due to new sustainable development strategies) and
economy (i.e., waste disposal fees, increase in prices due to limited resources).

Because of the importance of social interaction and innovation to address sustainability
challenges, environmental and sustainable education has been deemed of utmost impor-
tance in higher education institutions. The main objectives of environmental education
include not merely increasing eco-awareness among citizens but also creating sensitivity
around environmental topics. It aims at improving critical thinking and interactions be-
tween the public and the environment, but also, it assists individuals in more research
regarding environmental issues [17,24]. Education regarding sustainable development
empowers learners to make informed critical decisions while taking both individual and
collective actions to change society regarding the environment. Environmental education
is a lifelong process not bound by age which enhances the cognitive, socio-emotional,
socio-economic and socio-environmental progression of learning. It responds to urgent and
dramatic challenges faced by the globe due to continuous and collective human activity
with catastrophic environmental, social and economic consequences which endanger the
survival of our own species. It provided the learners with the necessary skills, values and
knowledge to address global issues like climate change, resource usage and waste, loss of
biodiversity, etc. It is necessary for the comprehension of consequences and opportunities
of everyday actions on behalf of the citizens, while at the same time, can act as a pressure
lever towards inert governmental bodies from the citizens and vice versa [25,26].
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The integration of sustainable education in the curriculum aims to cultivate social
innovators and contributors who are willingly participating in local and EU strategies and
plans regarding sustainable development [27]. The development of effective environmental
education programs is a tool for the enhancement of positive environmental attitudes and
values, boosts knowledge and skills for individuals and communities and strengthens
the collaboration of the public, authorities, stakeholders, decision-makers, scientists and
academia for a positive environmental action [28]. At the same time, according to Ardoin
and Bowers (2020) [29], environmental education in the early childhood years gives even
better results than in higher years and has gained increasing momentum. This is due to
the combination of persistent environmental challenges of the world along with existing
interests exhibited by children. In their systematic review, Ardoin and Bowers (2020) [29]
investigated empirical studies of environmental education programs focusing on a 25-
year span. Results from 66 investigated studies indicated that participants of earlier ages
(0–8 years old) revealed the development of environmental literacy, cognitive develop-
ment as well as emotional and social development. However, according to Moustairas
et al. (2022) [30], obstacles to public acceptance of the development of education centers
are affected by many variables and mostly demographics, environmental consciousness,
recycling behavior and economic incentives.

Emerging from this growing interest in environmental education, environmental
education centers (EEC) were established. These institutions are highly connected to
environmental international and local movements and are considered one of the most
important factors of extra-curriculum education [31,32]. They are encouraged to cooperate
with citizens and prolong the learning experience to replace traditional learning [33].
They have substantial power to influence local communities, students and, by extension,
policymakers in the transition towards sustainability [34]. EECs of all countries take the
largest share in the realization of the vision of Environmental Education/Education for
Sustainable Development [35,36]. EECs are standard learning organizations and constitute
a network of decentralized public educational structures for environmental education and
sustainability and support at the local, national and international levels. EECs serve the
following goals [34–36]:

1. The development and implementation of educational programs for students of all
levels of education,

2. The development of training programs and the provision of training to educators,
either by living or distance, or by combining them,

3. The production and distribution of educational material in schools and the community
in paper and/or digital form,

4. The development of national and regional thematic and/or methodological networks,
5. Cooperation with schools and general structures and education staff with the commu-

nity and public and private bodies,
6. Cooperation with Universities and Technological Educational Institutes for relevant

research and educational activities.

This research aims to analyze and evaluate the contribution of EECs to environmental
education in Cyprus and Greece, as well as new trends in education, the adoption of which
by EECs will further strengthen their role.

2. Literature Review

This study explores EECs whose primary purpose is to deliver environmental educa-
tion in order to promote environmental awareness. This criterion is satisfied by a group
of institutions that differ in terms of organizational structure and form, teaching goals,
objective(s) and means, as well as content and accessibility. However, the scope of this
analysis exempts academic entities with a primary commitment to research.

Continuous and lifelong learning constitute the main characteristics of sustainable
development education. Therefore, activities of EECs are to be developed in a holistic
and expansive manner to include all three pillars of sustainability (environmental, social,
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and economic). To benefit from such establishments, social learning should be a key
ingredient where people from different backgrounds and experiences, values and learning
perspectives come together and commit to problem-solving of not yet found sonot-yet for
sustainability. The purpose of EECs is also the motivation of civilians to not only participate
but to innovate regarding pre-existing perspectives and designs and come up with new
ideas derived from everyday life [37].

The United States, Canada, Australia, and several European Union member states
have established both publicly as well as privately funded EECs. Despite the considerable
differences, similar trends and patterns could well be identified around the planning and
development of EECs. Several EECs are working to promote environmental education
and awareness. The types of these EECs vary according to their origin, environment and
funding as well as continued development over the years. They include school farms,
eco-museums connected to natural spaces, interpretation and natural centers [38,39].

For instance, support for environmental education is state-dependent within the
systems of government in the United States, Canada, and Australia, resulting in various
degrees of EEC growth [40–43]. In Europe, and in particular Italy, Slovenia, Spain, Cyprus,
and Greece, governing systems benefit from the EU’s supporting policies and, consequently,
monetary resources in order to develop EECs [44]. Conversely, when central government
financing ran out in Great Britain, the entire EEC network established to that point was
privatized [45]. Thus, it is difficult to avoid the view that the passive support of higher
administrative political systems not only supports the EECs development but also reinforces
those establishments’ resilience and sustainability.

International research on EECs mainly adopts a qualitative perspective and has only
marginally addressed the perceptions of EECs’ functions and contributions. For the needs
of the present research, a review of certain previous studies on the perceptions of the
direct and indirect recipients of environmental education, as well as the direct and indirect
outcomes makes much sense.

Simmons (1991) [46] surveyed EEC workers, finding substantial support for goals
and objective(s) set by environmental education institutions related to behavioral change,
owning to heightened environmental awareness, although with doubts about localized
environmental issues with political overtones. Hart (1996) [47] observed a widespread ab-
sence of empirical studies monitoring teachers’ perceptions attitudes, pedagogical tools and
methods and levels of engagement in environmental education. Nevertheless, according to
Mavrikaki et al. (2004) [48], environmental education is a valuable educational procedure
that, however, engages just a minority of instructors due to its elective nature. Flogaitis,
Daskolia and Liarakou (2005) [49] used a survey to assess the environmental education
approaches, motives and counter-motives linked to environmental education. Based on
the empirical findings, the researchers argue that praxis-focused training sessions might
help environmental education diffusion. Following that, Erickson and Erickson (2006) [50]
explored the aspects related to the EECs’ performance from the management point of view,
concluding that strong personnel (i.e., educators) is the most important aspect. Around
the same period, Ballantyne and Packer (2006) [43] conducted in-depth interviews with
EECs’ senior management in order to understand and assess the various ways in which
such centers partnered with or worked within compulsory education establishments. Their
findings support that the cooperation mechanics developed establish fully-fledged relations
in a way that environmental education consistency, advancement and continuance are
ensured, even after the completion of the individual environmental education programs.

Ernst (2009) [51] rendered the fine nuances between environment-based education
and general environmental education and is currently investigating the qualitative and
quantitative aspects of environmental education activity in the United States, supporting
that lack of funds was the primary constraint on environmental education. Conversely, in
2012, within the context of a larger research project on environmental and outdoor/nature-
based education, a study attempted—to the best of the authors’ knowledge—to collect and
analyze educators’ perspectives for the first time. Despite the fact that the majority of the
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survey respondents indicated that outdoor/nature-based training was not a part of their
initial education syllabus, their replies suggest that outdoor/nature-based education plays
a significant part in the overall learning outcomes [52].

A recent (2018) study, upon comparing EECs, supports that such centers primarily
focus on providing a supporting mechanism for other organizations, the formation of
networks, and developing initiatives to address local environmental demands, rather
than contesting a strategic implementation role directly conducting environmental educa-
tion [53]. In addition, it is stressed that EECs should invest in developing national, regional
and local environmental education policies in close cooperation with the competent bodies,
as well as seek stronger and more direct participation in achieving sustainable development
goals.

Building on previous learnings, Moustairas et al. (2022) [30] attempted to determine
the elements influencing public support for establishing EECs. According to their find-
ings, the formation of an EEC is influenced by demographics (admittedly country/region
and culture specific), environmental awareness, recycling behavior, and economic incen-
tives. This conclusion reflects on the public’s feeling of individual efficacy and sense of
responsibility, supporting that environmentally friendly activities do not solely fall within a
bourgeoisie of environmental gurus, thus arguing that those principles have a limited role
in establishing a society’s “eco-consciousness.” Furthermore, the authors, through their
statistical analysis, indicate that the acceptability rates of establishing an EEC will rise if
further importance is placed on local sustainable development, effectively complementing
the Agenda 2030 sustainable development goals as well as the circular economy model.

While EECs are encouraged to engage in lifelong and conventional training, they
are also encouraged to join forces with regional and local authorities and the forces of
production, as well as civil society in making decisions directly or indirectly relating to their
quality of living, in order to become a channel in achieving sustainable development [54].
An empirical study was conducted in 2013 attempting to investigate the role of EECs
in remote regions [37]. The research suggests that the activity of EECs in remote areas
positively affects the local community, both in terms of direct benefits for consumers,
businesses, and the economy as well as indirect benefits, such as creating desirable places
to live with a strong identity and pride in the community, and—perhaps most importantly—
that young learners are becoming environmentally aware and can develop into prospective
enforcers of sustainability.

However, when the scope is narrowed from the importance of the development of
lifelong learning environmental education activities to the benchmarking of the defining
potential and future dynamics, pertinent research becomes scarce, thus leaving room for
the current research to fill this gap, attempting to assess the various arguments in favor
of and against EECs’ course of action within a constantly changing world and under the
pressure of environmental degradation.

3. Materials and Methods

To assess the role and contribution of EECs as well as their greater influence on society,
this study focuses on the following research questions [55,56]; (a) What is the degree
of influence of the EECs in shaping environmental consciousness? (b) What are EECs’
contributions to the dissemination of sustainability principles? (c) What are the learners’
views on environmental issues and to what extent are they influenced by EECs actions? (d)
What are the limiting factors, the necessary structures and processes that will contribute to
the modernization of the EECs in order to gain momentum and increase their impact?

In order to identify issues encountered by EECs in their operations and attainment of
their goals, as well as contemporary developments in environmental education, this study
attempts to comparatively determine those aspects between Greece and Cyprus that are
considered an advantage and which are not. To do so, the current research adopts data
from the internationally published scholarly literature on the role and the actions of EECs
in Greece and Cyprus. In addition, the Strategic Planning of the European Union, which
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contains policies, directives, and regulations, as well as information from the Pedagogical
Institutes of the two countries, were used.

A strategic research approach was developed, and the means to collect the necessary
information were defined as follows:

1. Target Audience: For the scope of the current research, the audience that was targeted
was EECs educators, students of the Lower and Upper Secondary School age (i.e.,
12–18 years old), as well as their parents (including custodians).

2. Collect Responses: The target audience was invited to participate in a survey. The
survey included closed-ended questions that will be addressed in the form of question-
naires in each target group. The survey was designed and conducted in accordance
with the Greek and Cypriot legislation and with institutional requirements. All par-
ticipants gave their informed consent to participate prior to the start of the survey.
They were informed about the aim of the study and that they could terminate their
participation at any time without negative consequences. The survey was anonymous,
and the participants gave consent to use their answers for research. The participation
of both countries is presented in Table 1. The survey was conducted during the spring
and summer 2020 terms, namely from mid-January to late July.

3. Data Processing: Survey data processing, including sorting and cleaning, and con-
verting data into a usable format, towards transforming the raw data into structured
information that can then be analyzed for insights.

4. Exploratory Analysis: This part concerns the collection, organization, analysis, inter-
pretation and presentation of the data in relation to the research issues on which the
research focuses.

5. SWOT Analysis: A framework for identifying Strengths, Weaknesses, Opportunities
and Threats (herein after; SWOT Analysis) was conducted to identify the strengths
and weaknesses of the contribution of EECs to environmental education, as well as
the threats and opportunities for overcoming any weaknesses and addressing threats
towards a more effective, creative, and innovative operation of these educational insti-
tutions. SWOT analysis is a strategic planning tool used that constitutes a cognitive
process that studies the relations between external and internal factors and surround-
ings of a territory, business, product, or organization based on mixed subjective and
objective evaluation [57,58]. The SWOT acronym is derived from the English words:
Strengths, Weaknesses, Opportunities and Threats [59,60] and is a key to identifying
strengths, eliminating weaknesses, as well as seizing opportunities and responding to
threats. Strengths are positive aspects of the analysis, while weaknesses are negatives
related to the system’s internal aspects. On the other hand, opportunities and threats
refer to the external aspects and refer to positive or negative interactions with the sys-
tem respectively [61]. The internal evaluation of the environment under consideration
aims to identify the strengths and weaknesses mainly of internal resources such as
personnel, products and services [62], while also examining threats and risks due to
the external competitive environment [63].

6. TOWS Matrix: SWOT analysis has been adopted by many organizations [64] and
businesses, mainly because of its simplicity and the advantages it offers, such as
addressing weaknesses that affect the achievement of goals, understanding the busi-
ness or organization’s philosophy, the prospect of exploiting the strengths to achieve
the desired goal [65,66]. Coupling the S-W-O-T parameters by two, after identifying
them and ranking them, yields four coupled parameters, each corresponding to a
strategy type. The characterization and type of strategies resulting from this coupling,
namely the TOWS matrix, where the strategic planning framework is specifically at
the decision-making stage, are [67–70]:

• Development Strategy (maxi–maxi), “S-O”: This strategy focuses on exploiting
the strong points to seize opportunities.

• Corrective Strategy (mini–maxi), “W-O”: This strategy seeks to minimize and
improve weaknesses that hinder opportunities.
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• Maximizing Strategy (maxi–mini), “S-T”: This strategy focuses on exploiting the
strong points to address and minimize threats to the environment.

• Defense Strategy (mini–mini), “W-T”: The goal of the strategy is to minimize
weaknesses in order to avoid threats.

Table 1. Involvement of social groups in research.

Country Students Parents Educators

Cyprus 72 72 9

Greece 77 - 12

The right strategy choice is derived from the image described by the SWOT matrix
and results in proportion to the overriding parameter. If the “S-O” Development Strategy
prevails, then the organization has many opportunities as well as advantages and is recom-
mended to adapt. A “W-O” Correction Strategy is appropriate when the organization’s
internal weaknesses prevent it from taking advantage of existing opportunities. Therefore,
in this case, this strategy focuses on addressing and correcting the weaknesses as much
as possible. If the “S-T” Improvement Strategy prevails, it means that although the orga-
nization faces many external threats, it has strong points and advantages in mitigating
them to achieve its goals. The “W-T,” Defense Strategy is chosen if an organization receives
many external threats and its internal forces are insufficient to deal with them. The overall
research roadmap for the current research is graphically presented in Figure 1.

 

Figure 1. Graphical illustration of the research roadmap.

4. Results

The founding of the EECs emerged in the 1970s when the idea of Environmental
Education was reinforced through the conferences of Tbilisi (1977) and Moscow (1987) [71].
The enlargement of Environmental Education was primarily aimed at implementing actions
in direct contact with the environment, which would be ensured by the operation of the
EECs. This enabled the educational community and students [43] to develop skills on the
subject of environmental protection, supplying it with knowledge and techniques that
theoretical education could not provide in the past. These newly acquired skills will include
awareness and sensitivity, knowledge and understanding of key concepts (i.e., circular
economy, sustainable development, etc.), cultivation of talented individuals regarding
sectors of environmental protection (i.e., environmental engineering, governmental bodies,
law, etc.), new attitudes towards sustainability, willingness to actively participate in national
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or EU legislation and action plans as well as the necessary critical thinking skills to identify
challenges and opportunities for improving individual prevention activities of everyday
life [72,73]. EECs evolved further in 1990, in the sense of “Sustainable Development” as
a central term of Environmental Education, while the idea came to fruition in the mid-
decade with the Rio Agenda 21 conference in 1992, stressing the urgent need to create EECs
as facilitators in linking education and society [74]. Since then, EECs have become the
connecting link between education and the social community, offering all social strata the
opportunity to directly interact with environmental issues, educating and directing critical
thinking, awareness and participation.

In Cyprus, the establishment of the EECs was launched in 2000, when the Ministry of
Education of Cyprus developed the “National Strategic Plan for Environmental Education
Focusing on Sustainable Development,” which was completed in 2004. With the adoption
of EU policies, the implementation of its planning integrates Environmental Education
into the education system of Cyprus, aiming to inform students and the general public
about environmental issues through the actions developed by Tosh and extra curriculum
activities [75]. There are five EECs in Cyprus today, and two more centers are expected to
open and operate. Each one of Cyprus’ EECs supports specific programs that can be taught
by students in all schools in the country but also functions as a network, thereby achieving
constructive cooperation between them [76].

In Greece, EECs were established by law 1892/90. Following the implementation of
this Law, the creation of EECs began, setting out the aims, functions and actions around the
EU as well as the qualified staff for the Centers [77]. Sixty EECs operate in Greece today
throughout its land and island area. The first EEC was established in 1993 in Achaea’s
Kleitoria [44] and others throughout the country. Moving on to the idea, the main directions
of the Ministry of National Education and Religious Affairs were the rational distribution
of the student population, the genuine interest in local communities and the utilization of
existing infrastructure. Thus, eight more EECs were established in 1995, twelve in 1997,
seventeen in 1998, thirty-one in 2003 and fourteen in 2006 [78]. The EECs are distributed so
that each prefecture of Greece is supported by one EEC, and each district by nine. However,
the student population is not generally evenly distributed, with the result that some EECs
are underperforming.

4.1. Level of Training and Evaluation of EECs Educators

As regards the possession of postgraduate degrees by educators and as shown in
Figures 2 and 3 for the question “What is the specialization of your postgraduate and doc-
toral studies, if any?” an advantage is the possession of postgraduate studies in the subject.
Namely, 67% of Cypriots declared that they hold a postgraduate degree in Environmental
Education and Sustainable Development and 11% in Ecology, Management and Protection
of the Natural Environment, Natural Sciences Teaching and Environmental Education and
Biotechnology, Ecology and Biodiversity. On the contrary, in the case of Greece, 76% of
the respondents did not hold a postgraduate degree, which is a weakness of the EECs
with regard to the existing training and specialization of their educators, while 8% of the
educators hold the title of Educational Planning, Investment Finance in REN (Renewable
Energy) and Models of Design and Development of Educational Units, Physical Education
and Quality of Life. A big difference is presented in the two cases as Cyprus has a clear
advantage over Greece, as shown by the results.

To the question “How do you assess the level of training of your educators?” in the case
of Cyprus, 49% of students consider their level very high, 33% high, 17% satisfactory and
1% moderate. In the case of Greece, only 18% consider that the level is very high, 43% high,
34% satisfactory and then 3% moderate and low (Figure 4). Although objectively, students
are not able to evaluate the training of their instructors, it is a very serious threat, especially
for Greece, the non-acceptance and assessment of the level of training of the educators
by the students. In the case of Cyprus, the training of educators is better, according to
the viewpoint of the student learners; however, improvements are needed. This indicates
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significant internal weakness of structures to highlight the skills of educators or to select
managers with knowledge transfer skills to gain the acceptance of learners, a parameter
necessary to accept the knowledge being passed.
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Figure 2. Level and type EECs educators in Cyprus.
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Figure 3. Level and type EECs educators in Greece.
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Figure 4. Evaluation of EECs educators by students in Cyprus and Greece.
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4.2. Knowledge of the Differences between Different Forms of Environmental Education

An overwhelming majority of 89% of educators in Cyprus (Figure 5), answered the
question “Do you know the characteristics that differentiate Environmental Education from
Education for Sustainable Development?” stating that they know the differences between
the two terms, shaping the answer to a free text in the questionnaire, indicative of the level
of training. In the case of Greece, half of the responders (Figure 5) responded that they are
not aware of the characteristics that differentiate environmental education from education
to sustainable development, which demonstrates the need for training and is currently
assessed as a weakness.
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Figure 5. Differences between Environmental Education and Education for Sustainable Development
in Cyprus and Greece.

4.3. Feedback in EECs by Students

For both countries, there is a lack of feedback from trainees or school units about
their satisfaction after the end of their visit to the EEC. Relatively to Cyprus, 67% say it is
sometimes, 22% is always done, while the remaining 11% is rare. A total of 33% (Figure 6)
of educators say they receive feedback sometimes or rarely and, perhaps for this reason,
a large percentage of them are satisfied with the degree of influence of EECs but feel that
improvements are needed. In fact, the degree of influence may be partly exacerbated by
the degree of learners’ satisfaction, which many times educators may not know.
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Figure 6. The feedback received in Cyprus and Greece.

For Greece, half of educators said they always receive feedback (Figure 6) on students’
satisfaction while half stated that they do not receive any.

The lack of feedback deprives the EEC of both countries of knowing their outward
image, which would help them to understand the degree of influence they exert. This may
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be the result of possible incomplete cooperation between EECs and school units or the
absence of the implementation of an effective operational protocol.

4.4. Satisfaction of Trainees with the Practical Part of Education

The students who participated in activities with a practical part also replied to the
question “If your training had a practical part, are you satisfied with your degree of
participation in it?.” According to Figure 7, 74% of students responded in Cyprus that
they are very satisfied with their participation in the practical part, while 23% answered
moderately and 3% little. In Greece, satisfaction for the practical part is expressed by
the students at 86%, while 11% express moderate satisfaction. Greece’s dissatisfaction
corresponds to 3% of the respondents. Therefore, in the case of student satisfaction for
practical actions, 26% of the non-positive answers should be recorded as a weakness in the
case of Cyprus, it needs attention and especially redesign of the actions so that the EECs
can gain all the students.
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Figure 7. Satisfaction of trainees with the practical part of education in Cyprus and Greece.

There is a contradiction in Cyprus with the question “From the image you have
acquired to this day, to what extent learners are satisfied in the case of practical training?”
as 100% of educators (Figure 8) replied that the students are very satisfied, confirming the
conclusion that led to the following questions that Cypriot educators seem to have no real
picture of the degree of EEC influence on students, which is a serious threat in this case.
On the contrary, in the case of Greece, educators seem to have become more aware and
understand their influence on students and therefore also an opportunity that, if successful,
will be able to redefine new strategies to approach the issues they are developing and
approaching the target group.

Cypriot educators appear not to have a real situation of the degree of influence of
EECs on students, which is a major threat in this case. On the contrary, in the case of
Greece, educators seem to have become more aware and understanding of their influence
on students, and therefore this is also an opportunity that they will be able to redefine if
they use it, new strategies for approaching the issues they are developing and targeting
target groups.
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Figure 8. Satisfaction of trainees with the practical part of education according to educators in Cyprus
and Greece.

4.5. General SWOT Results

Proceeding to the SWOT matrix, the results are derived, by conjugating Opportunities
with Strengths (S–O), Opportunities with Weaknesses (O–W), Threats with Strengths (T–S)
and Threats with Weaknesses (T–W). The results in Cyprus are 30 cases/opportunities,
17 threats/strengths, 21 opportunities/weaknesses and 12 threats/weaknesses. The case of
Greece, there are 13 cases/opportunities, 11 threats/strengths, 10 opportunities/weaknesses
and 32 threats/weaknesses.

4.6. SWOT Matrix Findings Analysis

At the end of the analysis, consequently, with the extraction of results from the SWOT
matrix, the division of factors into quadrants resulted in the case of Cyprus having the
“O–S” Development Strategy while in the case of Greece, the dominant factor distribution
is that of “T–W”, Shrink and Defense.

It is clear that in the case of Cyprus, the combination of high teacher education with
the interest shown by pupils and parents is the key to a sound Development Strategy,
where by adopting innovative teaching methods, they will be able to raise the awareness of
the public [50,79] and reverse any negative situation. The willingness of Cypriot teachers
to collaborate with both research and academic institutions and similar infrastructures
can offer a variety of contemporary environmental topics, providing new knowledge to
the public and exerting a positive influence on them. Equally important in raising the
awareness of trainees are the appropriate staff and infrastructure available in the Cypriot
EECs, enhancing their role and strength. Finally, funding through European programs
and/or by the state will add additional momentum and weight to the work that Cypriot
EECs have to do with the adoption of Strategic Development (Figure 9).

In the case of Greece, the adoption of Strategic Defense seems to be the safest solution,
as due to the economic crisis, the EECs could not remain unaffected, resulting in a lack of
infrastructure and basic tools to complete their environmental education actions. Despite
the public awareness and cooperation with academic institutions, non-adoption of the
Strategic Planning proposed by the European Union has had a negative impact on the
proper functioning of EECs, which has weakened their contribution to the public and thus
it also diminished public interest, jeopardizing its viability. It is easily understood that the
adoption of a Strategic Defense will “freeze” the adverse situation [80] in which the EECs
are located and will have the time needed to adopt radical changes that could reverse the
negative condition (Figure 9).
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Figure 9. Outline of recommendations regarding the strategy to be followed in Cyprus (Development
Strategy) and Greece (Strategic defense) and key aspects of them.

5. Conclusions

In the case of Cyprus, the recommended strategy is a Development Strategy because
of the combination of high education of educators and the interest shown by students
and parents. At the same time, the willingness of Cypriot educators to cooperate with
both research and university institutions and similar infrastructures can offer a variety
of modern environmental issues, providing new knowledge to the public and exerting a
positive influence on them. An equally important parameter for educating learners is the
appropriate staff and infrastructure in Cypriot EECs, enhancing their role and strength.

Regarding Greece, the adoption of Strategic Defense seems to be the safest solution
because of the economic crisis as EECs could not remain unaffected, resulting in the lack
of infrastructure and key tools for completing their educational environmental actions.
Furthermore, despite public awareness and cooperation with university institutions, non-
adoption of the Strategic Plan proposed by the European Union has had a negative impact
on the proper functioning of the EECs and therefore the impact of EECs is decreasing and
the students’ interest also.

It is easy to see that the adoption of a Strategic Defense will “freeze” the situation in
which the EECs are located and will have the required time to adopt radical changes that
could overturn the negative situation. In any case, the establishment of EECs in Greece
and Cyprus as well as any part of the world requires further action on behalf of different
districts which wish to start up such centers. Environmental awareness and education
in the form of EECs can provide the setting stone for the transition to a more sustainable
society, if the EECs are established and modified wisely, according to the area’s profile. It is
strongly suggested that further research regarding specific areas for establishing EECs in
Greece and Cyprus are investigated, for a prosperous and worthwhile goal toward climate
mitigation and sustainability.
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Abstract: Digital Innovation Hubs (DIHs) play a key role in bolstering European companies to over-
whelm innovation barriers and drive Europe as the world’s primary leader in the Industry 4.0 digital
revolution; they are one-stop-shop ecosystems able to provide four main functionalities (test before
investing, support to find investments, innovation ecosystems, and networking, skills and training).
Even if a surge in their diffusion has been registered, their sustainability is still far from being well
defined in a structured way. Several approaches and methods are available from literature to ground the
sustainability plan of companies’ business. Among them, the first activity to be addressed is the value
proposition (VP) analysis, and the most diffused approach is the Value Proposition Canvas (VPC); this
paper proposes the application of the VPC (jointly used with other methods from the VP literature) to
build the VP of the HUBCAP network (supporting European small and medium-sized enterprises in
the adoption of model-based design methods and tools to support cyber-physical system technologies)
per each of its four main customer segments (DIHs, academic partners and research and technology
organizations, technology/tool providers and technology/tool users). Results highlight the need to
characterize the analysis per each of these customers, open up new opportunities to build a structured
business model of the network, and constitute a basis for assessing the potential synergies with similar
DIH networks. The method proposed can be applied to any other DIH or network of DIH to define
their specific VP, ground the strategy to reach their sustainability, and trigger collaborations with each of
the four customer segments considered in the analysis.

Keywords: digital innovation hub; value proposition canvas; ecosystem sustainability; digital trans-
formation; model-based design; cyber-physical system; collaboration platform

1. Introduction

Digital Innovation Hubs (DIHs) play a key role in bolstering European companies
to overwhelm innovation barriers and drive Europe as the world’s primary leader in the
Industry 4.0 digital revolution [1]; they are one-stop-shop ecosystems able to provide four
main functionalities (test before invest, support to find investments, innovation ecosystems,
and networking, skills and training) [2] through a certain set of assets (competences and
skills, technologies, services, etc.) [3]. To be recognized, DIHs need to be part of a regional,
national or European policy initiative to digitize industry, be non-for-profit organizations,
have a physical presence in the region, present an updated website and have at least three
examples of how they have helped a company in the digital transformation referring to
publicly available information [2,4–7]. Recently, several projects have been financed by the
European Commission (EC) to push them from a regional towards a wider pan-European
impact [8,9], and several results have been obtained in terms of supporting models and
methods to both configure their portfolios [10] and decode and build customer journeys
(CJs), bridging their provision [11]; however, being not-for-profit organizations and being,
so far, always financed by EC projects, the sustainability of DIHs (and of their networks)
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is still far from being well defined in a structured way [12]. On the other side, from a
wider perspective, several approaches and methods are available in the literature to ground
the sustainability plan and the business model of organizations and companies. Among
them, the first activity to be addressed is the value proposition (VP) analysis, and the most
diffused approach is the Value Proposition Canvas (VPC) [13].

Among the several projects funded by the EC, the recent HUBCAP project [14] has
constituted a network composed of DIHs, technology/tool providers and users, and aca-
demic partners/research and technology organizations (RTOs); this network still represents
a niche because it deals with the adoption of strong technical and specialized “test be-
fore invest” model-based design (MBD) assets (models and tools) to support small and
medium-sized enterprises (SMEs) in the development and adoption of cyber-physical
systems (CPSs); however, even if the HUBCAP network managed to configure its service
portfolio and the related typical CJs useful for the provision of these services [11], the
need to enhance its capability to attract new potential stakeholders and customers with
the final aim of establishing the foundation for its sustainability plan has been unveiled.
Therefore, to ease such dynamics, to be able to attract more effectively new stakeholders
in the innovative HUBCAP ecosystem, and to push the impact of its digital collaboration
platform [15], the HUBCAP VP should be clearly detailed.

Nevertheless, in the extant literature, there is a lack of information regarding how DIH
sustainability could be reached and how VP analysis in the DIH domain could be performed.
To verify its effectiveness for these ecosystems, and based on the positive experience coming
from the DIH4CPS project [16], this paper proposes the application of the VPC template
(jointly used with other methods from the VP literature) to build the VP of the HUBCAP
network. The results highlight the need to characterize the analysis per each of the four
customer profiles detected, opening up new opportunities to build a structured business
model of the network and constituting a basis for assessing the potential synergies with other
DIH networks. Four main slogans have been developed to represent the VP of the HUBCAP
DIH network, highlighting the different perspectives to be taken when assets are offered to
DIHs (a trustworthy platform-driven collaboration on CPS innovation), academic partners
and RTOs (a recognized network of experts to spread MBD assets adoption), tool/technology
providers (a sandbox providing a tool repository able to address end-user requests), and
tool/technology users (a secure and intuitive environment capable of offering a multi-user
assets catalogue and related training and knowledge to test facilities).

The paper is structured as follows. Section 2 presents the literature review to ground
the research (i.e., DIHs in European digitization, MBD models and tools in the CPS domain
and the VPC template) and the research method adopted. Section 3 explains the research
process and Section 4 the results obtained, detailing the VP per each of the DIH network’s
customers. Finally, Section 5 discusses the results and concludes the paper, unveiling
limitations and opening room for further developments.

2. Literature Review and Research Method

2.1. Digital Innovation Hubs and European SMEs Digitization

Society’s daily lives, the way people work and do business, how they comprehend
and utilise the environment and natural resources, and how people interact, communicate
and educate themselves are all being dramatically altered by digital technologies. DIHs
assist European companies, and in particular SMEs, in deploying and employing digital
technologies to enhance business/production processes, products, or services by giving
access to technical knowledge, experimentation, and the opportunity to “test before in-
vesting”. A successful digital transformation requires innovation services like finance
guidance, training, and talent development, which they also offer [17]. Environmental
considerations are also made, particularly in relation to energy usage [18,19] and reduced
carbon emissions [20,21].

The characteristics of DIHs and their interactions with stakeholders have a significant
impact on how SMEs approach the digital transformation process [3]. The diversity of
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these ecosystems aligns with the main objectives of the EC, which include promoting
their growth, expanding the network of DIHs that already exists, and establishing an
integrated, flexible, and interoperable platform for DIHs from various, primarily digitally
underdeveloped industries and regions. A vast pan-European ecosystem of DIHs is the
end result that the EC aims to achieve. Indeed, each DIH is unique, located in specific areas,
and concentrates on a variety of sectors and digital technologies. By developing, providing,
and matching services jointly with other DIHs, the forthcoming European DIH (EDIH) can
spark dynamics of innovation-driven cooperation. If this goal is accomplished, DIHs will
not try to simultaneously fulfil all four roles; instead, they will concentrate more on the
function that is most representative of them, relying on the connections and collaborations
with other ecosystems [22].

In this instance, the definition of a clear VP, able to fully represent the characteristics
and the assets provided by the single DIHs, can have a key role in supporting the success of
such ecosystems and triggering the creation of collaborating and integrated communities
specialized in different topics, industries, technologies, and approaches.

2.2. CPSs Supported by MBD Methods and Tools through the HUBCAP Network and
Collaboration Platform

MBD is a visual method to address the design of complex control, signal and com-
munication systems based on mathematical models [23–25]. With MBD, it is possible to
prescribe the use of models through the whole development process, representing the
system structure and behaviour, providing a basis for machine-assisted analysis of system
properties, and supporting design decisions for technology refinement.

HUBCAP creates a collaborative environment between DIHs and SMEs, inspired by en-
terprise social software [26]; this environment can be accessed through a web portal [15,26],
where “Access to” and “Collaborate with” services can be found. SMEs can hence access
MBD assets that can offer great support in their digital transformation process, triggering
a more aware test before invest phase of the technologies they want to employ in their
organizations and processes. Indeed, the chance for collaboration, through the use of
tools and models provided by the platform, can support companies through the whole
transformation path (i.e., piloting, testing before investing, and experimenting). HUBCAP
offers two catalogues of MBD assets, one composed of tools (software packages and their
dependencies that enable the development, analysis and simulation of models) and the
other of models (mathematical or formal abstractions of system elements [components or
subsystems]). The MBD techniques offered by the DIH network have four main types (i.e.,
simulation, model checking, contract-based analysis and model-based safety assessment)
and can be specified in specific techniques (e.g., model checking can be split into invariant
model checking, linear temporal logic model checking and deadlock checking) and models
(e.g., deadlock checking techniques can be divided into CHESS, mXmv, HyComp and
COMPASS [detailed in several models such as GPS, Engine, etc.]). The SMEs accessing
the platform can browse both of them to perform tests and experiments using a sandbox
without the need to incur high investments. The sandbox of the HUBCAP platform was
inspired by the results of the INTO-CPS project [27]. In it, MBD tools were integrated into
a single application [28] aggregating the different models using the Functional Mock-up
Interface (FMI)-based co-simulation orchestration engine [29]; this type of MBD setup
offers, together with MBD tools and models, the third class of assets: operating systems
(OSs), which refer to a software environment providing libraries and dependencies needed
to run the tools. The main objective of the sandbox is to enable users to add MBD assets to
a cart and launch them in a cloud environment, which caters to the different technicalities
required and allows several users to co-develop a model by sharing the user interface of
machines hosted in a cloud environment and accessible via a web browser. HUBCAP allows
SMEs to have access to MBD tools and models they can utilize to foster their digitalization
process; it is intended to support trial experiments that can design and develop innovative
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CPS solutions; however, a solid VP must still be defined to both ground a sustainability
plan and attract new customers/stakeholders.

2.3. VP of Innovation Ecosystems and VPC

Innovation ecosystems, often intended as boundary organizations [30], are increas-
ingly regarded as important vehicles to create and capture value from complex VPs [31].
Dedehayir et al. [32,33] defined four main roles of innovation ecosystems (leadership roles,
direct value creation roles, value creation support roles, and entrepreneurial ecosystem
roles) and examined the impact of disruption on the innovation ecosystem in its entirety
(i.e., the group of organizations that collaborate in creating a holistic VP for the end user).
Talmar et al. [34] developed a strategy tool (called the Ecosystem Pie Model [EPM]) to map,
analyse and design (i.e., model) innovation ecosystems, focusing on the constructs and
relationships that capture how actors in an ecosystem interact in creating and capturing
value. Instead, the most used and valuable tool able to design the characterizing VP of
an organization in relation to its main stakeholders is the VPC [13] (Figure 1); it has two
sides: the customer profile, clarifying the customer understanding, and the value map,
describing how it is intended to create value for that customer. The customer (segment)
profile describes a specific customer segment in the business model; it breaks customers
down into their jobs, pains and gains:

• Gains describe the outcomes customers want to achieve or the concrete benefits they
are seeking,

• Pains describe bad outcomes, risks and obstacles related to customer jobs.
• Customer jobs describe what customers are trying to get done in their work, expressed

in their own words.
• The value (proposition) map describes the features of a specific VP, breaking it down

into products and services, pain relievers, and gain creators:
• Gain creators describe how products and services create customer gains,
• Pain relievers describe how products and services alleviate customer pains.
• Products and services refer to a list of all the products and services around which a VP

is built.

 

Figure 1. The VPC template (adapted from [14]).

The fit is achieved when the value map aligns with the customer profile (i.e., when the
products and services produce pain relievers and gain creators that match one or more of
the jobs, pains and gains that are important to the customer).
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2.4. Research Method

This sub-section is aimed at describing how the VP has been built for the DIH network
of HUBCAP, also based on the positive experience coming from the DIH4CPS project [16].
Four main customer segments (DIHs, academic partners and RTOs, technology/tool
providers, and technology/tool users) were detected for this network. Therefore, us-
ing the Mural online collaboration platform, a workshop for each of them was conducted
to explain the VPC and apply it. Each workshop lasted about 3 h, and each involved,
on average, 10 people belonging to different organizations of each customer category of
the HUBCAP network. In addition, more time (about 1 week) was left to them to allow
each of the organizations involved to brainstorm internally to fill out the VPC template
and conclude the activity. Furthermore, back-office work (about 10 h for each of the two
researchers involved per VPC customer) was needed to group all the input received during
the workshops. The main categories for each field of the VPC of each customer segment
were defined. Then, choosing their recurrency as a driver of prioritization, groups were
ranked. Afterwards, for each customer profile, the main items characterizing the VPC
dimensions were defined, and fitting was done between the items referring to the dimen-
sions composing the customer profiles (jobs, pains and gains) and those of the VP maps
(products and services, pain relievers and gain creators). In particular, the resulting VP
items were arranged in a pyramid-shaped template (shown in Figure 2) composed of three
levels, as follows:

• Details: items contributing to a detailed description of the VP. From a customer
perspective, they report the benefits coming from HUBCAP outcomes, the problems
solved by them, and the arguments that prove that the organization delivering the VP
is doing better than its competitors.

• Summary: two sentences synthesizing the HUBCAP offer content (answering the
questions “For whom?” and “Why is it useful?”).

• Title/Slogan: a sentence summarizing the VP in which the ultimate benefit of the
HUBCAP offer is expressed to attract customers’ attention and curiosity.

 

Figure 2. The framework used to structure the VP of each customer segment.

To translate the VP items obtained through the VPC into direct and effective statements
that everyone could understand, even if they are not part of the MBD niche in the CPS
domain, different theories were adopted:

• The “Value Positioning Statement” [35]: “For (target customer) who (statement of the
need or opportunity), our (product/service name) is (product category) that (statement
of benefit)”; it can also be simplified in the “XYZ”: “We help X do Y doing Z”.
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• the “Jobs-to-be-done” (JTBD) theory [36]: “Action verb-Object of action-Contextual
identifier”.

Finally, a validation workshop was organized to check the results with the participants
of the previous workshops.

3. Results

As mentioned in Section 1, four main customer segments were considered in the analysis
of the VP of the network of DIHs providing MBD assets. Results are shown as follows. As
an example, the building of the HUBCAP network VP related to the DIHs customer profile
is shown step by step to better explain the research method adopted. In particular, Figure 3
illustrates the results obtained through the Mural platform, showing the detected VP items
in the grey squares. After that, the two researchers gathered, grouped and ranked the input
received during the workshop. The grey squares represent the VP items reported in the
polished VPC in Figure 4.

Finally, Figure 5 shows the fit between the items belonging to the dimensions of the
customer profile (jobs, pains and gains) with those related to the VP map (products and
services, pain relievers and gain creators) per the DIH customer profile. In this figure, the
items are flanked by a weight which expresses how many times the workshop participants
provided input for that specific VP item. In addition, the products and services, pain creators,
and gain relievers that fit the customer profile items better have been detected. The items
with higher importance contribute more to the construction of the top two levels (“Summary”
and “Title/Slogan”) of the pyramid in Figure 2. Figure 5 shows the single case of the specific
customer segment of DIHs, also demonstrating that most customer needs were covered by
the HUBCAP DIH network offer. For example, the fit at the top of the figure demonstrates
that the DIH ecosystem analysed is able to offer network, brokering and matchmaking to both
enable other DIHs to easily find training, skills and competencies in the CPS technology/MBD
domain and to improve the visibility to attract new customers. In addition, the MBD assets
(tools, training, success stories, etc.) provided by the DIH network address the networking
and matchmaking need to find synergies with both academic and industrial partners. Instead,
the fit at the centre shows that a gain creator as an improved catalogue of services, MBD tools
and knowledge triggers multiple gains in terms of an increase of knowledge and opportunity
for training, an increase in the reach of MBD and specialized services, and an improvement of
sales and monetization of DIH customers (SMEs). Finally, the fit at the bottom shows that a
pain reliever in the form of MBD experts able to provide missing knowledge could address
multiple pains for new DIHs, such as lack of skills, knowledge and technical complexity; MBD
costs; and lack of confidence in MBD tools.

For the sake of completeness, the results of the VPC application for the other three
customer profiles (academic partners and RTOs, technology/tool providers, and technol-
ogy/tool users) are shown respectively in Figures 6–8; it can be noted that, per each type of
stakeholder of the DIH network, different results have been obtained. Indeed, for academic
partners and RTOs (Figure 6), the main customer jobs to be addressed by the DIH network
are knowledge creation and transferring for teaching MBD, networking with MBD users,
exploitation of existing MBD tools and models in applied research, and so on. To enable
their satisfaction, the DIH network provides training and demonstration, community and
networking services, different and customizable models and tools, and events and dis-
semination channels. For this kind of customer, the main pains are the effort to learn and
adopt MBD, and potential adopters’ lack of interest and understanding of MBD. The DIH
network is capable of defusing them through effective collaboration through the sandbox,
a low bureaucracy and high safety, indirect advertising, and existing teaching and training
material. At the same time, this offers increased visibility, enhances the network, develops
more skilled personnel and improves research quality.
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Figure 3. Workshop on the Mural online collaboration platform: results for VPC related to the DIH
customer segments.

 

Figure 4. Main categories of the HUBCAP VP for the DIH customer segments.

For technology/tool providers (Figure 7), it is necessary to install, sell and provide
tools and toolchains in a homogeneous environment, to attract new partners and establish
network cooperation, or to provide access to a new platform with new tools, infrastructures,
data and capabilities. In this case, the DIH network provides a collaboration platform
as a tool repository/catalogue, a network collaboration and ecosystem service, and the
dissemination of a set of best practices and success stories. Pains such as poor performance
of the environment and embedded tools, a bad user experience, and a poor platform

109



Sustainability 2022, 14, 11159

performance can be defused by low infrastructure cost and no dependency on expensive
proprietary platforms, the possibility to support customers with remote assistance and
manuals, and resource use monitoring, user statistics and bug detection. Multiple gains
are brought to the customer as, for example, a set of remote tools that are easily accessible,
lower barriers for new users, and more visibility of new application cases and markets.

 

 

 

Figure 5. FIT for DIH customer segments among the customer profile dimensions (jobs, pains and
gains) and of the VP map (products and services, pain relievers and gain creators).
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Figure 6. Main categories of the HUBCAP VP for the academic partner and RTO customer segments.

 

Figure 7. Main categories of the HUBCAP VP for the technology/tool provider customer segment.

In the case of the technology/tool users customer segment (Figure 8), the main jobs are
to solve a specific problem regarding accessing new tools, prototype testing and reaching new
domains, partners and networks to be more innovative and competitive. The DIH network
achieves these activities by providing training knowledge and expert support, a multi-user
assets catalogue to test facilities in several operating systems, and more. The main pains of this
segment are IP protection, overly complex technologies/models/tools/platform/sandbox,
and lack of competencies/skills/knowledge/support. The DIH network can defuse them
through specialized and real-time knowledge and support, application examples for many
different domains, and easy access to test technologies.

The HUBCAP DIH network, thanks to this analysis, can understand how to satisfy
each of its customers, defusing pains and creating gains for each of them.
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Figure 8. Main categories of the HUBCAP VP for the technology/tool user customer segment.

4. Discussion

Figure 9 shows the VPs related to the four customer segments considered in this research:
the DIHs (top left), academic partners and RTOs (top right), technology/tool providers (bot-
tom left), and technology/tool users (bottom right), useful to the HUBCAP DIH network for
attracting stakeholders belonging to each of these categories; it can be noted that depending on
the customers considered, the VP of the HUBCAP network changes. In particular, for the DIH
customer profile, the slogan is “Leverage MBD assets to trigger a trustworthy platform-driven
collaboration on CPS innovation among DIHs”. In particular, in the summary, there are two
main elements that HUBCAP could offer to attract this customer profile: the provision of MBD
assets (tools, training, success stories, etc.) in a common service portfolio to easily test facilities
and capabilities in the CPS innovation development through online collaboration infrastruc-
tures and DIHs’ actions (networking, brokering and matchmaking) to provide business and
funding opportunities and to manage and protect intellectual property. For academic partners
and RTOs, the main slogan is “Create a recognized network of experts to spread MBD assets
adoption and dissemination”. Indeed, the HUBCAP offer for this customer profile in the
summary is characterized by two main needs: the provision of MBD-based assets (tools and
methods, training material, success stories, best practices and use cases) to foster publications
through the exploitation of a sandbox as a service on a platform and the provision of match-
making, events and dissemination channels, and funding opportunities services to support
community development and networking. Concerning the technology/tools providers, the
HUBCAP slogan is “Collaboration platform to address end-user requests through a sandbox
providing a tool repository/catalogue”. The HUBCAP network in this case offers two main
elements to engage new tool providers to participate in its digital platform: a collaboration
platform as a one-stop contact point to address end-user requests through a sandbox provid-
ing a tool repository/catalogue and a marketing channel to disseminate models and tools,
best practices and success stories, training and funding opportunities. Finally, dealing with
technology/tool users, the slogan is “Multi-user assets catalogue and related training and
knowledge to test facilities in several OSs in a secure and intuitive environment through a
pay-to-use method”; indeed, the strengths of the HUBCAP offer to attract new users belonging
to this customer profile are, on the one hand, success stories, training knowledge and expert
support provided by a collaborative and heterogeneous network of stakeholders, and on
the other hand, multi-user assets (models/tools/solutions/technologies) catalogue to test
facilities in several OSs in a secure and intuitive environment through a pay-to-use method.
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Figure 9. VP of the HUBCAP network for DIHs (top left), academic partners and RTOs (top right),
technology/tool providers (bottom left), and technology/tool users (bottom right).

This research contributes to knowledge in multiple ways; it explores the VP items
characterizing each of the four main customer profiles of a network of DIHs operating in the
CPS domain and specialized in MBD and tools; it proposes a structured method to build the
VP of a network of DIHs combining methods and approaches previously implemented in
the business domain; it lays the groundwork to develop a sustainability plan of a network
of DIHs and to develop the related business model. In the specific case of MBD models and
tools provided by the HUBCAP network, this research contributes in raising the importance
of MBD assets to innovate in digital technologies and impels companies to collaborate in
multiple domains, putting together different and complementary competences.

From a practical perspective, this research contributes by providing a well-defined
and structured VP, tailored to each customer profile, to a network of DIHs operating in
the CPS domain and offering a set of MBD assets, making the network more appealing
and enhancing its attractiveness to customers as well as to other potential collaborating
DIH networks (because it highlights the strengths and weaknesses of its offer), as for
example Circular Economy and bioeconomy [37,38]. Indeed, this research contributes
to pushing MBD assets adoption to test digital technologies before actually investing in
them (preventing companies from useless or bad investments) and triggers cross-sectorial
and domain collaboration among multiple users through the use of the sandbox on the
HUBCAP digital platform.

Finally, from a managerial perspective, the governance and managers of the DIH
network offering the VP defined in this research are guided by these results to push their
network in the market, develop a solid business model, make agreements with other
networks, and finally achieve solid sustainability.

5. Conclusions

This paper, applying the VPC template, developed the VP (detailed in a three-level
pyramid) of the HUBCAP DIH network aiming to support European SMEs in the adoption
of MBD methods and tools to develop CPSs. In the analysis, four different customer seg-
ments were considered (i.e., DIHs, academic partners and RTOs, technology/tool providers,
and technology/tool users). The research proposes the VPC approach to obtain and pri-
oritize the VP items per customer segment; then, it develops a VP pyramid, structured
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on three levels (title, summary, details), which is representative of the DIH network offer
and appeals to attract stakeholders belonging to its different customer segments. Going
through the three levels with a bottom-up approach (design vision) helps the organization
by offering the VP to build it in a more structured way. Instead, going through a top-down
approach (customer vision) allows the organization to catch more effectively the customers
to make them adhere to the VP. Indeed, the mission of the VP statements gathered in this
template is to create visibility for the HUBCAP network (constituted by DIHs and services
and MBD assets providers in the CPS technology domain across Europe) to allow SMEs
access to this set of assets. Therefore, this research sought not only to test the VPC in the
DIH ecosystem domain but also to propose a more complete approach to systematize its
results in a VP pyramid. The results show that depending on the customers considered, the
VP of the DIH network changes. Notwithstanding the novelty of this research in defining
a structured VP of a network of DIHs, limitations can also be described. Indeed, in this
paper, only the results related to the HUBCAP network (which represents a niche in the
CPS domain) are presented. The same analysis could be performed for different networks
operating either in the same domain, the CPS, or others (e.g., artificial intelligence). A
comparison among the value propositions of these different networks could be performed
to unveil the peculiar characteristics of each of them and detect the touch points among
them to encourage future collaborations. Once the collaborations among different networks
are materialized, the overall VP can be defined, providing room to bolster the actions of
future European DIHs. Finally, this analysis represents only the first step towards the
sustainability project of the HUBCAP network of DIHs. For each customer considered, a
well-defined business model will be developed. Together, an analysis of the network assets
(MBD and tools, competences and services) will be performed. The service offering will
be analysed, detecting the services that contribute more to creating revenues among those
constituting the HUBCAP service portfolio (decoded through the Data-based Business-
Ecosystem-Skills-Technology [D-BEST] reference model); it must be highlighted that in the
HUBCAP VP, a key role is played by the MBD assets (models and tools) because they are
an effective means for testing before investing and thus are able to trigger along the CJ a
high quantity of connected services to address the digital transformation.
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Abstract: Biofuel can become a favorable sustainable energy resource in India by relieving conven-
tional fossil fuels. However, biofuel enterprises (BEs) are still in the preliminary phase because of
sustainable development barriers (SDBs) in environmental, technological, economic, social, and
regulatory aspects. In the paper, nineteen SDBs to biofuels are identified by studying the literature
and decision experts’ (DEs’) views. Considering the involvement of multiple tangible and non-
tangible barriers, the assessment of SDBs to BEs can be taken as a multi-attribute decision-analysis
(MADA) problem. Since ambiguity and imprecision generally ensue in the assessment of SDBs to
BEs, the doctrine of interval-valued intuitionistic fuzzy sets (IVIFSs) has been recognized as a more
sensible and proficient way to tackle uncertain MADA problems. Then, an integrated approach with
IVIF-distance measure and IVIF-relative closeness coefficient models is presented to form associations
between the SDBs to recognize the most important SDBs. The outcomes of this study show that
four SDBs, i.e., “lack of effective storage facilities (EC-2), lack of investors (EC-3), technical issues
associated with conversion technologies (T-2), and lack of trust between local societies, agencies,
and developers (S-4)” are the leading obstacles. The paper also discusses some policies that can be
utilized as a managing stage by the DEs to articulate guidelines for the operational exclusion of SDBs
to biofuel enterprises.

Keywords: interval-valued intuitionistic fuzzy sets; distance measure; closeness coefficient; sustain-
ability; barriers; MADA; biofuel sector

1. Introduction

Nowadays, people are relentlessly concerned about global warming because of the
increase in the world population, the diminution of customary “fossil fuels (FFs)”, and
pollution produced by automobiles [1]. Henceforth, conventional fuels need to be replaced
by “renewable energy resources (RESs)”. As an RES, biomass can represent a solution
that contributes to supplying the electricity demands and producing high-density fuels.
However, biomass is an inadequate RES and can only complement variable RESs for
electricity generation and electrification of transportation sectors [2,3]. Biomass-based fuel
blends as an alternative can play an important part in achieving “sustainable development
(SD)” and improving energy safety. Biofuels and electric vehicles have started to be used to
reach the targets of “sustainable development goals (SDGs)” [4]. At present, biodiesel is
the major biofuel utilized in the European Union for transport [5]. Moreover, ethanol is
usually utilized as a blend with a low proportion of fossil fuels. Consequently, scientists
and governments have started to pay attention to hydrocarbon fuels as the target product
of biomass refinement technology.
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Since India is a huge agricultural nation, the growth of the biofuel economy would
cause savings in traditional fuels and support the alleviation of pollution concerns to a
certain level. The utilization of biomass considerably supports the reduction of carbon
emissions and allows the growth of rural regions because biofuels can be utilized for
manufacturing transportation fuel, electricity, and heat [6–8]. The agriculture of biomass
delivers rural progress prospects and agriculture variation, and the energy achieved from
biomass will have further social recognition, as it is associated with the diverse practices of
RESs [9]. Biofuels are a promising energy resource produced from different plant oils, waste
oils, microbial lipids, food crops, agricultural residues, and animal fats, and have a massive
possibility to meet more than a quarter of the world demand for transportation fuels by
2050, especially in developing countries such as India. India has around 500 MTs of biomass
produced per year, out of which 120 to 150 MTs are additional. Additionally, 12.83% of the
whole RE production is funded by biofuels only [10]. Furthermore, advanced adaptation
efficiencies and minor costs are the noteworthy drivers of bioenergy abstraction [11].

India is the fourth-place net importer and user of crude oil and petroleum goods behind
the USA, China, and Japan [12]. Moreover, India is the fourth-place emitter of “greenhouse
gases (GHGs)”, and the nation’s transportation field produces 13% of CO2 emissions [8,13].
These emissions owing to transportation can be minimized using sustainable methods, for
example, the practice of public transit, more and more use of biofuels, and refining vehicle
proficiencies. Since oil is the second-biggest energy source next to coal with a share of
30.5% of prime energy consumption in India [12], the growth of RESs or other alternatives
needs to be produced successfully and resourcefully to replace or enhance petrol family
oils. Biofuels are evolving as the most favorable energy choices to conventional fuels.
Biofuels have momentous benefits for national energy safety, alleviation of GHGs, and
rural growth [14]. Biomass-based energy can address several concerns associated with
energy safety and organization [15]. This produces an important barrier for biofuel energy
abstraction policies. It is noticed that energy abstraction from biomass should not be taken
as an economic or technological issue. Additionally, it comprises public views about the
risks elaborated in the procedure of growth. Additionally, it is claimed that the utilization
of comestible biomass for making fuel may have an adversative impact on food safety and
inflate food costs [7,12]. Furthermore, agriculture imitative biofuels are related to ecological
damage and they are less efficient as compared to traditional fuel oils, which raises biofuel
consumption [16].

Sustainability mobility raises a certain number of questions. Over the last decades,
most industrialized countries have introduced strict regulations limiting the environmental
impact produced by combustion engines. Governments pressing the car industry to electrify
their products in order to assure the ecological transition of mobility. This has forced car
manufacturers to invest heavily in research and development into alternative fuels and new
propulsion systems. To encourage this transition, governments offer incentives and benefits,
such as tax exemption (ownership tax) or free access to restricted traffic zones (ZTLs). As
argued by D’Adamo et al. [17], the real weight of this transition is charged to the customers
that are stimulated to change their traditional vehicles but at the same time, they have to
buy hybrid/electric cars with high costs. Ecological benefits could, of course, be obtained
by considering alternative fuels, but also by considering the “end of life” strategies based
on the circular economy approach [18]. The sustainable transition also needs an original
social approach involving citizens in the decision-making activity. Moreover, incentives
and economic measures should be provided to stimulate the dissemination of small-scale
plants in the territory and the creation of energy communities [17].

It may be seen that the “biofuel enterprise (BE)” is in its initial phase in India because of
numerous “sustainable development barriers (SDBs)” in different aspects of sustainability.
The SDBs are inter-reliant, and there exists a cause-and-influence association with the
SDBs. Assessment of SDB pillars considers several barriers in the biofuel industry. Since
the assessment of SDBs involves diverse aspects and uncertainty, it can be considered a
“multi-attribute decision analysis (MADA)” issue with uncertainty. The “interval-valued
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intuitionistic fuzzy sets (IVIFSs)” [19] can treat imprecise and uncertain data in numerous
realistic settings. As the generalization of the fuzzy set, the theory of IVIFS is characterized
by the membership grade (MG) and non-membership grade (NG), expressed in the form of
intervals rather than exact numbers. As IVIFSs can effectively deal with the MADA concern
with ambiguity and fuzziness, some extant studies have applied IVIFS-based models from
the perspective of SD [20–22].

In this research, the precarious SDBs to BEs in India are recognized and demonstrated
using an integrated MADA procedure for identifying the limitations and their cause-
influence association, which is missing in earlier studies. This paper also plans to offer a
few policies, which may be utilized by “decision experts (DEs)” and executives to articulate
appropriate strategies for the operative eradication of recognized SDBs. We present the
notable research contributions of the paper as follows:

• This study classifies the crucial SDBs to the biofuel industry in India and assesses
the association between the recognized barriers. However, existing methods given
by [1,23–25] are not able to identify and assess the SDBs in the biofuel industry.

• Distance measure, as one of the important information measures, plays a vital role in
real-life problems such as decision-making, pattern recognition, texture recognition,
and so forth. In this study, we propose a new IVIF-distance measure with enviable
properties to measure the degree of discrimination between IVIFSs.

• Direct assumption of decision experts’ (DEs’) weights results in loss of information
while making decisions. Thus, it is very important to determine the weights of DEs
during the process of decision-making. In this paper, we propose a new IVIF-score
value and rank sum (RS) model-based weighting approach to derive the DEs’ weights
within the IVIFS context.

• In order to consider the relative closeness coefficient of barriers, this paper presents a
new IVIF-distance-based model and uses it to find the objective and subjective weight
of barriers to prioritize the SDBs in the biofuel industry.

2. Literature Review

2.1. Studies on the Biofuel Sector

This section entails a review of the biofuel sector. With the use of the gray DEMATEL
approach, Liang et al. [1] identified the critical success factors for enhancing the sustain-
ability of China’s biofuel sector. That study has effectively recognized the success factors
but does not consider the barriers to SD in China’s biofuel sector. Jernstrom et al. [23]
identified the opportunities and analyzed the barriers to entry for small/medium enter-
prises in biofuel-based sectors. However, their study is unable to express the uncertainty
and vagueness of real-life problems, while practical decision-making problems usually
involve uncertainty due to time limitations and the subjectivity of the human mind. Sara-
vanan et al. [24] studied strategy barriers to biofuel marketing from an Indian perspective
and they underlined the efforts of the public and government to overcome these barriers.
That study only considers an empirical study but does not provide any tool to identify
the strategy barriers. In addition, their study is not able to handle the biofuel marketing
decision-making problems from an uncertainty perspective. Malode et al. [25] provided
the theoretical aspects of recent advances and the possibility of biofuel production in the
biofuel sector. Unfortunately, there is no study that identifies the critical SDBs to the biofuel
industry in India from an uncertainty perspective.

2.2. Review on IVIFSs and MADA

The theory of IVIFS has been given by Atanassov and Gargov [19] for treating uncertain
information in realistic MADA problems. Numerous scholars have employed IVIFSs to
develop MADA models for handling realistic issues with uncertain settings [26]. Firstly,
Xu [27] discussed diverse basic “aggregation operators (AOs)” to aggregate the information
and score and accuracy functions to rank the IVIFNs. Wang and Mendel [28] proposed a
decision-making method based on the Lukasiewicz triangular norm. Moreover, their study
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presented the drawbacks of existing studies on IVIFSs. In a study, Hu et al. [29] developed
a novel entropy-weighted TOPSIS methodology with interval-valued intuitionistic fuzzy
information. Their application presented the assessment of technology portfolios of clean
energy-driven desalination-irrigation systems. Mishra et al. [30] introduced a divergence
and entropy measure-based decision support system for assessing the service quality
problem. For this purpose, they proposed some divergence measures to quantify the degree
of discrimination between IVIFSs and entropy measures to quantify the uncertainty of
IVIFSs. Oraki et al. [31] defined some frank t-norm and t-conorm operations on IVIFNs.
Further, they proposed a list of frank AOs by analyzing the limitations of existing AOs
under the IVIFS context. Bharati [32] studied a new ranking method by means of the law
of trichotomy. In addition, their applicability has been tested on a transportation problem
under an interval-valued intuitionistic fuzzy environment. As per our investigation, no
study has used the theory of IVIFS for assessing SDBs in the biofuel industry.

3. IVIF-Distance Measure

3.1. Preliminaries

Here, some essential concepts of IVIFSs are discussed.
Atanassov and Gargov [19] extended IVIFSs based on IFSs to handle the uncertainty,

which is exemplified by the “membership grade (MG)” and “non-membership grade (NG)”
in interval form.

Definition 1 [19]. Let Ω = {x1, x2, . . . , xn} be a fixed set. An IVIFS P on Ω is described
as P = {〈xi, μP(xi), νP(xi)〉 : xi ∈ Ω}, where μP(xi) =

[
μ−

P (xi), μ+
P (xi)

]
: Ω → [0, 1] and

νP =
[
ν−P (xi), ν+P (xi)

]
: Ω → [0, 1] hold sup(μP(xi)) + sup(νP(xi)) ≤ 1. The intervals

μP(xi) and νP(xi) indicate the MG and NG of the variable xi in Ω, respectively.

The interval πP(xi) =
[
π−

P (xi), π+
P (xi)

]
=
[
1 − μ+

P (xi)− ν+P (xi), 1 − μ−
P (xi)− ν−P (xi)

]
signifies the “hesitancy grade (HG)” of xi to P. The pair

([
μ−

P (xi), μ+
P (xi)

]
,
[
ν−P (xi), ν+P (xi)

])
is termed an IVIFN [27] and is commonly denoted by θ = ([p, q] , [0, 1]), where [p, q] ⊂
[0, 1], [r, s] ⊂ [0, 1], and q + s ≤ 1.

Definition 2 [17]. Let P, Q ∈ IVIFSs(Ω). Some basic operations on IVIFSs are defined as

(a) P ⊆ Q if and only if μ−
P (xi) ≤ μ−

Q(xi), μ+
P (xi) ≤ μ+

Q(xi), ν−P (xi) ≥ ν−Q (xi) and
ν+P (xi) ≥ ν+Q (xi), ∀xi ∈ Ω,

(b) P = Q if and only if P ⊆ Q and P ⊇ Q,
(c) Pc =

{〈
αi,

[
ν−P (αi), ν+P (αi)

]
,
[
μ−

P (αi), μ+
P (αi)

]〉 ∣∣ αi ∈ α
}

,

(d) P ∪ Q =

⎧⎨
⎩
〈

αi,
[
μ−

P (αi) ∨ μ−
Q(αi), μ+

P (αi) ∨ μ+
Q(αi)

]
,[

ν−P (αi) ∧ ν−Q (αi), ν+P (αi) ∧ ν+Q (αi)
] 〉 ∣∣∣∣∣∣αi ∈ α

⎫⎬
⎭,

(e) P ∩ Q =

⎧⎨
⎩
〈

αi,
[
μ−

P (αi) ∧ μ−
Q(αi), μ+

P (αi) ∧ μ+
Q(αi)

]
,[

ν−P (αi) ∨ ν−Q (αi), ν+P (αi) ∨ ν+Q (αi)
] 〉 ∣∣∣∣∣∣αi ∈ α

⎫⎬
⎭.

Definition 3 [27]. Consider θ = ([p, q], [r, s]) be an IVIFN, then S(θ) = 1
2 (p + q − r − s) and

�(θ) = 1
2 (p + q + r + s) are said to be IVIF-score and IVIF-accuracy values of θ, respectively.

Bai [33] pioneered the improved score value using the HD between the BD and ND of
IVIFNs.

Definition 4 [33]. Let θ = ([p, q], [r, s]) be an IVIFN. Then,

S
∗(θ) =

p + p(1 − p − r) + q + q(1 − q − s)
2

(1)
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is known as an improved score function, where S∗(θ) ∈ [0, 1].

Definition 5 [27]. For a set of IVIFNs P = {P1, P2, . . . , P�}, where Pk = ([pk, qk], [rk, sk]), k =
1, 2, . . . , �, the IVIFWA operator is given

�⊕
k=1

ξk Pk =

⎛
⎝[1 −

�

∏
k=1

(1 − pk)
ξk , 1 −

�

∏
k=1

(1 − qk)
ξk

]
,

⎡
⎣ �

∏
k=1

(rk)

ξk

,
�

∏
k=1

(sk)

ξk
⎤
⎦
⎞
⎠. (2)

Along a similar line, the IVIFWG operator is given by

�⊗
k=1

ξk Pk =

⎛
⎝[ �

∏
k=1

(pk)
ξk ,

�

∏
k=1

(qk)
ξk

]
,

⎡
⎣1 −

�

∏
k=1

(1 − rk)

ξk

, 1 −
�

∏
k=1

(1 − sk)

ξk
⎤
⎦
⎞
⎠. (3)

Definition 6 [34]. An IVIF-distance measure d : IVIFSs(Ω)× IVIFSs(Ω) → [0, 1] is a real-
valued mapping that holds

(C1). 0 ≤ d(P, Q) ≤ 1,
(C2). d(P, Q) = 0 ⇔ P = Q,
(C3). d(P, Q) = 1 ⇔ Q = Pc,
(C4). d(P, Q) = d(Q, P),
(C5). If P ⊆ Q ⊆ H, then d(P, H) ≥ d(P, Q) and d(P, H) ≥ d(Q, H), for all

F, G, H ∈ IVIFSs(Ω).

3.2. Proposed IVIF-Distance Measure

The objective of the section is to develop new IVIF-distance measures and then employ
them to originate the attribute weight in the next section. Based on Tripathi et al. [35], a
distance measure is developed for IVIFSs.

For P, Q ∈ IVIFSs(Ω), we develop a new IVIF-distance measure for estimating the
discrimination between two IVIFSs, given as

d1(P, Q) =

1 − exp

⎡
⎢⎣− 1

2

⎛
⎝ t

∑
i=1

⎛
⎝

∣∣∣μ−
P (xi) − μ−

Q(xi)
∣∣∣γ +

∣∣∣μ+
P (xi) − μ+

Q(xi)
∣∣∣γ +

∣∣∣ν−P (xi) − ν−Q (xi)
∣∣∣γ

+
∣∣∣ν+P (xi) − ν+Q (xi)

∣∣∣γ +
∣∣∣π−

P (xi) − π−
Q(xi)

∣∣∣γ +
∣∣∣π+

P (xi) − π+
Q(xi)

∣∣∣γ
⎞
⎠
⎞
⎠

1/γ
⎤
⎥⎦

1 − exp
(
−(t)1/γ

) , (4)

where γ > 0, γ �= 1.

Lemma 1. If h(λ) = 1 − 1−exp(−λ)

1−exp
(
−(t)1/γ

) , then

min
λ∈[0, t]

h(λ) = h(0) = 0 and max
λ∈[0, t]

h(λ) = h(t) = 1.

Proof. Since h′(λ) = exp(−λ)

1−exp
(
−(t)1/γ

) < 0, ∀ λ ∈ [0, t], therefore, h(λ) is increasing in [0, t].�

Theorem 1. The measure d1(P, Q) in Equation (4) is a valid IVIF-distance measure.

Proof. In this regard, d1(P, Q) must fulfill the axioms (C1)–(C5) of Definition 6. (C1). Let
P, Q ∈ IVIFSs(Ω), and
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λ =
1
2

⎛
⎝ t

∑
i=1

⎛
⎝

∣∣∣μ−
P (xi) − μ−

Q(xi)
∣∣∣γ +

∣∣∣μ+
P (xi) − μ+

Q(xi)
∣∣∣γ +

∣∣∣ν−P (xi) − ν−Q (xi)
∣∣∣γ

+
∣∣∣ν+P (xi) − ν+Q (xi)

∣∣∣γ +
∣∣∣π−

P (xi) − π−
Q(xi)

∣∣∣γ +
∣∣∣π+

P (xi) − π+
Q(xi)

∣∣∣γ
⎞
⎠
⎞
⎠

1/γ

.

Since λ ∈ [0, t], therefore, d1(P, Q) = h(λ). Thus, utilizing Lemma 1, we have
0 ≤ d1(P, Q) ≤ 1.

(C2). Let P = Q. Then μ−
P (xi) = μ−

Q(xi), μ+
P (xi) = μ+

Q(xi), ν−P (xi) = ν−Q (xi) and
ν+P (xi) = ν+Q (xi), ∀xi∈Ω. Then, it is obvious from Equation (4) that d1(P, Q) = 0.

Let d1(P, Q) = 0. From Equation (4), we have

1 − exp

⎡
⎢⎣− 1

2

⎛
⎝ t

∑
i=1

⎛
⎝

∣∣∣μ−
P (xi) − μ−

Q(xi)
∣∣∣γ +

∣∣∣μ+
P (xi) − μ+

Q(xi)
∣∣∣γ +

∣∣∣ν−P (xi) − ν−Q (xi)
∣∣∣γ

+
∣∣∣ν+P (xi) − ν+Q (xi)

∣∣∣γ +
∣∣∣π−

P (xi) − π−
Q(xi)

∣∣∣γ +
∣∣∣π+

P (xi) − π+
Q(xi)

∣∣∣γ
⎞
⎠
⎞
⎠

1/γ
⎤
⎥⎦

1 − exp
(
−(t)1/γ

) = 0.

It implies that

t

∑
i=1

⎛
⎝

∣∣∣μ−
P (xi) − μ−

Q(xi)
∣∣∣γ +

∣∣∣μ+
P (xi) − μ+

Q(xi)
∣∣∣γ +

∣∣∣ν−P (xi) − ν−Q (xi)
∣∣∣γ

+
∣∣∣ν+P (xi) − ν+Q (xi)

∣∣∣γ +
∣∣∣π−

P (xi) − π−
Q(xi)

∣∣∣γ +
∣∣∣π+

P (xi) − π+
Q(xi)

∣∣∣γ
⎞
⎠ = 0, ∀xi ∈Ω.

Hence P = Q.
(C3). It is obvious from the definition that d1(P, Q) = 1 ⇔ Q = Pc.
(C4). Clearly, d1(P, Q) = d1(Q, P).
(C5). Let P ⊆ Q ⊆ H, then μ−

P (xi) ≤ μ−
Q(xi) ≤ μ−

H(xi), μ+
P (xi) ≤ μ+

Q(xi) ≤ μ+
H(xi),

ν−P (xi) ≥ ν−Q (xi) ≥ ν−H (xi) and ν+P (αi) ≥ ν+Q (αi) ≥ ν+H (αi), ∀αi ∈ α.
Now,

λ1 =
1
2

t

∑
i=1

⎛
⎝

∣∣∣μ−
P (xi) − μ−

Q(xi)
∣∣∣γ +

∣∣∣μ+
P (xi) − μ+

Q(xi)
∣∣∣γ +

∣∣∣ν−P (xi) − ν−Q (xi)
∣∣∣γ

+
∣∣∣ν+P (xi) − ν+Q (xi)

∣∣∣γ +
∣∣∣π−

P (xi) − π−
Q(xi)

∣∣∣γ +
∣∣∣π+

P (xi) − π+
Q(xi)

∣∣∣γ
⎞
⎠

≤ λ2 =
1
2

t

∑
i=1

( ∣∣μ−
P (xi) − μ−

H(xi)
∣∣γ +

∣∣μ+
P (xi) − μ+

H(xi)
∣∣γ +

∣∣ν−P (xi) − ν−H (xi)
∣∣γ

+
∣∣ν+P (xi) − ν+H (xi)

∣∣γ +
∣∣π−

P (xi) − π−
H(xi)

∣∣γ +
∣∣π+

P (xi) − π+
H(xi)

∣∣γ
)

, ∀xi ∈Ω.

From Lemma 1, we find d1(P, Q) = h(λ1) ≤ h(λ2) = d1 (P, H). In the same way, we can
prove that d1(Q, H) ≤ d1(P, H). Hence, d1(P, Q) is a suitable IVIF-distance measure. �

Next, an IVIF-distance measure between two matrices is discussed as follows:
Let P =

(
pij

)
and Q =

(
qij

)
, i = 1(1) s, j = 1(1)t be two IVIF matrices, where pij =([

μ
−p
ij , μ

+p
ij

]
,
[
ν
−p
ij , ν

+p
ij

])
and qij =

([
μ
−q
ij , μ

+q
ij

]
,
[
ν
−q
ij , ν

+q
ij

])
are IVIFNs. Thus, the distance mea-

sure between P and Q is proposed as

d2(P, Q) =

1 − exp

⎡
⎢⎣− 1

2 s t

⎛
⎝ s

∑
i=1

t
∑

j=1

⎛
⎝

∣∣∣μ−p
ij − μ

−q
ij

∣∣∣γ +
∣∣∣μ+p

ij − μ
+q
ij

∣∣∣γ +
∣∣∣ν−p

ij − ν
−q
ij

∣∣∣γ
+
∣∣∣ν+p

ij − ν
+q
ij

∣∣∣γ +
∣∣∣π−p

ij − π
−q
ij

∣∣∣γ +
∣∣∣π+p

ij − π
+q
ij

∣∣∣γ
⎞
⎠
⎞
⎠

1/γ
⎤
⎥⎦

1 − exp(−1)
, (5)

where γ > 0, γ �= 1.

Theorem 2. The measure d2(P, Q) in Equation (5) is a valid IVIF-distance measure.

Proof. The proof is omitted. �
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4. Proposed IVIF-DM-Relative Closeness Coefficient Model

This section suggests an integrated decision-analysis model known as the IVIF-DM-relative
closeness coefficient model. The development of the IVIF-DM-relative closeness coefficient model is
presented and depicted in Figure 1.

Figure 1. Flowchart of the developed IVIF-DM-relative closeness coefficient model.

Step 1: Create a “linguistic decision matrix (LDM)”.
Consider a set of n criteria/SDB Q = {q1, q2, . . . , qn}. We create a set of DEs E = {e1, e2, . . . , el}

to evaluate the SDBs to the biofuel industry in India. An LDM is created based on DEs’ opinions
in which each DE presents a “linguistic rating (LR)” for each criterion qj with respect to different
alternatives/firms of the biofuel industry.

Step 2: Obtain the DE’s weight (λk).
Initially, the evaluation ratings of DEs are defined as the LRs and then changed into IVIFNs. Let

αk =
([

μ−
k , μ+

k
]
,
[
ν−k , ν+k

])
, k = 1, 2, . . . , l be the corresponding IVIFN and then the expression for

finding DE’s weight is given by
Step 2a: Find the IVIF-score matrix.
The normalized IVIF-score value (αk) of each IVIFN αk is calculated as follows:

αk =
μ−

k + μ−
k
(
1 − μ−

k − ν−k
)
+ μ+

k + μ+
k
(
1 − μ+

k − ν+k
)
,

l
∑

k=1

(
μ−

k + μ−
k
(
1 − μ−

k − ν−k
)
+ μ+

k + μ+
k
(
1 − μ+

k − ν+k
)) , k = 1, 2, . . . , l. (6)
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Step 2b: Estimate the ranking of relevant assessment DE and find the DE’s weight l − rk + 1,
where rk is the priority of kth criterion. Each weight is normalized as follows:

(αr
k) =

l − rk + 1
l

∑
k=1

(l − rk + 1)
, k = 1, 2, . . . , l. (7)

Step 2c: Calculation of the expert’s weight.
To find the DE’s weight, we combine Equations (6) and (7) as follows:

λk =
1
2
((αk) + (αr

k)), k = 1, 2, . . . , l, where λk ≥ 0 and
l

∑
k=1

λk = 1. (8)

Step 3: Create an “aggregated IVIF-DM (AIVIF-DM)”.
All the IVIF-DMs are operated into AIVIF-DM. The IVIFWA (or IVIFWG) operator is utilized to

generate the AIVIF-DM Z =
(

ξij

)
m× n

, where

ξij =
([

μ−
ij , μ+

ij

]
,
[
ν−ij , ν+ij

])
= IVIFWAλk

(
ξ
(1)
ij , ξ

(2)
ij , . . . , ξ

(l)
ij

)
or IVIFWGλk

(
ξ
(1)
ij , ξ

(2)
ij , . . . , ξ

(l)
ij

)
. (9)

Step 4: Obtain the objective weight using the IVIF-distance measure weighting model.
The formula of the IVIF-distance-based weight-determining model for SDBs is presented as

wo
j =

1
m−1

m
∑

i=1

m
∑

k=1
d1

(
ξij, ξkj

)
n
∑

j=1

(
1

m−1

m
∑

i=1

m
∑

k=1
d1

(
ξij, ξkj

)) , j = 1(1)n. (10)

where
n
∑

j=1
wo

j = 1 and wo
j ∈ [0, 1].

Step 5: Estimate the A-IVIFNs by combining the LDM assessment degrees provided by DEs

using the IVIFWA operator and obtained G =
(

zj

)
1× n

.

Step 6: Describe the IVIF-ideal ratings.
An IVIFN has a positive ideal rating (IVIF-PIR) and a negative ideal rating (IVIF-NIR), which

define grades φ+ = (1, 0, 0) and φ− = (0, 1, 0), respectively, while IVIF-PIR and IVIF-NIR are considered
by maximum and minimum operators and it is found that there is no substantial gap in their results.

Step 7: Derive the degrees of discrimination of each SDB from IVIF-PIR and IVIF-NIR.
To compute the discrimination value, the proposed IVIF-distance measure is applied. Here,

p+j and p−j denote the positive and negative distance measures from G =
(

ξ j

)
1× n

, therefore, the

IVIF-PIR and IVIF-NIR, respectively.

p+j =

1 − exp

⎡
⎣− 1

2

(
n
∑

j=1

(∣∣∣μ−
ξ j

− μ−
φ+

∣∣∣γ +
∣∣∣μ+

ξ j
− μ+

φ+

∣∣∣γ +
∣∣∣ν−ξ j

− ν−
φ+

∣∣∣γ +
∣∣∣ν+ξ j

− ν+
φ+

∣∣∣γ +
∣∣∣π−

ξ j
− π−

φ+

∣∣∣γ +
∣∣∣π+

ξ j
− π+

φ+

∣∣∣γ)
)1/γ

⎤
⎦

1 − exp
(
−(n)1/γ

) , (11)

p−j =

1 − exp

[
− 1

2

(
n
∑

i=1

(∣∣∣μ−
ξ j

− μ−
φ−
∣∣∣γ +

∣∣∣μ+
ξ j
− μ+

φ−
∣∣∣γ +

∣∣∣ν−ξ j
− ν−

φ−
∣∣∣γ +

∣∣∣ν+ξ j
− ν+

φ−
∣∣∣γ +

∣∣∣π−
ξ j

− π−
φ−
∣∣∣γ +

∣∣∣π+
ξ j

− π+
φ−
∣∣∣γ))1/γ

]

1 − exp
(
−(n)1/γ

) . (12)

Step 8: Compute the relative closeness-decision rating (RC-DR).

rcj =
p−j

p−j + p+j
, j = 1, 2, . . . , n. (13)

The RC-DR also states the optimization type (beneficial or non-beneficial) of each SDB to BEs.

Step 9: Obtain the subjective weight
(

ws
j

)
of each SDB as follows:

ws
j =

rcj

∑n
j=1 rcj

. (14)
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Step 10: Calculate the criteria weights by the IVIF-DM-relative closeness coefficient-based
model.

To find the SDBs’ weights, the IVIF-DM-relative closeness coefficient-based model is applied.

Let w = (w1, w2, . . . , wn)
T be the weight value of SDBs with

n
∑

j=1
wj = 1 and wj ∈ [0, 1]. Then, the

process for determining the attribute weight by the IVIF-DM-relative closeness coefficient-based
model is discussed. With the use Equations (10)–(14), the integrated weight of SDB is defined as

wj = γws
j + (1 − γ)wo

j , j = 1, 2, . . . , n, (15)

where γ ∈ [0, 1] is the decision precision factor.
Step 11: Rank the SDBs.
Once all assessment degrees are calculated, finally, SDBs are ranked in descending order with

their assessment scores. It should be stated that the SDBs with the largest degrees are the biggest
obstacles among the other SDBs in the biofuel industry.

5. Case Study: Assessment of SDBs to BEs in India

In this article, twenty-five critical SDBs to BEs were recognized through the survey and DEs’
opinions. Then, a questionnaire was created by inviting DEs from the enterprise and academia with
at least fifteen years of experience. A DEs team (e1, e2, e3, e4, and e5) is comprised of four sets: the
first set contains two “supply chain (SC)” and logistics experts from case enterprise, the second
set contains a professor from the agricultural science sector, the third set takes three farmers and
environmental NGOs, and the fourth set contains a professor from the industrial engineering sector.
The questionnaire then abridged the crucial SDBs to nineteen. The considered SDBs with five aspects,
economic (Ec), environmental (En), social (S), technological (T), and regulatory (R), are revealed in
Table 1. The respondent of each SDB is assessed using a 9-stage scale, where EL means extremely low
and EH means extremely high, as presented in Tables 2 and 3.
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Table 2. LRs for assessment of DEs.

LRs IVIFNs

Extremely significant (ES) ([0.90, 0.95], [0.00, 0.05])
Very very significant (VVS) ([0.80, 0.85], [0.05, 0.10])

Very significant (VS) ([0.75, 0.85], [0.10, 0.15])
Significant (S) ([0.60, 0.70], [0.15, 0.30])
Moderate (M) ([0.50, 0.60], [0.30, 0.40])

Insignificant (I) ([0.30, 0.45], [0.45, 0.50])
Very insignificant (VI) ([0.20, 0.30], [0.50, 0.60])

Very very insignificant (VVI) ([0.10, 0.20], [0.60, 0.75])
Extremely insignificant (EI) ([0.00, 0.05], [0.80, 0.95])

Table 3. LRs for SDBs to the biofuel sector.

LRs IVIFNs

Extremely good (EG) ([0.90, 0.95], [0.0, 0.05])
Very good (VG) ([0.80, 0.90], [0.05, 0.10])

Good (G) ([0.70, 0.80], [0.10, 0.15])
Slightly good (SG) ([0.65, 0.70], [0.15, 0.25])

Average (A) ([0.55, 0.65], [0.20, 0.35])
Slightly Low (SL) ([0.40, 0.50], [0.40, 0.45])

Low (L) ([0.25, 0.40], [0.45, 0.50])
Very Low (VL) ([0.15, 0.20], [0.60, 0.75])

Extremely Low (EL) ([0.05, 0.10], [0.80, 0.90])

Step 1: Each DE executes his/her views about the grading of SDBs to BEs. Here, Table 2 signifies
the LRs in terms of IVIFNs to determine the weight value of DEs [30]. Table 3 articulates the LRs for
evaluating the SDBs in the biofuel industry. Table 4 expresses the LDM of each DE’s opinion for each
SDB related to the different biofuel industries.

Table 4. The LDM for SDBs to the biofuel sector by DEs.

Barriers T1 T2 T3 T4

q1 (A,VG,SG,G,G) (G,A,G,VG,SG) (G, SG,A,G,A) (SG,G,G,VG,SL)
q2 (SL,G,A,VG,A) (G,G,VL,SG,A) (A,G,SG,SL,SL) (SG,G,SG,VG,L)
q3 (L,VG,SL,SG,G) (SG,SL,G,VG,G) (SL, G,VG,L,SG) (VL,SL,VG,G,VG)
q4 (VL,SL,A,G,VG) (VL,G,VG,SL,G) (VG,A,SL,SL,G) (A,VG,SG,SL,SG)
q5 (G,SG,A,SL,VG) (VG,SG,A,A,G) (A,SG,G,SG,SG) (VG,G,G,SG,A)
q6 (VG, G,VG,A,SG) (SL,G,A,VG,SG) (VG,SG,A,G,A) (G,G,A,VG,SG)
q7 (VG,SG,SL,L,VG) (VG,SG,A,SL,SL) (VG,VG,SG,SL,L) (SL,G,VG,G,A)
q8 (VL,SL,SG,VG,G) (SL,L,SL,G,SG) (L,SL,A,VG,VG) (L,VG,A,SL,VG)
q9 (L,SL,A,G,VG) (A,SL,SL,VG,G) (L,SG,G,SG,A) (L,SL,SG,A,VG)
q10 (A,SG,G,VG,L) (VG,G,G,SL,VL) (SG,SL,VG,G,A) (SG,G,SL,G,A)
q11 (VG,G,SG,G,A) (SG,G,VG,SG,A) (L,G,SG,G,SL) (G,SG,G,VG,VL)
q12 (L,SL,A,SG,VG) (SL,SG,G,SL,G) (G,A,SG,SL,G) (A,SL,SG,A,VG)
q13 (SG,G,A,L,VG) (VG,G,A,A,SG) (A,G,G,SL,SG) (SG,G,SG,SG,A)
q14 (G, SG,VG,A,SL) (L,VG,A,G,SG) (VG,SL,A,VG,A) (SG,G,A,VG,G)
q15 (SG,G,SL,VL,VG) (G,SG,A,SG,SL) (VG,G,SL,SL,L) (SL,SG,VG,G,A)
q16 (L,SL,G,VG,A) (L,SL,SG,G,G) (SL,SL,A,G,VG) (SL,VG,A,SL,G)
q17 (VL,SL,A,SG,VG) (A,SG,SL,G,G) (SL,SG,G,G,A) (L,A,SG,A,VG)
q18 (A,G,SG,VG,SL) (SG,G,G,A,VL) (G,SL,G,SG,A) (SG,A,SG,G,A)
q19 (G,G,VG,SG,A) (G,SG,VG,G,A) (SL,SG,VG,G,L) (A,G,SG,VG,L)

Step 2: Based on the IVIFN scale given in Table 2 and Equations (6)–(8), the weights of DEs are
computed and presented in Table 5 for the performance of SDBs selection of the biofuel industry.
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Table 5. DEs’ weights for SDBs to the biofuel sector.

e1 e2 e3 e4 e5

LRs Significant Moderate Very
Significant

Extremely
significant

Very very
significant

IVIFNs ([0.60, 0.70],
[0.15, 0.30])

([0.50, 0.60],
[0.30, 0.40])

([0.75, 0.85],
[0.10, 0.15 ])

([0.90,0.95],
[0.0,0.05])

([0.80,0.85],
[0.05, 0.10])

αk 0.7250 0.6000 0.8562 0.9700 0.9063
rk 4 5 3 1 2

Weights 0.1560 0.1073 0.2055 0.2862 0.2450

Step 3: Applying Equation (9) and Tables 3 and 4, the aggregated IVIF-DM is constructed and
shown in Table 6.

Table 6. The AIVIF-DM for SDBs to the biofuel sector.

Barriers T1 T2 T3 T4

q1
([0.684, 0.780],
[0.112, 0.174])

([0.710, 0.808],
[0.098, 0.157])

([0.634, 0.731],
[0.143, 0.227])

([0.676, 0.781],
[0.123, 0.183])

q2
([0.654, 0.757],
[0.151, 0.232])

([0.571, 0.657],
[0.192, 0.279])

([0.523, 0.614],
[0.253, 0.326])

([0.646, 0.751],
[0.137, 0.199])

q3
([0.601, 0.701],
[0.175, 0.236])

([0.705, 0.807],
[0.101, 0.157])

([0.585, 0.697],
[0.183, 0.248])

([0.683, 0.800],
[0.112, 0.181])

q4
([0.626, 0.741],
[0.149, 0.234])

([0.604, 0.720],
[0.171, 0.243])

([0.586, 0.701],
[0.191, 0.265])

([0.600, 0.684],
[0.185, 0.256])

q5
([0.634, 0.743],
[0.151, 0.228])

([0.651, 0.753],
[0.132, 0.220])

([0.647, 0.717],
[0.144, 0.235])

([0.675, 0.769],
[0.119, 0.188])

q6
([0.698, 0.798],
[0.105, 0.177])

([0.664, 0.766],
[0.130, 0.202])

([0.656, 0.759],
[0.128, 0.213])

([0.698, 0.797],
[0.104, 0.171])

q7
([0.611, 0.738],
[0.162, 0.233])

([0.550, 0.658],
[0.226, 0.310])

([0.575, 0.692],
[0.195, 0.263])

([0.660, 0.770],
[0.132, 0.202])

q8
([0.651, 0.756],
[0.137, 0.205])

([0.564, 0.654],
[0.214, 0.272])

([0.673, 0.797],
[0.117, 0.195])

([0.602, 0.729],
[0.170, 0.256])

q9
([0.633, 0.752],
[0.143, 0.219])

([0.647, 0.762],
[0.141, 0.215])

([0.594, 0.681],
[0.176, 0.249])

([0.609, 0.718],
[0.164, 0.249])

q10
([0.638, 0.755],
[0.138, 0.211])

([0.557, 0.672],
[0.207, 0.286])

([0.664, 0.766],
[0.127, 0.200])

([0.609, 0.691],
[0.168, 0.242])

q11
([0.679, 0.776],
[0.116, 0.184])

([0.674, 0.762],
[0.123, 0.193])

([0.577, 0.677],
[0.193, 0.251])

([0.649, 0.759],
[0.133, 0.204])

q12
([0.617, 0.722],
[0.160, 0.238])

([0.586, 0.687],
[0.263, 0.368])

([0.606, 0.700],
[0.174, 0.239])

([0.639, 0.741],
[0.145, 0.236])

q13
([0.607, 0.724],
[0.159, 0.239])

([0.643, 0.739],
[0.139, 0.229])

([0.595, 0.687],
[0.183, 0.252])

([0.634, 0.702],
[0.154, 0.222])

q14
([0.627, 0.734],
[0.155, 0.237])

([0.626, 0.727],
[0.149, 0.221])

([0.676, 0.791],
[0.117, 0.207])

([0.703, 0.804],
[0.105, 0.181])

q15
([0.568, 0.677],
[0.200, 0.282])

([0.589, 0.671],
[0.190, 0.262])

([0.504, 0.631],
[0.257, 0.325])

([0.655, 0.760],
[0.137, 0.221])

q16
([0.633, 0.754],
[0.143, 0.223])

([0.615, 0.715],
[0.159, 0.216])

([0.646, 0.759],
[0.140, 0.216])

([0.576, 0.688],
[0.198, 0.278])

q17
([0.609, 0.709],
[0.182, 0.298])

([0.625, 0.725],
[0.192, 0.258])

([0.625, 0.724],
[0.154, 0.226])

([0.621, 0.729],
[0.152, 0.243])

q18
([0.652, 0.757],
[0.139, 0.212])

([0.555, 0.649],
[0.201, 0.297])

([0.627, 0.716],
[0.154, 0.226])

([0.634, 0.718],
[0.148, 0.224])

q19
([0.681, 0.777],
[0.115, 0.184])

([0.690, 0.792],
[0.107, 0.175])

([0.609, 0.726],
[0.163, 0.227])

([0.632, 0.745],
[0.144, 0.217])

Step 4: Applying Equation (10), we compute the objective weight of each SDB using the
developed IVIF-distance measure (4) (or (5)) as follows (see Figure 2):
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Figure 2. Objective weight of SDBs to the biofuel sector.

wo
j =(0.0403, 0.0863, 0.0714, 0.0298, 0.0288, 0.0276, 0.0654, 0.0708, 0.0390, 0.0601, 0.0522, 0.0697,

0.0343, 0.0488, 0.0744, 0.0453, 0.0365, 0.0523, 0.0671).
Here, Figure 2 shows the SDBs’ criteria weights with respect to the outcome. The lack of effective

storage facilities (EC-2), with a weight of value 0.0863, has come out to be the most important SDB to
the biofuel industry. Lack of investors (EC-3), with a weight of 0.0714, is the second most significant
SDB in the biofuel industry. Technical problems related to conversion technologies (T-2) is third, with
a weight value of 0.0744. Emissions (water vapor and greenhouse gases) (EN-4) is fourth, with a
weight of 0.0708; lack of trust between local societies, enterprises, and inventors (S-4) with a weight
of 0.0697 is the fifth most significant SDB to the biofuel industry and others are considered crucial
SDBs to the biofuel industry.

Step 5: Estimate the AIVIF-DM G =
(

zj

)
1× n

by combining the LDM assessment degrees for

SDBs provided by DEs using the operator in Equation (9) and presented in Table 7.
Step 6: Define the IVIF-ideal ratings.
We define the IVIF-PIR φ+ = (1, 0, 0) and IVIF-NIR φ− = (0, 1, 0) for SDBs in the biofuel industry.
Step 7: Derive the degrees of discrimination of each SDB from IVIF-PIR and IVIF-NIR.
From Table 7 and Equations (11) and (12), the discrimination of AIVIF-DM from IVIF-PIR and

IVIF-NIS is calculated.
Step 8: The IVIF-relative closeness coefficient rcj is estimated using Equation (13) and mentioned

in Table 7.
Step 9: The subjective weight of the criteria is computed using Equation (14) and is presented as

follows:
ws

j =(0.0534, 0.0530, 0.0560, 0.0559, 0.0509, 0.0523, 0.0532, 0.0518, 0.0520, 0.0537, 0.0545, 0.0478,
0.0544, 0.0507, 0.0550, 0.0511, 0.0477, 0.0540, 0.0525).
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Table 7. Weight of SDBs in the form of LRs.

Barriers d1 d2 d3 d4 d5 AIVIF-DM p+
ij p−ij rcj ws

j

q1 G VG G A G ([0.677, 0.782], [0.113, 0.183]) 0.346 0.872 0.716 0.0534
q2 SG A VG SG SG ([0.679, 0.757], [0.123, 0.184]) 0.352 0.866 0.711 0.0530
q3 VG SL VG G G ([0.721, 0.828], [0.090, 0.146]) 0.297 0.897 0.751 0.0560
q4 A A VG G VG ([0.722, 0.830], [0.088, 0.156]) 0.298 0.896 0.750 0.0559
q5 SG SL SG SG G ([0.643, 0.713], [0.151, 0.203]) 0.392 0.844 0.683 0.0509
q6 G SL SG A VG ([0.661, 0.765], [0.130, 0.207]) 0.365 0.859 0.702 0.0523
q7 VG SG SL VG A ([0.675, 0.787], [0.121, 0.199]) 0.348 0.868 0.714 0.0532
q8 SL VG SG VG SL ([0.651, 0.761], [0.144, 0.221]) 0.374 0.851 0.695 0.0518
q9 VG SG G SL G ([0.651, 0.756], [0.139, 0.199]) 0.371 0.856 0.697 0.0520
q10 A VG VG A G ([0.684, 0.794], [0.109, 0.192]) 0.340 0.874 0.720 0.0537
q11 VG SG G SG G ([0.701, 0.789], [0.105, 0.158]) 0.324 0.883 0.731 0.0545
q12 A G SG L G ([0.571, 0.675], [0.186, 0.256]) 0.452 0.810 0.642 0.0478
q13 G L G VG SG ([0.694, 0.796], [0.106, 0.163]) 0.327 0.882 0.729 0.0544
q14 SG SG G SG A ([0.639, 0.713], [0.148, 0.216]) 0.395 0.842 0.680 0.0507
q15 G A SG G VG ([0.707, 0.805], [0.099, 0.158]) 0.315 0.887 0.738 0.0550
q16 L VG G SG SG ([0.640, 0.727], [0.146, 0.202]) 0.388 0.848 0.686 0.0511
q17 G SG SG L SG ([0.575, 0.657], [0.193, 0.249]) 0.455 0.808 0.640 0.0477
q18 A VG VG G A ([0.689, 0.798], [0.106, 0.186]) 0.334 0.877 0.724 0.0540
q19 SG G SG G SG ([0.671, 0.744], [0.128, 0.179]) 0.361 0.863 0.705 0.0525

The value of the subjective weight of SDBs to the biofuel industry is depicted in Figure 3. Here,
Figure 3 shows the criteria weights with respect to the outcome. Lack of investors (EC-3) with a
weight of value 0.0560 has come out to be the most important SDB to the biofuel industry. High
logistics costs (EC-4), with a weight of 0.0559, is the second most significant SDB. Technical problems
related to conversion technologies (T-2) is third, with a weight value of 0.0550. Fear of public health
and safety hazards (S-3) is fourth, with a weight of 0.0545; lack of public awareness of bioenergy
technologies (S-5), with a weight of 0.0544, is the fifth most significant SDB to the biofuel industry
and others are considered crucial SDBs to the biofuel industry.
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Figure 3. Subjective weight of SDBs in the biofuel sector.
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Step 10: We combine the IVIF-DM-based weighting model and the IVIF-relative closeness
coefficient-based model with the use of Equation (15). Hence, the combined weight of SDBs for
τ = 0.5 is depicted in Figure 4 and presented as:
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Figure 4. Combined weight of SDBs in the biofuel sector.

wj = (0.0468, 0.0696, 0.0637, 0.0429, 0.0398, 0.0400, 0.0593, 0.0613, 0.0455, 0.0569, 0.0534, 0.0588,
0.0443, 0.0497, 0.0647, 0.0482, 0.0421, 0.0532, 0.0598).

Here, Figure 4 shows the SDBs’ criteria weights with respect to the outcome. The lack of effective
storage facilities (EC-2), with a weight of value 0.0696, has come out to be the most important SDB in
the biofuel industry. Technical problems related to conversion technologies (T-2), with a weight of
0.0647, is the second most significant SDB in the biofuel industry. Lack of investors (EC-3) is third
with a weight value of 0.0637. Emissions (water vapor and greenhouse gases) (EN-4) is fourth, with a
weight of 0.0613; lack of governmental support for SSC solutions (R-3), with a weight of 0.0598, is
the fifth most significant SDB in the biofuel industry and others are considered crucial SDBs in the
biofuel industry.

Step 11: From Figure 5, we find that the lack of effective storage facilities (EC-2) is the most
important SDB im the biofuel industry of the proposed model and IVIF-distance measure model,
while the lack of investors (EC-3) has come out to be the most important SDB om biofuel industry
based on the proposed IVIF-relative closeness coefficient model.

5.1. Sensitivity Analysis
In the current section, we discuss the variation of objective and subjective weighting models

for considered SDBs in the developed weight-determining model. The analyses are performed by
considering the following cases. In these two cases, we examine the usage of DEs’ views in the
subjective weighting tool while giving the assessment rating of each SDB and also modeling the data
of the objective weighting tool of SDBs with changing γ ∈ [0, 1] values.

Case-1. This case considers the SDBs’ weight in the biofuel industry with the objective weighting
model (when γ = 0.0) in place of an integrated weighting tool. Thus, the assessment ratings and
priority of SDBs are estimated and given in Table 8. The lack of investors (EC-3), with a weight of
value 0.0560, has come out to be the most important SDB in the biofuel industry.
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Figure 5. Variation of SDB values in the biofuel sector with the proposed model.

Table 8. Variation of SDB weights of the proposed IVIF-DM-RC method.

γ = 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

q1 0.0534 0.0521 0.0508 0.0495 0.0482 0.0468 0.0455 0.0442 0.0429 0.0416 0.0403
q2 0.0530 0.0563 0.0596 0.0630 0.0663 0.0696 0.0730 0.0763 0.0796 0.0829 0.0863
q3 0.0560 0.0575 0.0591 0.0606 0.0621 0.0637 0.0652 0.0668 0.0683 0.0698 0.0714
q4 0.0559 0.0533 0.0507 0.0481 0.0455 0.0429 0.0403 0.0376 0.0350 0.0324 0.0298
q5 0.0509 0.0487 0.0465 0.0443 0.0421 0.0398 0.0376 0.0354 0.0332 0.0310 0.0288
q6 0.0523 0.0499 0.0474 0.0449 0.0425 0.0400 0.0375 0.0350 0.0326 0.0301 0.0276
q7 0.0532 0.0544 0.0556 0.0569 0.0581 0.0593 0.0605 0.0617 0.0629 0.0642 0.0654
q8 0.0518 0.0537 0.0556 0.0575 0.0594 0.0613 0.0632 0.0651 0.0670 0.0689 0.0708
q9 0.0520 0.0507 0.0494 0.0481 0.0468 0.0455 0.0442 0.0429 0.0416 0.0403 0.0390
q10 0.0537 0.0543 0.0550 0.0556 0.0562 0.0569 0.0575 0.0582 0.0588 0.0595 0.0601
q11 0.0545 0.0543 0.0541 0.0538 0.0536 0.0534 0.0531 0.0529 0.0527 0.0524 0.0522
q12 0.0478 0.0500 0.0522 0.0544 0.0566 0.0588 0.0609 0.0631 0.0653 0.0675 0.0697
q13 0.0544 0.0524 0.0504 0.0483 0.0463 0.0443 0.0423 0.0403 0.0383 0.0363 0.0343
q14 0.0507 0.0505 0.0503 0.0501 0.0499 0.0497 0.0495 0.0494 0.0492 0.0490 0.0488
q15 0.0550 0.0569 0.0589 0.0608 0.0627 0.0647 0.0666 0.0686 0.0705 0.0724 0.0744
q16 0.0511 0.0505 0.0500 0.0494 0.0488 0.0482 0.0476 0.0471 0.0465 0.0459 0.0453
q17 0.0477 0.0466 0.0454 0.0443 0.0432 0.0421 0.0410 0.0399 0.0387 0.0376 0.0365
q18 0.0540 0.0538 0.0537 0.0535 0.0533 0.0532 0.0530 0.0528 0.0527 0.0525 0.0523
q19 0.0525 0.0540 0.0555 0.0569 0.0584 0.0598 0.0613 0.0627 0.0642 0.0656 0.0671

Case-2. This case shows the SDB weight using the subjective weighting model (when γ = 1.0)
rather than the integrated weighting tool. Hence, the assessment ratings and priority of SDBs are
presented in Table 8. The lack of effective storage facilities (EC-2) with a weight of value 0.0696 has
come out to be the most important SDB in the biofuel industry.

Based on the aforementioned discussion, we find the following outcomes: (i) prioritization of
SDBs in case-1 demonstrates the performance of the considered SDBs from the objectivity perspec-
tive of DEs; (ii) prioritization of SDBs in case-2 illustrates the importance of DEs for SDBs from a
subjectivity perspective. The following two cases elucidate that when changing the SDB weights,
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we obtain a diverse preference order of SDBs. Thus, due to this reason, we believe that we can
select the most suitable SDBs in the biofuel industry by considering the combined IVIF-DM-relative
closeness coefficient model. The outcomes of the analysis with anticipated weights are presented in
Figure 6. According to the aforesaid discussion, it is concluded that considering the diverse ratings of
parameters will enhance the strength of the proposed IVIF-DM-relative closeness coefficient model.
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Figure 6. Sensitivity analysis of SDB degrees over various parameter (γ) values.

5.2. Discussion and Implications
The weighting outcomes revealed that the preservation of the social (S) factor had become the

most significant pillar for the present SDB assessment (see Figure 7) in the biofuel industry. As a result,
this aspect of SDB assessment should be taken sincerely, while economic (Ec), environmental (En),
technological (T), and regulatory (R) should be also emphasized. Based on the aforesaid discussion,
it can be concluded that the lack of effective storage facilities (EC-2), technical issues related to
conversion technologies (T-2), lack of investors (EC-3), emissions (water vapor and greenhouse gases)
(EN-4), and lack of governmental support for SSC solutions (R-3) are the most significant influencing
SDBs in the biofuel industry for the given case study. From Figure 4, we can find the other important
SDBs from a sustainability perspective. By means of the concept of IVIF-DM-relative closeness
coefficient framework, we have combined the weight-determining models based on distance measure
and the relative closeness coefficient model, which reduces information loss during the process of
making a decision.
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Figure 7. Depiction of the significance degrees of different sustainability aspects.

The development and implementation of the hybrid framework is the key contributions in
this study, which can discuss the dual nature (qualitative and quantitative, precise and fuzzy) of
semantic judgment in more practical situations. This procedure was documented based on the
discussion with four DEs, in which they supposed the assessment of mixed information could better
describe the decision. Here, we consider three kinds of criteria degrees, exact, interval, and fuzzy
numbers. Quantitative assessments are described by precise and interval numbers, while qualitative
assessments are discussed by IVIFNs. The utilization of IVIFNs makes it easier and faster for experts
to make decisions and avoid errors caused by indeterminacy and non-intuition. In the integration of
IVIF-DM and IVIF-relative closeness coefficient, qualitative and quantitative SDBs are categorized by
different data types that can be estimated and compared in a similar dimension, which increases the
efficiency and comprehensive assessment of SDB selection.

To show the effectiveness of the IVIF-DM-relative closeness coefficient framework, we relate the
outcomes of the developed model with some of the extant models such as the “IVPF-SWARA [45]”
and “IVIF-distance measure-entropy [21]” models. The comparative outcomes are presented in
Figure 8 and Table 9. The purpose of choosing the IVPF-SWARA model is that the approach employs
the subjective assessment of SDBs. In comparison with the IVPF-SWARA and IVIF-distance measure-
entropy models, the proposed approach has the following advantages:

— In the present work, we determine a systematic assessment of the DEs’ weights using the
IVIF-score value and IVIF-rank sum model, which reduces the imprecision and biases in the
MADA procedure, while existing studies do not provide this information.

— The developed method determines the integrated weights (combination of objective and subjec-
tive weighting) of SDBs using the IVIF-DM-relative closeness coefficient-based tool. In contrast,
in IVPF-SWARA, the subjective weighting of SDB is estimated with the SWARA model, and in
the IVIF-distance measure-entropy model, the objective weights of the SDBs are obtained using
distance measure and entropy-based approach.

— Liang et al. [1] used the gray DEMATEL approach for assessing the success factors of the biofuel
industry in China. In comparison with [1], the proposed approach has simpler computational
steps and is easy to understand for decision experts during the assessment of SDBs.
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Figure 8. Comparison of SDB weights obtained by proposed and extant models [21,45].

Table 9. Comparison with existing methodologies.

Parameters He et al. [45] Mishra and Rani [21] Proposed Model

Benchmark IVPF-SWARA model
IVIF-distance

measure-entropy
model

IVIF-DM-relative
closeness model

Alternatives/criteria
assessments IVPFSs IVIFSs IVIFSs

Criteria weight Subjective weight Objective weight
Integrated weight

using objective and
subjective weights

DMEs’ weights Assumed Considered
IVIF-rank sum

andScore
degree-based model

Decision-making
process Group Group Group

As India is an energy-lacking nation, RESs are strategically important. It is noteworthy that the
biofuel region can manufacture a sufficient amount of energy for considering numerous requirements
of energy, namely industrial heat services, fuel for vehicles, electricity production, and others. The
expansion of the biofuel zone will result in job creation, alleviation of climate change, enhanced
industrial competitiveness, better exports, the establishment of infrastructure in the area, and better
living standards. However, bio-waste assessment is a crucial issue that requires substantial attention
from DEs.

Electricity alone will not be able to ensure the complete decarbonization process of energy
systems, due to the presence of final energy uses such as maritime and air transport, which require
synergy with other commodities. For a fully decarbonized transport sector, biofuels are expected to
support the energy transition, particularly for some sectors. For a concrete and rational “green transi-
tion”, a crucial role could be played by alternative biofuels which fit into a circular economy approach
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coherently with the European Green Deal and strategic plans of the European Commission. The
large-scale production of biofuels must be designed in a sustainable way including the preservation
of biodiversity, optimal water utilization, air quality, soil conservation, social issues, and fair labor
practices [46]. Moreover, it is important to support sustainable agriculture and forestry to stimulate
growth and employment, particularly in rural areas. Regardless, we must pay attention to the fact
that since biodiesel production has risen globally, the prices for food and vegetable oils have also
grown. So the principle that connects the ideas of circular economy, green economy, and bioeconomy
is to find the right equilibrium between economic, environmental, and social objectives [46].

The current study has addressed three purposes, as mentioned in the introduction of this study.
The first aim, i.e., recognizing the crucial SDBs to BEs, is solved in Section 5, where nineteen SDBs
are recognized. Additionally, the second aim, i.e., assessing the significant degrees of identified
SDBs using the proposed IVIF-DM-relative closeness coefficient tool, was carried out, and not
only forms associations but also offers the integrated weights of the identified SDBs. Further,
the sensitivity assessment and comparison of SDBs are also performed to show the utility of the
developed model. Third, few policies are presented for disabling the substantial SDBs, which
are given as the government can propose operative biomass SD benchmarks and execute stern
procedures and guidelines to avoid and combat fraudulent actions. The constitutional authorities can
articulate strategies/schemes/rules for the growth of the biofuel industry by harmonizing all the
sustainability aspects.

6. Conclusions

The study presents the procedure for recognizing critical SDBs in the biofuel industry in India.
Overall, nineteen SDBs are assessed using the proposed IVIF-DM-relative closeness coefficient
approach. The top five significant SDBs are lack of effective storage facilities (EC-2), technical
issues related to conversion technologies (T-2), lack of investors (EC-3), emissions (water vapor and
greenhouse gases) (EN-4), and lack of governmental support for SSC solutions (R-3). Further, a new
distance measure is developed with some elegant properties for evaluating the objective weighting
of different SDBs in the biofuel sector. The present paper aims to assist the executives of the biofuel
sector in understanding the impact of SDBs on the biofuel industry. The novel plans and schemes
may be framed, or extant policies may be reformed to deal with concerns of the biofuel sector by
reducing or dropping the impact of the considered SDBs. To lift or improve the biofuel industry
in India, there is a requirement to promote biofuel practices by evolving compulsory strategies
of integrating biofuels with traditional fuels. Furthermore, there is a requirement to promote the
usage of biofuels amongst automobile operators with education and promotional activities. The
management must sponsor the prospects of biomass energy, i.e., that bioenergy is environmentally
beneficial, reasonable, entirely practical, and real. It may be distinguished that the sustainability of
bioenergy is crucial and appropriate care should be considered to confirm the reduction GHGs in
bioenergy tools. Additionally, comparisons with extant tools and sensitivity assessment have been
studied to expose the rationality and solidity of the obtained outcomes. The findings of this study
prove that the developed method has great significance and solidity, and is more dependable than
extant tools.

This work has some limitations:

(i) The considered evaluation criteria are not inter-dependent;
(ii) Risk aspects of sustainability are missing during the assessment of SDBs;
(iii) The proposed work is not able to express uncertain, indeterminate, and inconsistent information

simultaneously.

In the future, it would be exciting to use the introduced model for other decision-making
scenarios. In addition, we extend the proposed model under different disciplines, namely, interval-
valued Pythagorean fuzzy sets, q-ROFSs, FFSs, complex q-ROFSs, and others. Furthermore, we will
try to use new technologies that encourage the energy conversion of different types of biomass such
as woody energy crops, agricultural residues, and forestry residues.
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Abstract: Water quality has been a major problem in Pakistan owing to a mix of factors such as
population expansion, industrial units in urban areas, and agricultural activities. The purpose of
this research is to conduct a comprehensive evaluation of water quality monitoring and assessment
in Pakistan. The article begins by examining the water sources of Pakistan (i.e., surface water,
groundwater, and rainwater). The paper then discusses the methods used by researchers in Pakistan
for water quality monitoring and assessment, including chemical, physical, and biological methods.
It has been determined that in certain regions in Pakistan, the concentration of arsenic present in the
groundwater exceeds the national and international prescribed maximum limits. The range of arsenic
concentrations in the Punjab province can vary from 10 to 200 μg/L, while higher concentrations
of up to 1400 μg/L have been recorded in Sindh. In the Punjab province, fluoride concentrations
vary from 0.5 to 30 mg/L, while in Sindh, the levels can reach up to 18 mg/L. In addition, some of
the research has talked about bacteria. A 2017 study found that the fecal coliform concentrations in
certain water in different cities of Pakistan surpassed limits and were as high as 1100 CFU/100 mL.
Additionally, natural factors such as geological formations and high salinity in some areas contribute
to the contamination of water. The effect of water pollution on public health has the potential to cause
harm. It is critical to investigate creative strategies for improving water quality, and it is necessary
to make investments in research and development, which could include the implementation of
sophisticated technologies and the conception of new treatment processes. The review performed in
this paper facilitates an understanding of the current water quality in Pakistan, including the types and
magnitudes of contaminants present in the water sources. Subsequently, the assessment emphasizes
deficiencies and challenges in the existing water quality monitoring frameworks and provides
suggestions for improving them. This review is also of significant benefit to all the stakeholders
involved in ensuring clean and safe water for human consumption and other purposes in Pakistan,
such as policymakers, water managers, researchers, and other stakeholders.

Keywords: water quality; pollutant; surface water; monitoring; Pakistan; drinking water

1. Introduction

Pakistan experiences severe shortages of water and water contamination, just like
other developing nations throughout the world. The country is regarded as water-stressed
and is expected to experience a water shortage in the coming years since its existing water
resources have practically depleted [1,2]. The government and officials are in charge of
providing inhabitants with access to potable drinking water, but unfortunately, in Pakistan,
water shortages and pollution brought on by ineffective water management by the nation’s
government agencies are posing a threat to human existence [3]. According to community
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health surveys and statistics, drinking water of inadequate quality causes 40% of deaths and
50% of waterborne infections in Pakistan [4]. The presence of arsenic in high concentrations
in Pakistan’s drinking water may affect up to 60 million people [5]. In the last 4 years,
roughly 1832 children lost their lives to waterborne illnesses and drought [6]. Currently,
only a fifth of the population has access to safe drinking water, while the rest are forced
to rely on water that is contaminated by various pollutants such as chemicals, fertilizer,
industrial waste, and sewage [7]. The availability of insufficient and substandard drinking
water is a serious human health issue. The release of hazardous industrial chemicals and
contaminated trash into water bodies lowers the water quality and has detrimental effects
on individual health. Lack of knowledge, outdated treatment methods and apparatuses,
unskilled laborers, and insufficient inspection all play a role. It is likely that a war on water
will begin both domestically and globally if the current scenario worsens [8]. Issues of
sanitation, water, and hygiene have also caused a number of dangers to population health
since the probability of contracting waterborne diseases is increasing fast. In Pakistan,
2.5 million cases of diarrheal disease-related fatalities were recorded in 2017; 40% of these
deaths and 50% of the country’s disorders are brought on by drinking polluted water [4].

Numerous contaminants, including pathogens and microorganisms, metal poisons,
household and industrial waste, pharmaceuticals, and other dangerous medications, are
present in the water [9] and need to be monitored [10] and managed [11–13]. Changes in
climate that affect the annual precipitation, the inadequate construction of water storage
structures, and governmental pressures are some of the causes of current water issues in
Pakistan [4] Other factors include a rise in demand brought on by a significant expansion
of industry and population [14]. Due to insufficient water sanitization, Pakistan faced
major economic difficulties in 2019 [15], costing around PKR 343.7 billion (USD 1.5 billion).
Additionally, from 2016 to 2017, albeit with UNICEF’s assistance, the cost of distributing
facilities for cleaner water grew from PKR 48 billion to PKR 72 billion [15]. It might
be claimed that the provision of clean water in Pakistan will need financing because
poor facilities are offered to the entire country. Many of the existing problems, including
unemployment, the incidence of sickness, and economic instability, are expected to become
significantly worse in the near future if things do not change [16].

This paper intends to provide a comprehensive review of the published scientific
studies on monitoring, determining, and methodologies related to water quality. Surface
water, drinking water, and groundwater sources are the focus of much of this study. Study
results on water quality assessment and monitoring in Pakistan during the period of 2012
to 2022 are reviewed in-depth and methodically in this study. Surface water, groundwater,
and rainwater are the three categories of water sources in both urban and rural Pakistan,
and these categories were used to separate the subject in this paper.

Geography and Water Resources of Study Area

This section provides information about the topography and water resources of the
study area. These are the critical characteristics of surface water, groundwater, and rain-
fall supplies and their present state. The weather data set the tone for readers to better
understand the debates on surface and groundwater in Pakistan. The hydrological and
geological knowledge is particularly significant since it will assist readers in understanding
how hydrogeochemical processes impact the country’s water quality.

Pakistan is a country in southern Asia that has borders with Afghanistan, India, and
China (Figure 1). The Himalayas and the Karakoram are located in eastern Pakistan. There
are mountain ranges in the north (Hindukush), hills in the northwest, and a highland
plateau in Baluchistan. There is a wide range in the average rainfall, from arid to semiarid,
across Pakistan [17]. The Indus River is Pakistan’s most important waterway; it originates
in the northern Karakorum Mountains, meanders its way south, and empties into the
Arabian Sea. Pakistan’s agricultural sector is vital to the nation’s economy. Wheat, maize,
rice, cotton, and sugarcane are the most common agricultural products, and they are grown
in 27% of the total area. Increasing the agricultural yield is a common practice to meet
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the needs of a growing population. Industrial powerhouses such as the textile, pesticide,
and fertilizer sectors may be found in the urban hubs of Pakistan [4]. Pakistan has two
major river systems: those that flow into the Arabian Sea and those that flow into the
Endorheic River basin. The former includes the Indus River basin, the Lyari river, and
the Hingol and Hub rivers. The latter includes Mashkal, the Siastan Basin, and the Indus
Plain [17]. The Indus Basin, the Kharan Desert system, and Makran coastal drainage
make up Pakistan’s three hydrological groups. The Indus Basin is where the majority of
surface and groundwater resources are found. Few inter-basin diversions are technically or
economically viable due to Pakistan’s topography [18]. The overall water resource quantity
is relatively unclear due to a lack of water data (particularly in Balochistan, where the
hydrology is very unpredictable) and a lack of solid water accountancy, resulting in only
estimated resources. Furthermore, surface groundwater fluxes are poorly measured [18].

 

Figure 1. Geography and water resource map of the study area.

Approximately 70% of the yearly precipitation falls between June and September.
This results in the majority of rainwater from the lower Indus valleys being drained
into the sea. The pattern of mean annual precipitation in Pakistan exhibits substantial
geographical variation. It varies from 125 mm in Balochistan (southeast) to 750 mm in
the northwest [19,20]. In the lowlands of Sindh, heavy precipitation falls in July and
August, and its strength decreases from the coast to the center of the province. The yearly
precipitation in southern Punjab and northern Sindh is less than 152 mm. The regions above
the Salt Range, such as some districts of Punjab and Sindh, receive a mean of more than
635 mm of precipitation annually [21]. Winter precipitation is often widespread. During
the wintertime, the northern and northwestern regions of NWFP and the northern regions
of Balochistan receive a relatively large amount of precipitation. Yearly rainfall over almost
21 million hectares (Mha) of the Indus Plains and Peshawar Basin averages 26 million
acre-feet (MAF) (Figure 2). The rainfall yield to crops in irrigated areas is expected to be
around 6 MAF [22].
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Figure 2. Annual precipitation in Pakistan and its provinces (source: World Bank Climate change
knowledge portal, downloaded on 20 March 2023).

Surface water resources are mostly conditional on the tributaries of the Indus River.
The total distance of the Indus River is 2900 km, and its basin is around 966,00 square km.
Five main streams join its eastern side: the Jhelum, Chenab, Ravi, Beas, and Sutlej [23].
Additionally, three smaller rivers flow from hilly regions: the Soan, Harow, and Siran. In
addition, a number of little streams enter the Indus on its west side. The largest of these is
the Kabul River. Rivers in Pakistan have distinct charge characteristics, but all of them begin
to increase in the spring and early summer due to the rainy season and snowmelt from the
mountains, and they reach their stream flow in July and August. During the months of
November through February, the average monthly flows are around one-eighth of those
that occur during summertime. In addition to the larger rivers, there are countless tiny
rivers and streams whose flow is only seasonal and dependent on precipitation; they carry
little flow throughout the winter [24]. Furthermore, the majority of Pakistani groundwater
resources are located on the Indus Plain, which stretches from the foothills of the Himalayas
to the Arabian Sea and are kept in alluvial layers [25]. The Indus Plain is blessed with
a huge aquifer system, which is quickly replacing it as a secondary supply of water for
agriculture. It is around 1600 km wide and spans a region of 21 Mha. The aquifer was
built over the course of the previous 90 years as a result of direct recharge from rainfall,
river flow, and ongoing seepage from a conveyance network of canals, irrigation canals,
waterways, and application losses in the irrigated regions [26].

Pakistan is usually regarded as both water-scarce (limited per capita water availability)
and water-stressed. Despite this, crucial facets of Pakistan’s water issues are frequently
disregarded. Most evaluations of the water shortage exclude 24 percent of the total supply
that is created locally (including the recharging of groundwater by precipitation) [27].
Decades-long population growth has led to a decline in mean availability, which also
changes yearly with climatic changes [18]. The present water supply is around 79%. Public
health is very at risk when drinking water is supplied improperly or poorly. The release
of hazardous chemicals from urban areas and industries into bodies of water without
proper treatment causes water pollution and has detrimental effects on human health. Due
to rising demand, Pakistan’s water and sanitation administration has been emphasizing
the quantity of water over water quality [4]. This is all the result of a lack of knowledge,
treatment technology, tools, trained staff, and quality control. One of the main factors in
community health in Pakistan is highly polluted water. In this review, we have discussed
water quality and the methods used to measure it from 2012 to 2022.
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2. Water Quality Parameters and Limits in Pakistan

According to the World Health Organization, “safe drinking water” is any water that
does not pose a significant threat to health during use, taking into account any variations in
sensitivity between different life stages. Since water is the most frequently consumed liquid,
it is thought to be the main means of disease transmission [28]. Bacterial pollution in water
causes 80% of all human illnesses in developing countries. Access to potable water is one of
Pakistan’s key public health challenges, since the country faces water quality and quantity
problems, as recorded in much research. The majority of the water supply, over 70%, is
derived from groundwater aquifers throughout the nation [29]. Pakistan is a rich country
with many policies. Several policies are directly and indirectly linked to maintaining
the standards of water quality, but concerns about drinking water quality in the nation
receive less attention since water system organizations prioritize volume over the quality
of drinking water. Additionally, the lack of a legislative framework for drinking water
quality concerns, poor institutional arrangements, a lack of well-equipped facilities, a lack
of routine water quality monitoring, and inadequate institutional arrangements have made
the situation worse [30]. In order to solve the major challenges and difficulties in the supply
of clean drinking water, the Federal Cabinet of Pakistan passed the National Drinking
Water Policy (NDWP) in September 2009. The overarching objective of the policy is to
provide cheap, accessible, sustainable, and adequate access to potable water for the entire
population and decrease the rate of waterborne disease-related morbidity and mortality.
According to the policy, the federal government is in charge of creating special plans of
action for underserved and poorly served regions; saline water regions; places vulnerable
to natural disasters such as earthquakes, floods, and drought; and areas where women
must travel more than 0.5 km to access clean drinking water. A study on Pakistani water
quality was published in 2004 by the Pakistan Council of Research in Water Resources
(PCRWR) and included suggestions for creating national drinking water quality standards.
The World Health Organization (WHO), the Pakistani government, and the Ministry of
Health examined the drinking water standards in place for quality assurance, revised them
to reflect WHO drinking water quality requirements, and then finalized them (Pak-EPA
2008). The first safe drinking water legislation in Pakistan would be drafted and passed in
accordance with the 2009 National Drinking Water Strategy. The policy also proclaimed
access to clean water as a basic human right. In order to make the most of the resources
available to the local government, cost-effective solutions will be used. The communication
of information to all stakeholders regarding the Pakistan National Standards for Drinking
Water was held to be the responsibility of the Ministry of Environment (currently the
Ministry of Climate Change), the PCRWR, and the Pakistan Standards and Quality Control
Authority (PSQCA) [31].

After Pakistan’s 18th amendment to the constitution [32], province EPAs/EPDs were
tasked with creating and executing environmental policies within their particular jurisdic-
tions under the Provincial Environmental Protection Act and Policies. Additionally, the
law divides up governing duties between the federation and the provinces. Following the
passage of the Constitution (Eighteenth Amendment) Act of 2010 (the “18th Amendment”),
Parliament is now able to pass laws, exercise executive power over the matters included in
the Federal Legislative List in the Fourth Schedule to the Constitution and create extraterri-
torial legislation. On the other hand, regional assemblies have the authority to enact laws
and exercise executive authority over any matter not included in the Federal Legislative
List. Furthermore, the Constitution also gives the provinces the freedom to ask Parliament
to pass legislation on any issue falling under their purview. The water quality standards
of all four provinces and the Pakistan EPA can be found in the following list of websites
(Table 1).
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Table 1. Water quality standards.

Agency/Department Name Website

Pakistan Environmental Protection
Agency (PEPA)

https://www.elaw.org/system/files/Law-PEPA-
1997.pdf, accessed on 20 March 2023

Sindh Environmental Protection Agency
(SEPA)

https://hseforum.pk/forums/discussion/sindh-
environmental-quality-standards/, accessed on

20 March 2023

Punjab Environment Protection
Department (PEPA)

https://epd.punjab.gov.pk/system/files/Punjab%
20Environmental%20Quality%20Standards%20for%

20%20Drinking%20Water.pdf, accessed on
20 March 2023

KPK Environmental Protection Agency https://epakp.gov.pk/, accessed on 20 March 2023

Baluchistan Environmental Protection
Agency https://bepa.gob.pk/, accessed on 20 March 2023

Samples are typically obtained, categorized for various contaminants and characteris-
tics, compared to all these standards, and highlighted when the findings depart from the
benchmarks. In Pakistan, this strategy is used for all sources of drinking water (surface
water, groundwater, and rainwater) [33]. Various indicators (such as pH, TDS, heavy metals,
and fecal coliforms) have also been used in other research to track water contamination.
Studying the macroinvertebrate community, as well as other groups of microorganisms,
is part of this. The number and variety of macroinvertebrates and microorganisms are
utilized to inductively assess the water quality source even though they are not specifically
employed as an indicator [34].

The establishment of the above water quality standards is regarded as a positive move
that might serve as a model in addressing Pakistan’s water security issue [35]. Regardless
of having extensive national laws and regulations for groundwater resources and control
of pollution and a policy structure for the protection of the environment, Pakistan’s or-
ganizational and implementation capacity is severely deficient [36]. Local authorities in
Pakistan are accountable for water supply and sanitation (WSS); solid waste disposal; and
the disposal, treatment, and management of wastewater. The municipal administrations
of Tehsil, as well as water and sanitation organizations, are in charge of implementation.
Their effectiveness, unfortunately, is generally unregulated. Various national regulations
control the water, sanitation, and hygiene (WASH) system; however, because water is a
provincial issue, the influence of national organizations is limited. The NSP 2006 was
created to encourage public participation, ownership, and management while also freeing
up resources to spend on closing the clean water deficit [37]. The Pakistani government
established the National Drinking Water Policy (NDWP) in September 2009 with the goal of
supplying safe drinking water to all by 2025, with a focus on the poor and vulnerable [31].
The major goal is to distinguish between service provision and control. The right to drink
water has priority over all other activities, such as agricultural or industrial water usage. In
order to address the issue of water security, Pakistan established the new National Water
Policy of Pakistan (NWPP) in 2018. The strategy highlights the need for Pakistan to address
present and future challenges to its energy, water, and food security. It addresses a wide
range of water-related issues in Pakistan, including the distribution and usage of water
based on economic priorities, the sustainability of water basins, agriculture, changing
climate impacts, drinking water and sanitation, groundwater, water rights and obliga-
tions, hydropower, conservation, sustainable water infrastructure, water-related risks, and
regulatory frameworks [38]. Still, there is a lack of a clear framework and a sufficient imple-
mentation plan to address the problem, especially in organizational governance systems.
However, due to insufficient law enforcement, none of the government’s various projects to
address water shortages and pollution in Pakistan have been successfully carried out, and
the problems continue to exist. Along with legislation, public awareness is necessary to
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combat community indifference toward water contamination. Furthermore, official support
is presently weak regarding laws, management efforts, and law enforcement, all of which
are necessary for citizen education.

3. Methodology

In order to enable future research, recognize gaps in knowledge, and effectively
specify study focuses, the goal of this review is to consolidate and categorize research
results. This study consistently highlights the future prognosis for water quality monitoring
and evaluation, and it goes on to concentrate on the importance of water quality in the
environmental sustainability of Pakistan. The literature published on the topic over the
previous 10 years was thoroughly searched on Google Scholar and Scopus to find data for
this study. The relevant methods have been used in other research, as per Mosley, 2015 and
Razali et al., 2018 [39,40]. The search terms used were “water,” “quality,” and “Pakistan”;
the country name (Pakistan) was included for this purpose. After that, we narrowed it
down to domestic articles in English, along with some other criteria such as the location,
origin, document type, and publication year (2012–2022). This was successful in removing
any important papers without omitting the pertinent ones. In the context of Pakistan, there
are no such contemporary evaluations of this topic, nor are there any with the present
breadth of coverage. This supports the originality and importance of such a complex
strategy and emphasizes its applicability to a broad variety of Pakistani demographics,
including academics, students, authorities, entrepreneurs, and common citizens.

4. Water Quality Assessment in Pakistan

4.1. Surface Water Quality Assessment

The examination and monitoring of the quality of surface waters in Pakistan have
been discussed in light of the reported source of contamination, sample location, pollutant
parameters, and relevant health issues. Table 2 includes, in reverse chronological order,
complete information on the various water sources analyzed in the nation over the last
decade (2022–2012), as well as the discovered contaminants. According to an older study
by Sial et al. (2006), 1228 of Pakistan’s 6634 recognized enterprises are classified as severely
hazardous [2,41]. Industries became a major cause of water pollution in Pakistan because
of the high load of organic and poisonous compounds in their wastewater effluents [42].
Textiles, leather, paper, pharmaceuticals, ceramics, petrochemicals, food, steel, oil mills,
the sugar industry, and fertilizer plants are the main sectors causing water pollution [43].
These industries generate hundreds of thousands of tons of wastewater loaded with heavy
substances such as mercury, magnesium, lead, cadmium, nitrites, chromium, and many
more [44]. The majority of companies in Pakistan are concentrated in or near large cities.
They directly discharge their waste effluents into surrounding sewers, streams, creeks,
lakes, canals, and open or agricultural land. According to Fida et al. (2022) [44], waterborne
diseases are caused by bacterial pollutants, including coliforms; toxic components such as
Fe, Ni As, Cl, Hg, and F; and pesticides, which have been identified in surface water and
groundwater. Forty-one locations all along the Indus River and its tributaries were sampled
by Ahmad et al. (2021) [45] to determine the surface quality of the water in Sindh. Only
four of the ten physiochemical properties tested (average values of 857 S/cm, 378 mg/L,
8.5 mg/L, and 220 mg/L for EC, TDS, pH, and COD, respectively) fulfilled the standards
set by the WHO and the NSDWQ. Contrarily, the levels of TA (1400 mg/L), TH (584 mg/L),
DO (6.40 mg/L), and NTU (219) were all above the recommended limits set by the WHO.
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Table 2. Research on surface water quality in Pakistan.

Year
Sample

Location
Number of

Samples
Pollution Source

Flagged
Pollutants and

Parameters
Method Used

Health
Issues

Assessment
References

2022

Basho Valley,
Gilgit Baltistan 23

Incoming pollution
load from upstream

channels

Cu, Zn, Mn, Mo,
TCC, TFC, and

TFS

Lab analysis, WQI,
and statical analysis x [46]

Kallar Kahar
wetland,
Punjab

5
Tourism, fishing,

urban discharge, and
open littering

Microplastics Lab analysis and
comparison - [47]

Indus
Drainage
System

26 Anthropogenic
Mn, Co, Cu, Zn,
Cr Ni, Cd, Hg,

and Pb

Lab analysis, risk
assessment x [48]

Punjnad
Headworks 27 Anthropogenic Pb, As, Al, and

Ba

Lab and statistical
analyses, and risk

assessment
x [49]

Tehsil Swabi 15

Flood runoff,
biological

contamination, and
anthropogenic

activities

Mg and HMs
Lab, statistical

analysis, and risk
assessment

x [50]

Chu Tran
Valley 24

Agricultural
activities, erosion,

and domestic
discharge

Heavy metals WQI, PCA, and IDW x [51]

Malakand 27 Anthropogenic
Cu, Fe, K, Mg, Al,
Ca, Cr, Mn, Ni, P,

and Zn

Lab and statistical
analyses, and risk

assessment
x [52]

Sutlej River 400 Livestock and human
sources

Fecal coliform
bacteria

Lab analysis, SWAT,
and SSPs x [53]

Eastern
Peshawar

basin
34 Industrial outlets Heavy metals Lab and statistical

analyses - [54]

Khyber
Pakhtunkhwa 120 Not specified

Cu, Zn, Pb, Zn,
Pb, Cu, Cr, Co,
Ni, Hg, Cr, Co,
Ni, Hg, Zn, Cu,
Cr, Pb, Co, Ni,

and Hg

Lab experiments and
risk assessment x [55]

Phuleli Canal 8 Industrial outlets

pH, EC, TDS,
COD, CA, Mg,

Na, K, BOD,
COD, and fecal

coliforms

Lab experiments x [56]

Mirpurkhas 8 - Salinity Lab experiments - [57]

Faisalabad 2 Industrial outlets Sulfate ions, TDS,
and barium ions Lab analysis x [58]

2021

Kot Addu,
Punjab 90 Not specified As, Cd, and Pb

Lab analysis and
multivariate

statistical analysis
x [59]

Bajaur 75
Geogenic and
anthropogenic

activities
Cd, Pb, and Mn

Lab analysis, risk
assessment, and

questionnaire Survey
x [34]

Swat 9 Sewer waters Escherichia coli

Lab analysis,
statistical analysis,
and questionnaire

Survey

x [60]

Skardu 45 Not specified Cd
Lab analysis, spatial

analysis, and
statistical analysis

- [61]
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Table 2. Cont.

Year
Sample

Location
Number of

Samples
Pollution Source

Flagged
Pollutants and

Parameters
Method Used

Health
Issues

Assessment
References

Rawal Dam 148 Tourist

pH, EC, TDS,
alkalinity,

hardness, Cl, DO,
SO4, Ca, Mg, Fe,
Cd, Ni, Cu, As,

and F

Lab analysis,
machine learning

techniques, and WQI
- [62]

Ravi River 15 Industrial, domestic,
and natural

TDS, COD, BOD,
DO, TN, Cu, Pb,
As, Cr, Mn, Zn,

and Cd

Lab analysis, GIS,
and statistical

analysis
x [63]

Upper Indus
River 642 Minerals, natural and

anthropogenic Bicarbonate

Gene expression
programming,
artificial neural

networks, and linear
and non-linear

regression models

- [64]

RightBank
Outfall Drain
and Manchar

Lake

14 Irrigation

EC, TDS, TH,
SO4, Cl, BOD,

COD, Na, K, Ca,
Mg, Cr, Ni, and
Al, Pb, Cd, and
fecal coliform

Lab analysis, WQI,
and statistical

analysis
- [65]

Sutlej River 97 Anthropogenic

Ca−, Mg−,
HCO3

−, Ca−,
Mg−, Cl−, and

SO4

Lab analysis, WQI,
and statistical

analysis
x [66]

Nawabshah 18 Agro-industrial and
sewage

pH, TDS, EC,
total hardness,
and calcium

Lab analysis - [67]

2020

Harnai,
Balochistan 24 Not specified Nitrate Lab analysis x [68]

Abbottabad 100 Not specified Turbidity, EC,
and pH Lab analysis x [69]

Hattar
Industrial

Estate
60 Industries Cd, Cr, Ni, Pb,

and Zn

Lab analysis, risk
assessment, and

statistical analysis
x [70]

Lower Jhelum
Canal 20 Industrial pollution E. coli Lab analysis, WQI,

and GIS x [71]

Swat River 30 Natural and
anthropogenic Cu, Ni, and Pb

Lab analysis, risk
assessment, and

statistical analysis
x [72]

Central Indus
Basin 12 Mining activities Fe, Mn, Ni, Cd,

and Se Lab analysis x [73]

2019

KhyberPakhtunkhwa
and

Gilgit-Baltistan
181 Anthropogenic EC, turbidity,

and As

Lab analysis risk
assessment, and

statistical analysis
x [74]

Faisalabad 37

Textiles, ice,
pharmaceuticals,

flour, cotton, sugar,
and food

Cu, Fe, Pb, Al,
As, Ba, Cd, Cr,

Ni, and Zn

Lab analysis and
health risk
assessment

x [75]

Lower Sindh 8 Industry and
agriculture

Cu, Mn, Ni, and
Zn

Lab analysis and
health risk
assessment

x [76]

Lower Indus
Plain 360 Irrigation As Lab analysis x [77]

Industrial Hub
of Pakistan 13 Industries Cr Lab analysis x [78]
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Table 2. Cont.

Year
Sample

Location
Number of

Samples
Pollution Source

Flagged
Pollutants and

Parameters
Method Used

Health
Issues

Assessment
References

Mangla Lake,
Rawal Lake,
and Simly

Lake

6 Anthropogenic Cr, Cd, Co, Pb,
and Ni

Lab analysis, risk
assessment, and

statistical analysis
x [79]

2018

Swat 58 Human and animal
fecal material Coliform bacteria

Lab analysis,
questionnaire survey,

and statistical
analysis

x [80]

Jaffarabad 25

Natural disasters,
residues from

pesticides, fertilizers,
and other domestic

and industrial wastes

Turbidity,
hardness, TDS,
Cl, SO4

−2, and
Fe

Lab analysis and risk
assessment x [81]

Indus Delta 50
Industrial sewage

and agricultural and
industrial wastes

As
Lab analysis,

statistical analysis,
WQI, and SPI

- [82]

Indus River
Basin 84 Geogenic and

anthropogenic TDS, pH Lab analysis - [83]

Lahore 15 Domestic and
industrial

BOD5, COD, Cu,
Zn, Fe, Pb, Co,

Ni, and Cd

Lab and statistical
analyses - [84]

Lower Indus
Plain 48 Domestic and

industrial

EC, TDS,
hardness, cations,

and anions
Lab analysis x [85]

2017

Rasul Barrage,
River Jhelum 18 Not specified TDS, turbidity,

Fe, Cr, and Ni
Lab and statistical

analyses x [86]

Mansehra 24 Human NO3
−, PO4

−, Fe,
Pb, and Cd

Lab and statistical
analyses x [87]

Jhelum 292 Natural and
anthropogenic TDS Lab and Statistical

analysis - [88]

Faisalabad 92 Textile industries Pb, Cd, COD,
and COD

GIS, lab analysis, and
statistical analysis x [89]

2016

Coastal Areas
of Sindh 34 Industrial waste

As, Mg, Mn, Cr,
Cu, Fe, Pb, and

Ni

Lab and statistical
analyses x [90]

Mangla Dam 120 Anthropogenic

Cd, Cu, Zn, Co,
Pb, Ni, As, Fe,
Cd, Co, Pb, Ni,
As, Fe, Zn, Cu,

and Mn

Lab and statistical
analyses - [91]

Peshawar 50 Natural TDS, Cu, Pb, Cr,
Cl, and Nitrites Lab analysis x [92]

Faisalabad 225 Not specified TDS Lab analysis - [93]

Jamshoro 67 Irrigation TDS, EC, salinity,
turbidity, and pH

Lab and statistical
analyses x [94]

Gulshan-e-
Iqbal

Karachi
6 Industrial and

domestic pH, EC, and TDS Lab analysis x [95]

Punjab 1600 Domestic TDS, F, and Fe Lab and statistical
analyses - [96]

2015

Pakistan 753 Natural and
anthropogenic As and c

Lab and statistical
analyses and risk

prediction
x [97]

Northern
Pakistan 33 Natural and

anthropogenic
Mn, Fe, Ni, Cr,

and Co

Lab and statistical
analyses and risk

prediction
x [98]
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Table 2. Cont.

Year
Sample

Location
Number of

Samples
Pollution Source

Flagged
Pollutants and

Parameters
Method Used

Health
Issues

Assessment
References

Rawalpindi
and Islamabad 30 Not specified TTHMs and

chloroform
Lab analysis and risk

assessment x [99]

Lahore 9 Not specified Cr, Fe, and Cu Lab analysis - [100]

Nawabshah 60 Point and nonpoint
sources

TDS, pH,
bicarbonates,
Hardness, Cl,

and SO4.

Lab analysis x [101]

Nowshera 39 Domestic Cr, Ni, Pb, Cd,
and As

Lab analysis and risk
assessment x [102]

Quetta City 16 Agriculture and
domestic TDS and EC Lab analysis x [103]

2014

Panjkora River,
Lower Dir 6 Not specified ZN, Ir, and Mg Lab analysis x [104]

Haripur Basin 32 Natural and
anthropogenic

Pb, Co, Cr, Cu,
Cd, As, Hg Fe,

Mn, Zn, Ni, and
Zn

Lab and statistical
analyses and risk

assessment
x [105]

Tando
Muhammad

Khan
14 Not specified

TDS, Cl, SO4, Ca,
Na, hardness,

and As.
Lab analysis - [106]

Manchar Lake 10 Anthropogenic

pH, EC, salinity,
TDS, Alkalinity,
nitrates, Cl, and
total hardness

Lab analysis - [107]

Hingol River,
Balochistan, 22 Natural and

anthropogenic

Pb, Ni, Zn, Mn,
Fe, As, Cr, and

Cu
Lab analysis - [108]

2013

Mianwali 28 Anthropogenic
BOD, COD, TDS,

EC, pH, and
heavy metals

Lab analysis - [109]

Pakistan 747 Natural and
anthropogenic Fluoride Lab analysis x [110]

Bahawalpur 20 Natural and
anthropogenic

EC, TDS,
hardness, pH, Ni,

Na, and K
Lab analysis x [111]

Badin 18 Anthropogenic pH, EC, and TDS Lab and statistical
analyses x [112]

2012
Jamshoro 57 Natural and

anthropogenic As Lab analysis - [113]

Indus River 27 Natural and
anthropogenic

Cd, Pb, Hg, and
Cu

Lab and statistical
analyses - [114]

Total 73 7452 48

x—included health issues in paper. —-did not include health issues.

Major Pollutants and Their Sources in the Surface Water of Pakistan

Effective water contaminants may be responsible for the pollution and transmission
of infection [115]. Bacteria (microorganisms and infections), chemical contaminants (toxic
and heavy metals, salts, and acids), and cations and anions are the most prevalent con-
taminants [44]. These compounds are toxic if they exceed limits and represent significant
physical concerns to individuals and other species in the environment if they exceed certain
values [116]. Microbiological contamination; heavy metals, including Pb, As, Hg, and Cd;
pesticides; and other anions such as NO3 and F impact the environment and human health
throughout Pakistan [8]. Table 2 depicts the primary pollutants discovered in several cities
and provinces, as well as the ratios of samples that exceeded the requirements.
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The most likely source of drinking water contamination in Pakistan has been identified
as coliform pollution [117]. According to numerous studies, the country’s drinking water
is heavily contaminated by bacteria [71]; many of the documented bacterial species can
have serious health consequences (Table 2). Most parts of the country’s sources of water,
including streams, waterways, rivers, and lakes, are heavily contaminated with bacteria.
Out of 73 reviewed papers in this study, the authors found 12 studies that found bacterial
contamination in their samples (Table 2). These studies also talked about health issues due
to this [118]. Ref [2] studied bacteria contamination in the Sutlej River. In their research,
they collected 400 samples from 13 different locations around the river. Their model found
that E. coli levels in a more polluted environment will show 108% and 173% increases in
the near- and mid-future, respectively, and a 251% rise in the distant future compared
with the reference time (baseline) levels. In Phuleli Canal, Sindh Province, out of eight
water samples, most were found to contain fecal coliforms [56]. Another study in Khairpur
found fecal coliform and coliform bacteria in 100% of water samples taken from the water
channel, the distribution system, and household taps [119]. The scenario is similar to all
other major cities across the country, including Islamabad, Quetta, and Hyderabad. All of
these cities’ drinking water was determined to be polluted with bacteria. The major sources
of these contaminants were domestic anthropogenic activities and old, open water supply
lines [119]. Furthermore, several studies have found health issues due to using bacteria-
contaminated water, such as asthma and infections related to the urinary tract, circulation,
and other organs. An invasive pathogen creates a range of bloodstream pathogens in
patients’ urinary tracts, respiratory tracts, blood, and other ordinarily sterile areas [33].

The physical and chemical characteristics of water, such as pH, EC, DO, and BOD, and
the presence of things such as TDS and TSS are used to establish standards and evaluate
the physical and chemical water quality. Pesticides and fertilizers are examples of toxic
elements that come from factories, ground sediments, and fertilizer waste and end up in
water supplies nearby [4]. These water sources have trace-metal contaminants because, as
water moves downhill in a hydrological cycle, it dissolves these things [120]. In addition,
these metals enter both surface water and groundwater due to human actions such as
dumping untreated municipal and industrial waste and using a lot of chemicals in farming.
Many of these elements are important for individual health, but too many of them can
pollute water and make people and other living things sick [121]. Table 2 is a summary
of the different studies that have been conducted from 2012 to 2022 in Pakistan on water
pollution caused by physicochemical pollution, such as EC, pH, TDS, TH, and TA. A study
by Jabeen et al. (2014) [105] of the Haripur Basin on physicochemical parameters found that
a stream sample from the Hattar Industrial Park region had the lowest pH (5.4), whereas
a river sample from next to a marble industry area had the highest pH (9.20). Moreover,
the surface water had an electrical conductivity range of 0.180 to 1.182 mS/cm. Surface
samples from areas near industrial areas often have higher EC values. TDS concentrations
in surface water can vary from 116 to 956 mg/L (mean, 322). Mean pH, EC, and TDS values
in surface water have been reported to be below the WHO (2008) recommendations. The
surface water quality of the Indus River in Sindh was studied by sampling 41 locations all
along the river and its tributaries. Only four physicochemical characteristics, namely, EC,
TDS, pH, and COD, with average values of 857 S/cm, 378 mg/L, 8.5 mg/L, and 220 mg/L,
respectively, were within the WHO-permitted standards. TA (1400 mg/L), TH (584 mg/L),
DO (6.40 mg/L), and NTU (219) values, on the other hand, were above the WHO-permitted
criteria [45]. Arshad and Imran (2017) [122] found significant As concentrations in two
villages in the central Punjab region. Out of 73, most of the studies found low-to-high
concentrations of As, COD, BOD, TDS, and other chemicals (Table 2). Furthermore, the
sources of these contaminations were industrial and anthropogenic activities and, in some
areas, natural inputs [123].

The accumulation of harmful compounds in surface water, particularly harmful heavy
metals, is a major environmental and social problem across the world [44]. Heavy metal
traces, such as Pb, Mn, Cu, Ni, Fe, and Cr, are substantial environmental contaminants,
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especially in regions subjected to intense anthropogenic pressure [124]. These pollutants
are capable of causing several negative health consequences in humans through the use of
heavy-metal-contaminated water [125]. Although certain toxic substances are required for
life in low quantities, others, such as Cd, Ni, Hg, and Pb, are physiologically nonessential
and extremely dangerous to living creatures [126]. Recent research has found heavy metal
pollution in the drinking water of Pakistan, as detailed in Table 2. In the majority of
Barandu River samples, heavy metal concentrations of Fe, Pb, Ni, Cr, Mn, and Cd were
found to be higher than the WHO-permitted levels for drinking water. People and other
living things may have issues as a result of this high concentration of polluted water.
Fe is one of the required elements, but if it is present in excess, it can have a negative
impact on aquatic life and human health. High levels of Fe harm gastrointestinal tract
cells and prevent them from controlling Fe absorption, which results in an unwarranted
increase in blood’s Fe concentration [127]. Another study on the Indus Drainage System
found that the concentrations of most metals in riverine surface water were well below
(Table 2) the guidelines established by the WHO and national agencies, but they showed
wide interannual variation when compared with the other river systems. Along with the
Indus Drainage System, the general riverine water contamination was higher than that
observed in the surface water of the Shatt Al-Arab River [128], the South China Pearl
River [129], and Argentine rivers [130] but smaller than those of the stream water of the
Ganga River, India [131], and Gadea, Spain [132]. Since the Indus River primarily flows
through the populated industrial zones of Faisalabad, Jhang, Sialkot, and Kabul, the heavy
metal contamination level of the Chenab River was found to be lower than that of the Indus
River [118]. Heavy metals in drinking water can pose significant health risks, including
damage to the nervous system, kidney and liver damage, and cancer. In Pakistan, studies
conducted between 2012 and 2022 found that high levels of heavy metals, such as lead,
chromium, and arsenic, have been detected in drinking water sources (Table 2). It is crucial
for Pakistan to tackle heavy metal contamination in drinking water in order to safeguard
public health.

4.2. Groundwater Quality Assessment

Pakistan is one of the world’s driest regions, and the majority of the people rely on
groundwater to meet their water needs for drinking and other household reasons [133].
Groundwater is a vital resource in Pakistan, providing drinking water and irrigation for
agriculture; however, the overuse and overexploitation of this resource have led to a
decline in both water quantity and quality in the country [134]. Research on groundwater
has largely been studied by authors in Pakistan. We found 97 studies conducted from
2012 to 2022 (using the above method), and 18,220 water samples were collected for
water quality analysis (Table 3). Furthermore, these studies were important because
groundwater levels in Pakistan have been declining at an average rate of 0.5 m per year
over the past decade [135]. This decline is due to the overuse of groundwater resources
for irrigation, as well as a lack of effective management and regulation in the groundwater
sector [66]. Several studies have also warned that the depletion of groundwater resources
could have severe consequences for food security and economic development [136,137].
Groundwater in Pakistan is also being contaminated by a variety of pollutants, including
agricultural chemicals, industrial effluents, and sewage (Table 3). Our comprehensive
review found that these pollutants are affecting both the quality and the quantity of the
groundwater, making it unsuitable for use. Furthermore, studies over the last decade
have reported high levels of nitrates, arsenic, and fluoride in groundwater, making it
unsafe for drinking and irrigation [138]. To address these issues, researchers have studied
the implementation of sustainable groundwater management strategies in Pakistan. This
includes the development of water quality assessment methods, policies, and regulations to
better manage and conserve groundwater resources, as well as the use of new technologies
and practices to reduce water loss and improve water quality. All the information on
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the many places examined throughout the country over the last decade, as well as the
discovered contaminants, can be found in Table 3, listed in reverse chronological order.

Table 3. Research on groundwater quality in Pakistan.

Year
Sample
Location

Number
of

Samples
Pollution Source

Flagged Pollutants
and Parameters

Method Used
Health
Issues

Assessment
References

2022

Tehsil Swabi 26

Flood runoff,
biological

contamination, and
anthropogenic

activities

Mg and HMs Lab and statistical
analyses x [50]

Eastern
Peshawar

Basin
36 Industrial outlets Heavy metals Lab and statistical

analyses - [54]

Industrial
Zone of

Faisalabad
60 Madhuana drain’s

recharge
pH, EC, Fe, Mn,

Cu, and Cr
Lab experiments and

GIS x [139]

Khyber
Pakhtunkhwa 120 Not specified

Co, Ni, Cu, Cr, Pb,
Hg, Cu, Zn, Pb, Cu,
Cr, Zn, Pb, C, Co,

Ni, Hg, Zn, Co, Ni,
and Hg

Lab experiments and
risk assessment x [55]

Taluka
Ratodero 25

Agricultural
fertilizers,

industrial waste,
and drainage

EC, TDS, Cl, Fu, Pb,
Ni, and Cd

Lab experiments and
WQI x [140]

Gujranwala 200 Not specified
pH, EC, TH, Ca,

Mg, Cl, and heavy
metals

Lab experiments, risk
assessment, and

statistical and spatial
data analyses

x [141]

Tharparkar 25 Natural and
anthropogenic EC, TDS, F, and As

Lab experiments, risk
assessment, and

statistical and spatial
data analyses

x [2]

Rajanpur 200 Not specified Ca, Na, HCO3, Cl,
Mn, and SO4

Lab experiments and
statistical and spatial

data analyses
x [142]

Badin 1 Not specified - VES - [143]

Larkana 43 Anthropogenic EC, Cl, Ca, Mg,
and hardness

Lab experiments,
WQI, and SPI - [144]

Nowshera
KPK 48 Not specified TDS and Cl Lab experiments and

map x [145]

Kamber-
Shahdadkot 46 Industrialization

and urbanization pH, TDS Lab experiments,
WQI, and GIS x [146]

Batkhela 60 Anthropogenic and
natural

CaHCO3,
NaHCO3, and

NaCl

Geostatistical
analysis and risk

assessment
x [147]

Bahawalnagar 40 Natural As Lab and statistical
analyses x [148]

Pakistan 2160 Natural and
anthropogenic F− Lab analysis and

modeling x [135]

Jhelum 82 Natural F−, As, nitrate, and
bacteriological

Lab experiments,
WQI, and risk

assessment
x [118]

Mardan 13 Landfilling

(TDS), pH, EC, TH,
NO3

−, TC, Cr, Ni,
Zn, Cd, TC SO4

−2,
NO2−, Ca+2,

and Na+,

Questionnaire survey
and lab and statistical

analyses
- [149]
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and Parameters
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2021

Kot Addu,
Punjab 90 Not specified As, Cd, and Pb

Lab analysis and
multivariate

statistical analysis
x [59]

Peshawar 217

Agricultural
activities, sewerage

lines, toilets,
seepage, and
percolation of
polluted water

Nitrate and Ca
Lab analysis, spatial

analysis, and risk
assessment

x [150]

Bajaur 88
Geogenic and
anthropogenic

activities
Cd, Pb, and Mn

Lab analysis, risk
assessment, and

questionnaire Survey
x [34]

Central
Punjab 20 Leaching Zn, Fe, Cu, Cr, Ni,

Cd, Co, and Pb Lab analysis x [151]

Swat 32 Sewer water Escherichia coli

Lab analysis,
statistical analysis,
and questionnaire

survey

x [60]

Rawal Dam 30 Tourist

pH, EC, TDS, Tur,
alkalinity, hardness,
Cl, DO, Fe, F, SO4,

Ca, Mg, Cd, Ni, Cu,
Mn, and As

Lab analysis,
machine learning

techniques, and WQI
- [62]

Dokri 40 Precipitation Cl and As Lab analysis, GIS,
and WQI - [152]

Isa Khel,
Mianwali 43 Not specified EC and fluoride Lab analysis - [153]

Jhelum Basin 59 Air pollution
through factories

Na+, Ca2+, Mg2+,
K+, HCO3, SO4, Cl,

NO3, F, and As

Lab analysis, GIS,
and WQI x [21]

Lahore 39 Anthropogenic
activities Pb, Cr, Ni, and Cd Lab analysis - [154]

River Sutlej 111 Anthropogenic
activities

EC, HCO3, Cl, and
SO4

Lab analysis x [155]

Southern
Punjab 68 Silicate minerals

and anthropogenic

HCO3
−, SO4

2−,
Cl−, F−, Na+, Ca2+,

Mg2+, and K+

Lab and Statistical
analyses - [156]

Lahore 1305

Textile mills and
paper, electronic,
plastic, paint, and

pharmaceutical
industries

Fe, NO3
−, K, F,

SO4
2−, and As

Lab analysis, WQI,
and entropy water

quality index
x [157]

Sanghar 61 Anthropogenic and
geogenic cause As

Lab and statistical
analyses and

hadrochemical facies
- [158]

2020

Sindh 425 Not specified
TDS, EC, Cl,

turbidity, and
hardness

Lab analysis and
WQI x [159]

Sindh
Industrial

Trading Estate,
Karachi

24 Industrial

pH, EC, TDS, TH,
Na, K, Ca, M, Cl,
SO4, HCO3, NO3,

Fe, and Zn

Lab analysis and GIS - [160]

Vehari 129 Not specified Pb, Cd, and Fe Lab analysis and risk
assessment x [161]

Vehari 75 Anthropogenic As Lab analysis and risk
assessment x [162]
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Malir Karachi 8 Domestic and
industrial E. coli Lab analysis and

WQI x [163]

Lower Jhelum
Canal 20 Industrial pollution E. coli Lab analysis, WQI,

and GIS x [71]

Sujawal 94 Anthropogenic and
geogenic causes Ca Lab analysis, WQI,

and SPI x [164]

Central Indus
Basin 50 Mining activities Fe, Mn, Ni, Cd, and

Se Lab analysis x [73]

Islamkot,
Tharparkar 40 Natural

pH, EC, TDS,
salinity, Cl, total
alkalinity, Fl, and

As

Lab analysis, WQI,
and GIS x [165]

Punjab 242 Agriculture
EC and residual

sodium carbonate
(SAR)

Lab and spatial
variability analyses - [166]

Karachi 42 Plumbing As, TDS, hardness,
and chloride Lab analysis x [167]

2019

Indus Delta 180 Anthropogenic and
geogenic causes

TDS, Cl, Ca, and
Mg

Lab analysis, WQI,
and SPI x [164]

Thatta 100 Not specified TDS, Cl, and Ca Lab analysis, WQI,
GIS, and SPI - [168]

Punjab and
Sindh 6 Anthropogenic TSS, E. coli,

HCO3
−, SO4

2− Lab analysis - [169]

Balochistan 30 Anthropogenic and
geogenic causes

F−, As, Hg, Ni, Cd,
Cr, Fe, and Pb

Lab and statistical
analyses - [170]

Faisalabad 48

Textiles, ice,
pharmaceuticals,

flour, cotton, sugar,
and food

Al, As, Ba, Cd, Cr,
Cu, Fe, Pb, Ni, and

Zn

Lab analysis, WQI,
and health risk

assessment
x [75]

Bajaur Agency 44 Anthropogenic Na+ Lab analysis and
HCA x [171]

Gujranwala 08 Anthropogenic
Bacterial, Cr, Cu,

Zn, As, Co, Ni, and
Cd.

Lab analysis and GIS x [172]

Lower Indus
Plain 360 Irrigation As Lab analysis x [77]

Central Sindh 59 Anthropogenic and
natural sources

Ca, Mg, Cl, and
Na-Cl

Lab analysis and
WQI x [173]

Industrial Hub
of Pakistan 31 Industries Cr Lab analysis x [78]

Tharparkar 2170 Natural TDS and F Lab and statistical
analyses - [174]

2018

Gujrat 10 Industries Heavy metals Lab and statistical
analyses and PCA x [175]

Peshawar 52 Anthropogenic and
natural sources

Fe, Cu, pH, TSS, Cl,
Cu Zn, Ni, and Pb

Lab and statistical
analysis x [176]

Swat 139 Human and animal
fecal material Coliform bacteria

Lab analysis,
questionnaire survey,

and statistical
analysis

x [80]

Jaffarabad 50

Natural disasters,
residues from

pesticides,
fertilizers, and

other domestic and
industrial waste

Turbidity, hardness,
TDS, Cl, SO4

−2,
and Fe

Lab analysis and risk
assessment x [81]
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Table 3. Cont.

Year
Sample
Location

Number
of

Samples
Pollution Source

Flagged Pollutants
and Parameters

Method Used
Health
Issues

Assessment
References

Eastern Punjab,
Pakistan 66 Not specified As

Lab analysis,
saturation indices,

and statistical
analysis

- [177]

New Karachi
Town 25 Domestic

TDS, Mg, K, Ca,
Na, Cl, SO4, and

HCO3

Lab analysis and
WQI - [178]

Nagarparkar 29 Natural EC, TDS, Ca, lead,
Ni, and Zn

Lab analysis and
WQI - [179]

Sindh 13 Domestic and pit

Alkalinity, HCO3,
Ca, CO3, Turb, Cl,

Mg, pH, K, Na,
TDS, SO4, NO3,
and microbials

Lab analysis x [119]

Sukkur 20 Not specified
TDS, sodium,
fluoride, and
magnesium

Lab analysis - [180]

Shaheed
Benazir Abad 40 Agriculture and

industry
TDS, Cl, sulfate,

Na, and hardness Lab analysis x [25]

2017

Lahore 380 Natural and
anthropogenic As Lab analysis and GIS x [181]

Indus Valley 1200 Natural and
anthropogenic As and pH Lab analysis and GIS x [182]

Mansehra 40 Human NO3
−, PO4

3−, Fe,
Pb, and Cd

Lab and statistical
analysis x [87]

Hakra
Command

Area
134 Not specified EC Lab analysis - [133]

Lahore 73 Natural and
anthropogenic TDS and turbidity Lab analysis, WQI,

and GIS x [88]

Khipro 39
Geological

processes and
source rock

pH, EC, TDS, TH,
Na+, K+, Ca2+,

Mg2+, Cl−, SO4
2−,

and HCO3
−

Lab analysis - [183]

2016

Peshawar 74 Industries Pb, Cr, Cd, and Ni

Lab, statistical
analysis, pollution

index, and risk
assessment

x [126]

Lahore 983 Anthropogenic pH, TDS, and Mg Lab analysis, WQI,
and GIS x [184]

Southern
Lahore 50 Natural Fluoride Lab analysis x [185]

Lakki Marwat 17 Not specified Zn, lead, and Cd Lab analysis x [186]

Khyber
Pakhtunkhwa 54 Solid waste and

sewage

Giardia, Crypto, T.
Gondi, Fasciola, B.

coli, and
entamoeba

Lab and statistical
analysis x [187]

Lower Indus
Plain 218

Sewage, urban
runoff, and
industrial

wastewater

EC, TDS, Na, Cl,
SO4, HCO3,

turbidity, and
hardness

Lab analysis, WQI,
and GIS x [188]

Mailsi, Punjab 44 Anthropogenic and
natural sources As Lab and statistical

analyses x [189]

Islamabad 42 Domestic Fecal coliform
bacteria Lab analysis - [190]
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Table 3. Cont.

Year
Sample
Location

Number
of

Samples
Pollution Source

Flagged Pollutants
and Parameters

Method Used
Health
Issues

Assessment
References

Tharparkar 200 Natural As Lab analysis x [191]

Sindh 200 Natural As Lab analysis x [192]

2015

Pakistan 1903 Natural and
anthropogenic

Ca, Cr, Fe, Ni, and
Pb

Lab and statistical
analyses and risk

prediction
x [97]

Northern
Pakistan 82 Natural and

anthropogenic
Mn, Fe, Ni, Cr, and

Co

Lab and statistical
analyses and risk

prediction
x [98]

Nawabshah 65 Point and nonpoint
sources

TDS, pH,
bicarbonates,

hardness, chloride,
and sulfate

Lab analysis x [101]

Badin 170 Not specified TDS, turbidity, and
pH Lab analysis x [193]

2014

Peshawar 105 Not specified TDS, EC, hardness,
Ca, Mg, and Cl

GIS and lab and
statistical analyses - [138]

Haripur Basin 98 Natural and
anthropogenic

Fe, Mn, Zn, Ni, Pb,
Co, Cr, Cu, Cd, As,

Hg, and Zn

Lab and statistical
analyses and risk

assessment
x [105]

Rawalpindi 262 Natural and
anthropogenic pH, TDS, and EC GIS, lab analysis, and

WQI - [194]

Lahore 340 Poor drainage
systems

TDS, pH, alkalinity,
and turbidity Lab analysis and GIS - [195]

Punjab 36 Human sewage,
agricultural

Fe, Ir, Ba, Al, and
Cr Lab analysis - [196]

Dir Lower 11 Not specified EC Lab and Statistical
analyses - [197]

Bannu 197 Refuse dump and
domestic sewage

pH, EC, TDS,
hardness, salinity,

alkalinity, Na, K, Li,
Ca, Mg, Ba, Cu, Fe,

Mn, Ni, and Zn

Lab and statistical
analyses - [198]

2013

Charsadda 951 Anthropogenic Pb, Cd, Fe, Ni, and
Zn.

GIS, lab and
statistical analyses,

and risk assessment
x [199]

Tharparkar 30 Natural As and F Lab and statistical
analyses - [200]

2012

Tharparkar 99 Natural Fe, Ca, Cu, and Zn Lab analysis - [201]

Rawalpindi 96 Anthropogenic TDS, turbidity,
TOC, and E-Coli Lab analysis x [202]

Hangu 35 Natural and
anthropogenic

Fecal coliforms,
pH, and turbidity Lab analysis x [203]

Total 97 18220 63

x—included health issues in paper. —-did not include health issues.

Major Pollutants and Their Sources in the Groundwater of Pakistan

Chemical (organic and inorganic) and biological pollutants are the two categories of
natural pollutants found in groundwater. While inorganic pollutants come from natural
origins, the majority of organic pollutants in groundwater are formed by anthropogenic
activities. Numerous substances have been identified as inorganic pollutants and claimed
to be sensitive aquatic pollutants. Organic pollutants such as oil and pesticides are the most
frequent pollutants. Pathogens (bacteria, protozoa, and viruses), water-soluble radioactive
compounds, and anions and cations are examples of toxic elements [204]. These compounds
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are dangerous and may seriously harm people and other ecosystem inhabitants if any
amount of them exceeds the allowable limit. Heavy metals, including As, Cd, Pb, and
Ni, as well as anions such as NO3 and F, are prominent pollutants and are seen as a
danger to groundwater quality in Pakistan [205,206]. Solid trash has increased as a result
of population expansion and radical efforts to raise life quality [207]. Municipal waste
is distinguished as household, commercial, or institutional garbage, whereas solid waste
is categorized as dangerous, clinical, urban, or radioactive [208]. As is clear from the
preceding paragraph, solid waste dumps primarily exist in urban areas of developing
countries and pose serious risks to groundwater sources, which are an important source
of residential water supplies in these places [209]. Groundwater supplies may become
contaminated by bacteria and other diseases from municipal waste dumps [149].

Regarding human health, ensuring the bacteriological safety and purity of drinkable
water is an ongoing challenge. The transfer of harmful germs, such as microorganisms,
infections, and protozoa, occurs through water. In the entire world, 80 percent of illnesses
are caused by contaminated water [113]. Fecal and total coliforms in drinking water are
indications of the existence of disease-causing microorganisms and pathogens; microbio-
logical safety and groundwater quality are established and monitored by analyzing their
occurrence [119]. In both urban and rural parts of Pakistan, bacterial pollution in drinkable
water is a major public health concern since it carries germs that can cause infectious
illnesses [44]. Multiple studies have found bacterial pollution in groundwater; the country
ranks 80th out of 122 nations with low-quality drinking water [117]. In Islamabad, nearly
half the samples were polluted with E. coli and fecal coliform bacteria, rendering the water
unfit for consumption [190]. A systematic review in 2011 was carried out in four provinces
of Pakistan. The study found that coliform bacteria were present in 64% of the samples from
Punjab Province, 67% of samples from Khyber Pakhtunkhwa Province, 83% of samples
from Sindh Province, and 80% of the samples from Balochistan [210]. Empirical research
was conducted recently in Kohistan (MIS1), Shangla (MIS2), and two organizations, namely,
Malakand (MIS3) and Mohmand (MIS4). Fecal coliform bacteria were present in the study
region at concentrations of BDL-60.0, BDL-32.0, BDL-97.0, and BDL-89.0 colonization units
per 100 mL (CFU/100 mL), respectively. The water samples from MIS2 were found to
have the lowest mean concentration of fecal bacteria (8.45 CFU/100 mL), whereas the
water samples from MIS3 had the highest mean concentration (18.25 CFU/100 mL). In the
research region, 78% of groundwater sources had coliform bacteria contamination when
contrasted with the permissible threshold (0 CFU/100 mL) of water established by the
WHO and Pak-EPA. This high fecal contamination bacteria pollution may be caused by
poor sanitation, poor-quality sewage tanks, and animal and human waste [211]. In the
Sindh province of Pakistan, this is due to the application of fertilizers in agriculture and
the discharge of untreated wastewater into nearby water bodies [125]. A study also found
that the presence of nitrates was higher in groundwater samples collected from areas with
a higher population density and intensive agricultural activities [4]. In conclusion, the
biological contamination of groundwater in Pakistan is a serious problem that is caused by
a variety of factors, including the discharge of untreated wastewater, the presence of septic
tanks and latrines, the disposal of industrial waste, the use of pesticides in agriculture, and
the application of synthetic fertilizers [7]. This problem is particularly severe in areas with
a higher population density and intensive agricultural activities, and it poses a significant
threat to the health and well-being of the population (Table 3).

The physical and chemical characteristics of groundwater that can determine its quality
and appropriateness for different purposes are referred to as physicochemical parameters.
Temperature, pH, conductivity, turbidity, dissolved oxygen, and concentrations of different
dissolved ions and compounds, such as nitrates, chlorides, and heavy metals, are some
of the characteristics that make up this list [87]. These variables can be used to evaluate
the general condition of a groundwater system and spot any possible deterioration or
pollution. Monitoring these variables over time can also assist in observing changes in
groundwater quality and spotting any possible problems. Chemical contaminants such
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as fertilizers and pesticides come through industry, soil sediments, and fertilizer runoff
and then reach surrounding sources of water [44]. These sources of water include harmful
metal contaminants as a result of the dissolution of these chemicals during a hydrological
cycle [4,44]. Research was conducted to assess the total dissolved solids, hardness, pH,
alkalinity, and turbidity of groundwater. Groundwater chemistry analysis data from
Lahore were used to assess the quality of drinking water regions using a GIS. The study
found that 61% of the zone was excellent, 27% was good, 9% was moderate, and 3%
had poor quality. However, when using PSQCA guidelines, only 5% of the region is
perfect, 29% is satisfactory, 34% is medium, and 32% is not acceptable for drinking [195].
In a study by Shahab et al. (2016) [188], water samples collected in Sindh were found
to be unsafe to drink. In addition, 62.84 percent of EC samples, 34.86 percent of TDS
samples, 43 percent of Na+ samples, 17.88 percent of Cl− samples, 26.60 percent of SO4

2−
samples, 39.44 percent of HCO4

− samples, 41.7% of turbidity samples, and 35.32 percent
of hardness samples were above the WHO standard limit for drinking water. The highest
concentrations were recorded in lower Sindh (Thatta, Badin), Tharparker, and central
Sindh, where seawater intrusion occurs. Principal component analysis and correlation
studies confirm the positive link between As and Fe, which may be the reason for As
mobilization in Sindh’s water table. Moreover, in Malakand city, water samples were taken
from 75 groundwater sources to determine the quality of drinking water by analyzing the
physiochemical characteristics. Among the basic measures, only TH (1500 mg/L) surpassed
the WHO and NSDWQ guidelines. These sources of drinking water represent a grave risk
to the community’s health [212]. By collecting 10 samples of drinking water from different
sources, the physicochemical quality of drinking water in new urban areas of Peshawar
was analyzed. The pH fell within the WHO-permitted range; however, TSS levels in five
samples and NTU levels in six samples exceeded WHO and NSDWQ recommendations.
Pathogens and bacterial illnesses, including diarrhea, nausea, and abdominal pains, can be
caused by elevated levels of NTU and TSS [213].

Heavy metal contamination in groundwater is a major concern in Pakistan, and studies
have reported the presence of heavy metals such as lead, cadmium, chromium, and nickel
in many samples above the permissible limits set by the WHO [161,175]. The sources of
heavy metal contamination are varied, including industrial activities, agricultural practices,
and municipal waste disposal. It is important to continue research on the extent and sources
of the contaminations and implement measures to protect groundwater resources [142].
Trace metals are elements such as iron (Fe), cobalt (Co), and zinc (Zn) that are necessary
for the proper growth and functioning of the human body in extremely minute quantities.
Heavy metal often relates to a metallic element with a very high density or that is hazardous
in trace levels, although excessive amounts of these substances might have negative conse-
quences. Heavy metal examples contain lead (Pb), mercury (Hg), and arsenic (As) [214].
Numerous study studies have been published between 2012 and 2022 stressing the adverse
consequences of heavy metals found in drinking water, particularly groundwater. As a re-
sult of a lack of economic and technological means, protecting the human population from
the harmful consequences of metal poisoning is far more difficult in developing countries
than in industrialized nations. Table 3 shows a brief description of the major and heavy
metals present in different areas of Pakistan groundwater. Research has examined the
levels of various pollutants present in the drinking water and the potential health hazards
in Charsadda District, Khyber Pakhtunkhwa, Pakistan. The levels of nitrates in 13 locations
exceeded the limit of 10 mg/L set by the US EPA, with concentrations ranging from 10.3 to
14.84 mg/L. Similarly, sulfate levels in nine sites exceeded the limit of 500 mg/L established
by the WHO, with concentrations ranging from 505 to 555 mg/L. Additionally, concentra-
tions of Pb, Cd, Ni, and Fe exceeded the permissible limits set by various organizations in
certain areas [215]. Nickle is present in groundwater from all of Pakistan’s main cities, with
Lahore and Karachi being the worst affected (Table 3). The concentrations range from 0.001
to 3.66 mg/L. The WHO-recommended level is 0.07 mg/L, but PCSQA’s allowed limit is
0.02 mg/L [204]. When it comes to the poisoning of groundwater with arsenic and fluoride,
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Pakistan is ranked fourth internationally [216]. Regions of Sindh and Punjab have the
highest levels of arsenic and fluoride contamination. In Sindh, arsenic and fluoride ground-
water contamination has been recorded in the districts of Sukkur, Karachi, Tharparkar, and
Hyderabad [204,210]. The groundwater in the Pakistani province of Punjab has significant
arsenic concentrations in the districts of Kasur, Lahore, Multan, Sheikhupura, GI Khan,
Mianwali, and Vehari. A little under 30,000 wells have been examined as part of this general
investigation. As was found in 79% of the wells; 11% had almost 0.01 and 0.05 mg/L, and
10% of the samples had As concentrations of more than 0.05 mg/L [217].

4.3. Research on Filtration Plant Water Quality

The development of water treatment facilities and the encouragement of secure water
storage and hygienic practices are only a few of the actions taken by the government of
Pakistan to improve the quality of the water supply. However, a lack of financing and
infrastructure has hampered many of these initiatives. In Pakistan, there are also a lot of
nongovernmental groups that are striving to raise water quality through community-based
projects and education. Few studies have been conducted to assess filtration plant water
quality (Table 4). One study focused on evaluating the water quality of filtration plants in
two populated cities of Pakistan, Rawalpindi and Islamabad. Samples were collected from
plants run by the Capital Development Authority in Islamabad and the Water and Sanitation
Agency in Rawalpindi. The results showed that several physiochemical parameters and
metals were above the acceptable limit set by the World Health Organization. Many
samples in both cities were found to be of poor quality with a water quality index greater
than 100. The study also found that children are more vulnerable to health hazards
from contaminated water. The study suggests that the proper management of limited
underground water resources is necessary to ensure the sustainability of safe drinking
water in these cities [123]. Another study in the same city assessed the quality of drinking
water in the distribution network by collecting 80 samples of water in triplicate from
treatment plants and residential taps. Samples were analyzed for various parameters
such as free total coliforms, chlorine residue, chloramines, trihalomethanes, total chlorine,
total organic carbon, fecal coliforms, and turbidity. The results revealed that some areas
of Islamabad City, such as sectors F-6, F-10, and F-11, were free of fecal contamination,
while other areas, such as E-7 and F-7, had contamination at a few stations among all the
collected samples. The most contaminated areas were found to be sectors F-8, G-9, G-8, I-9,
and I-8 of Islamabad, with high levels of E. coli at most sampling stations. Additionally,
high concentrations of trihalomethanes and chloroform were detected in sector F-8 [218]
(Table 4). It is crucial to evaluate the water quality in filtration facilities since it has a direct
influence on people’s health and well-being. The sources of water for these filtration plants
were groundwater and surface water [123]. It is essential to systematically research the
water quality in filtration facilities in Pakistan, where access to clean drinking water is a key
challenge. The scarce water resources are under stress due to a growing population and
human activities, making it even more crucial to monitor and preserve them. In developing
nations, where water quality monitoring and maintenance are frequently insufficient, the
situation is more serious. Given the importance of this problem, it is essential that further
research be conducted to thoroughly examine the water quality of Pakistani filtration
facilities. The microbiological and health concerns related to water should also be studied,
in addition to the physiochemical characteristics. Researchers can then pinpoint issues and
provide workable remedies to raise the nation’s water quality. In order to guarantee the
population’s access to potable drinking water for the foreseeable future, the research should
also take sustainable management of subsurface water resources into account. Furthermore,
evaluating the water quality in filtration facilities in Pakistan is essential to safeguarding
the population’s health and welfare. To thoroughly examine the water quality and provide
practical strategies to enhance it, further research is required. In order to guarantee the
population’s access to clean drinking water over the long term, this research should also
take sustainable water resource management into account.
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Table 4. Research on filtration plant water quality in Pakistan.

Year
Sample

Location
Number of

Samples
Pollution

Source

Flagged
Pollutants and

Parameters

Method
Used

Health
Issues

Assessment
References

2020

Rawalpindi and
Islamabad 85 Not specified

Electrical
conductivity,

alkalinity, and
arsenic

Lab analysis x [123]

Pakistan 638 Not specified Microbiological,
Fe, and Mn Lab analysis x [219]

2014 Islamabad 80 Not specified E. coli Lab analysis x [218]

Total 03 803 03

x—included health issues in paper.

4.4. Research on Rainwater Quality

Rainwater quality assessment is an important field of research in Pakistan since it is a
key supply of water for many people. The country’s semiarid and desert regions rely largely
on precipitation as a supply of water for drinking, irrigation, and other purposes. However,
numerous variables, such as industrial and agricultural operations, urbanization, and
climate change, can have an impact on the quality of rainfall [220]. There have been several
studies on the rainwater quality in Pakistan in recent years. These studies have focused
on various aspects of rainwater quality, including chemical and physical parameters, as
well as microbiological and health risks. In order to solve the water scarcity problem in the
chosen research region, a study was undertaken to analyze the quality of roof-harvested
rainwater. The research team also attempted to discover any potential health risks linked
with rainwater drinking in the study location. With the exception of pH, turbidity, and trace
amounts of certain elements such as Fe and Pb, the examination of the samples found that
all of the physicochemical parameters were within the allowed range stated in the World
Health Organization’s drinking water standards. The samples’ mean pH values varied
from 5.18 to 6.26, representing mild acidity. The greatest mean turbidity level measured was
5.77 NTU. Furthermore, the mean amounts of Fe and Pb were 0.95 mg/L and 0.056 mg/L,
respectively, exceeding the World Health Organization’s drinking water recommendations.
The study’s findings show that, while roof-harvested rainwater can be a possible supply
of drinking water, it may require further treatment to fulfill the WHO’s drinking water
quality requirements [220].

Several contaminants and characteristics have been identified in rainwater in Pakistan
that may constitute a health risk if swallowed. Due to industrial pollution and pesticide
usage in agriculture, rainwater in Pakistan has been discovered to have high amounts of
heavy metals, such as Pb, Cd, and Cr [221]. Rainwater in Pakistan has also been shown
to be rich in bacteria, including E. coli and fecal coliforms, which can cause waterborne
illnesses. Furthermore, organic contaminants such as pesticides and herbicides are found
in significant concentrations in rainfall samples. These contaminants have the potential to
harm aquatic life and taint drinking water supplies [222]. Several studies evaluating rain-
water quality in Pakistan have been conducted recently. The studies in Table 5 concentrated
on different elements of rainwater quality and demonstrated that a number of variables,
such as industrial and agricultural activity, urbanization, and climate change, can have an
impact on rainwater quality. According to the research, the good management of rainwater
resources is necessary to guarantee that there is enough clean drinking water for the entire
population [220].
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Table 5. Research on rainwater quality in Pakistan.

Year
Sample

Location
Number of

Samples
Pollution Source

Flagged
Pollutants and

Parameters
Method Used

Health
Issues

Assessment
References

2022 Lower Dir 35

Vehicular and
industrial

pollution and
spray drift

Fe and Pb
Lab analysis

and risk
assessment

x [220]

2019 Punjab 20
Industries, fuel
burning, and

vehicles
Cd and Pb Lab analysis - [221]

2018 Jamshoro 4 Natural

Alkalinity,
nitrogen, sodium,
Cl, silicates, and

phosphate

Lab analysis x [222]

2017 Toba Tek
Singh 72 Not specified pH, EC, and TDS Lab analysis - [223]

2014

Tharparkar 9 Natural As and F
Lab analysis

and statistical
analysis

- [224]

Karachi 54
Industries, fuel
burning, and

vehicles
NO3

− Lab analysis x [225]

Karachi 35
Industries, fuel
burning, and

vehicles
TDS and F Lab analysis x [226]

Total 7 229 4

x—included health issues in paper. —-did not include health issues.

5. Pollution Sources, Assessment Techniques, and Sustainable Development
Importance

5.1. Water Pollution Sources in Pakistan

Rising water scarcity and pollution in Pakistan pose a serious danger to the economy
and human life, unveiling the importance of the bioeconomy to sustainability [227,228].
Water contamination has been a major concern in the country as the population and
economy have grown [44]. The situation is exacerbated by a lack of water treatment
technology and knowledge [229]. The overuse of chemical fertilizers and pesticides in
agriculture [178], the discharge of industrial waste [175] and untreated sewage into nearby
bodies of water [209], and contamination from leaks and malfunctioning pipes used for
water delivery are the primary water pollution sources [87]. Industrial wastewater is
directly discharged into near water bodies. Pollutants can enter surface water and then
groundwater from industrial areas such as textile mills, tanneries, and chemical plants due
to leaks or inappropriate waste disposal. Toxic materials such as heavy metals, chemicals,
and other harmful substances are examples of pollutants [2,230]. Sewage discharge is
another type of groundwater pollution in Pakistan, where improper sewage disposal can
contaminate groundwater with bacteria and other contaminants. This can happen when
sewage is not adequately treated before disposal or is not disposed of in a way that prevents
it from leaking into groundwater [231]. In Pakistan, landfills and the open dumping of solid
waste are also sources of surface contamination. Pakistan produces over 48.5 million tons
of solid waste yearly [149,156]. Pakistan faces many of the same environmental concerns
as other developing countries due to a lack of garbage disposal facilities. The majority of
municipal garbage is often burnt, discarded, or dumped in vacant lots in many areas, which
has an impact on the well-being of the populace. Major cities in Pakistan are estimated
to produce 87,000 tons of solid trash daily by the government (GOP) [51]. Solid waste
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placed in landfills can produce leachate and harm groundwater [232]. This can happen if
the landfill is not adequately planned or managed or if garbage is not confined effectively.

Water quality can be changed by a large number of factors, including agricultural
practices, industrial activity, and poor waste disposal. Agricultural activities are a major
source of groundwater and surface water pollution in Pakistan [156]. Farmers frequently
rely on agrochemicals to keep their crops healthy and protect them from bacterial and
insect attacks. However, these pollutants can leach into the soil and eventually pollute
groundwater [233]. Furthermore, these chemicals combine with precipitation and run into
water bodies, eventually leaking into the sea and contributing to water contamination.
Furthermore, pesticides can combine with irrigation and rainwater and penetrate aquifers,
polluting these crucial water sources even further. Pesticides and fertilizers include a wide
range of hazardous substances that can affect human health and aquatic life [234]. Improper
sewage disposal can contaminate groundwater with bacteria and other contaminants. This
can occur when sewage is not adequately treated before disposal or is not disposed of
in a way that prevents it from leaking into groundwater. This form of pollution may
have a considerable influence on the population’s health and well-being, as well as the
environment [235].

Mining is another source of groundwater contamination. Water contamination can
result from mining minerals in mines [73]. This may happen if the mining activity is
not sufficiently monitored or if the mining site is not properly cleaned up afterward.
Furthermore, Pakistan is facing many climate change issues. Climate change is also altering
the quality and availability of water resources in Pakistan [44,134]. Surface water supplies
are being reduced as snow and ice cover in the Himalayas and Hindu Kush Mountains,
which feed the Indus River system, decreases. The melting of glaciers has a significant
influence on the supply of water for agriculture and residential usage, as well as the region’s
hydropower potential [236]. The contamination of both groundwater and surface water is
a major concern in Pakistan, putting people’s health and well-being at risk. To address this
challenge, important steps must be taken, such as strengthening environmental laws and
policies, initiating public education programs, and undertaking more research to identify
effective solutions.

5.2. Method Used for the Water Quality Assessment

Water quality assessment is a crucial aspect of ensuring the safety and health of the
population. Pakistan faces a number of challenges in terms of providing safe drinking
water, including a lack of infrastructure and limited resources [97,237]. However, there
have been several methods used in different studies in the period from 2012 to 2022 to
assess the drinking water quality in Pakistan. One of the most commonly used methods
is lab analysis [92,118]. This involves collecting samples of water from different study
areas (such as lakes and rivers) and analyzing them for various contaminants (such as
physicochemical ones, bacteria, and heavy metals). Water testing can be performed using
various techniques, such as PCR, ELISA, and microscopy. Another method for assessing
drinking water quality is through the use of water quality indicators [82,238]. While all
WQIs have a similar framework, each was created with one of two goals. These goals may
be broader, such as measuring the quality of life in a specific area, or more particular, such
as implementing a new water treatment system. These methods have been used for both
surface and groundwater. Furthermore, Tables 2–5 also list, for each of the WQIs under
evaluation, the context in which it was created or is being used.

A comprehensive assessment is meant to provide individuals with an idea of the
overall water quality, while specialized evaluations are meant to ensure that water is “suit-
able” for those who want to do certain things with it [65,71]. Some authors also used some
recently developed modeling-based methods (SWAT and AI) to assess rain surfaces and
groundwater quality [50]. Different studies have used geographical information systems
(GISs) to create maps and visualize data, such as water quality test results, and can help
identify patterns and trends in water quality. This is useful for identifying areas where
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water quality is poor and developing plans to improve it [54,239]. Furthermore, community-
based monitoring is another important method for drinking water quality assessment in
Pakistan. This approach involves engaging local communities in the assessment and moni-
toring of surface and groundwater quality. Different studies have used the questionnaire
survey method to understand water quality and health issues [153,240]. Furthermore, to
evaluate data and detect patterns and trends in water quality, statistical analysis methods
are extensively employed in water quality evaluation in Pakistan. Principal component
analysis (PCA) [168]; cluster analysis (CA) [87]; multivariate statistical techniques (MST),
such as factor analysis (FA) and discriminant analysis (DA) [84,198]; and statistical process
control are among these methodologies (SPC). In addition, along with these, various other
methods are now being used to characterize and evaluate the quality of groundwater. Some
of these methods include the blind number approach, the fuzzy mathematical method,
cluster analysis, and a collection of pair analysis approaches [241]. These approaches can be
used to detect probable sources of pollution, assess the efficacy of water treatment processes,
classify water samples, and track water quality over time. Remote sensing technology
can be used by future researchers in surface water quality analysis. This involves using
satellite imagery and other remote sensing techniques to map and monitor water resources,
such as surface water and groundwater bodies. This can provide information on water
availability and quality, as well as help identify potential sources of pollution [242,243]. It
is important to note that the evaluation of water quality in Pakistan also takes into account
other variables, including TDS, BOD, and DO. To obtain a thorough evaluation of water
quality in Pakistan, these factors are employed in addition to the ones described above.

Moreover, there are various methods that can be used in the future to assess drink-
ing water quality in Pakistan. These methods can be used in combination to provide
comprehensive knowledge of water quality and to identify potential sources of contamina-
tion. Recent years have observed an expanding necessity for a real-time sensing system
capable of appositely recognizing occurrences of contamination in water distribution sys-
tems. A study by Piazza et al. (2020) [9] suggests a numerical optimization methodology
that involves the utilization of the NSGA-II genetic algorithm combined with a diffusive–
dispersive hydraulic simulator to optimize the efficiency of sensor configurations [244–246].
Due consideration of diffusion in the placement of water quality sensors is of the greatest
importance if reliable monitoring networks are to be established, according to the findings
of the research. Furthermore, the identification of sources of contamination is essential
for the successful management of water pollution, which is an important issue in the
water sector. The Bayesian method has also been used by different researchers to identify
the most contaminating effluents in pressurized distribution systems and urban drainage
networks. This can be achieved by the installation of real-time water-quality-measuring
sensors [247]. Researchers in Pakistan can potentially utilize these methods in the future to
assess water quality.

5.3. Importance of Water Quality in Combating Climate Change and Achieving
Sustainable Development

Water quality is an important component of both sustainable development and cli-
mate change mitigation [248,249]. Water is a fundamental human right that is required for
the existence and well-being of all living creatures. Poor water quality can cause health
issues, financial losses, and environmental deterioration. The United Nations Sustainable
Development Goals (SDGs) comprise explicit aims to achieve universal access to and the
sustainable management of water and sanitation [250]. This includes Objective 6.1, which
seeks to provide universal and equal access to clean and cheap drinking water for all,
and Target 6.2, which aims to provide universal and equitable access to sanitation and
hygiene for all [251,252]. The lack of access to water, whether resulting from human activity
or natural phenomena, can have catastrophic consequences for the health, dignity, and
economic prosperity of billions of people around the globe. SDG 6, commonly referred to
as the “water goal”, serves as a guideline for achieving water security and is indispensable
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for the achievement of the goals of the remaining SDGs [253]. Climate change also has
an impact on water quality in a variety of ways. Changes in precipitation patterns and
rising temperatures can cause more frequent and severe flooding, droughts, and other
extreme weather events, contaminating water supplies and disrupting water infrastructure.
These occurrences can also cause increased sedimentation and erosion, which can damage
water infrastructure and make it more difficult to provide populations with clean and safe
water [251,254]. Furthermore, climate change can cause changes in water temperature and
chemistry, which can harm aquatic habitats and the animals that rely on them. This can
eventually disrupt the entire water cycle, resulting in water shortages and compromising
sustainable development goals. Improving water quality is thus critical for attaining a vari-
ety of long-term development goals and mitigating the effects of climate change. Investing
in water infrastructure and improving water management methods, as well as decreasing
pollution and safeguarding water sources, are all part of this [255]. This also entails striving
to reduce the effects of climate change by lowering greenhouse gas emissions and adapting
to existing changes [256,257]. Water quality is critical not just for human consumption but
also for agricultural and industrial applications. Poor water quality can result in lower
agricultural yields and higher expenses for farmers and companies. This has an impact on
food security and may result in economic losses. Water shortages and poor water quality
can also boost rivalry and conflict over water resources, undermining long-term develop-
ment [258]. Water quality is an important component of both sustainable development and
climate change mitigation. Addressing water quality challenges necessitates a multifaceted
approach that includes establishing integrated water resource management, investing in
water infrastructure, and employing cutting-edge technology. This can eventually lead
to better access to clean and safe water, higher food security, and long-term economic
prosperity. Furthermore, it is critical to reducing the consequences of climate change, which
is increasing water quality problems.

6. Conclusions

This comprehensive review of water quality assessments and monitoring in Pakistan
has offered a complete picture of the country’s present water quality situation. In order
to properly manage and safeguard Pakistan’s water resources, improved monitoring and
evaluation methodologies are required, as evidenced by the data in this research. This
review indicates that Pakistan has substantial water quality challenges, including high
levels of industrial and agricultural pollution. In addition, restricted access to reliable data
and a lack of cooperation between many stakeholders are significant obstacles to success-
fully resolving these concerns. The assessment found that the quality of water resources
in Pakistan, both surface and groundwater, is highly inconsistent and often falls short of
the standards set by the WHO and national standards. The presence of pollutants in water
sources, including heavy metals, pesticides, and microorganisms, poses a significant danger
to human health and the environment. Industrial and agricultural activities have been
found to have a serious impact on the water quality of Pakistan’s major rivers, including
the Indus and the Chenab. Furthermore, the water quality of groundwater resources is
at risk due to excessive extraction and inadequate management. The low availability of
reliable data and information on water quality is another key problem. Despite the presence
of several monitoring programs, the data collected is frequently insufficient, inconsistent,
and difficult for the public to access. This makes it challenging for policymakers and
decision-makers to make informed water management and protection decisions. Moreover,
a lack of coordination between many stakeholders, such as government agencies, industry,
and local populations, limits the effective management of water resources.

This examination also highlighted the necessity of enhanced monitoring and evalu-
ation procedures. Actual monitoring and evaluation methods in Pakistan are frequently
out of date and do not correctly reflect the current water quality situation. In addition, our
analysis uncovered a lack of ability and resources for monitoring and evaluation at the
local level. This makes it challenging for local communities to monitor and manage their
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water supplies properly. This review recommends a variety of initiatives for governments,
businesses, and local communities to adopt to address these challenges. Industry must
be held accountable for its effect on water quality. The government should impose more
stringent rules on industrial and agricultural activities and hold enterprises accountable for
any water contamination caused by their operations. Finally, local communities should be
given the authority to actively monitor and safeguard their water supplies. The government
should assist local communities with the skills and resources necessary to successfully
monitor and manage their water supplies. Additionally, local communities should be
included in water management and protection decision-making processes.

Limitations of This Study

Several intriguing discoveries have been made due to this thorough evaluation of
water quality monitoring and assessment in Pakistan that might be pursued in future
research. The Indus River is the most polluted river in terms of microplastic particles in
the world. This river is the principal source of potable water for agriculture and human
consumption in Pakistan. Our water sources have not been studied for these contaminants
in the past. Future research can examine the presence of pharmaceuticals, soaps, detergents,
body lotion, and other personal care items in sources of drinking water. GISs have been
used in water quality monitoring and evaluation, although this is still uncommon. This
method may be used to collect data on water contamination across a larger area, as opposed
to still-popular city-by-city study investigations. In addition, this study has mostly focused
on surface and groundwater resources and may have overlooked other significant water
sources, such as bottled water, filtered water, rainfall harvesting, and desalination. These
water sources are gaining significance, particularly in countries where water shortages are
a significant concern. Consequently, future studies may expand into these areas. High
levels of pollution from industrial and agricultural sources have been highlighted as the
most significant water quality challenges in Pakistan. However, no concrete advice for
correcting these difficulties is provided. Therefore, further studies and research are required
to comprehend the complexities of water quality challenges and find viable strategies to
address them. Furthermore, the economic component of water quality monitoring and
evaluation has not been explored. The cost of adopting the proposed solutions has not been
analyzed, nor have the potential benefits and costs of these solutions. It is crucial to assess
the economic viability of the suggested alternatives. Lastly, there is a lack of studies on the
relationship between water quality and its health effects. Therefore, future research should
focus on finding the link between water and health.
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Abstract: As the global population rises, agriculture and industry are under increasing pressure to
become more sustainable in meeting this growing demand, while minimizing impacts on global
emissions, land use change, and biodiversity. The development of efficient and symbiotic local
bioeconomies can help to respond to this challenge by using land, resources, and side streams in
efficient ways tailored to the needs of different regions. Green biorefineries offer a unique opportunity
for regions with abundant grasslands to use this primary resource more sustainably, providing
feed for cows, while also generating feed for monogastric animals, along with the co-production
of biomaterials and energy. The current study investigates the impact of a green biorefinery co-
product, leaf protein concentrate (LPC), for input to a pig farm, assessing its impact on pig diets,
and the extended impact on the bioenergy performance of the pig farm. The study found that LPC
replaced soya bean meal at a 50% displacement rate, with pigs showing positive performance in
intake and weight gain. Based on laboratory analysis, the resulting pig slurry demonstrated a higher
biogas content and 26% higher biomethane potential compared with the control slurry. The findings
demonstrate some of the local synergies between agricultural sectors that can be achieved through
extended green biorefinery development, and the benefits for local bioeconomy actors.

Keywords: bioeconomy; biorefinery; pigs; soya bean; grass; protein; biogas; biomethane

1. Introduction

The world currently faces a climate and biodiversity emergency brought about, in part,
by an unsustainable food system, which has an immense environmental footprint [1,2].
Globally, livestock farming is the single greatest source of environmental impacts in agri-
culture, accounting for 77% of all land used for food production, with 14.5% of global
greenhouse gases (GHGs) linked to livestock production (rising to 25% if land use change
is included) [3]. In Europe, agriculture is a significant contributor to GHGs with about 10%
of all Europe’s GHGs generated by agriculture [4]. This varies by country, with countries at
the lower end, such as Netherlands, U.K., and Greece, below 10%, and other countries such
as Lithuania and Latvia recording over 20% of their emissions from agriculture [5]. Ireland
has the highest proportion of national agricultural emissions of all EU member states, with
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over 30% of total national emissions coming from agriculture [5,6], the vast majority of
which arises from livestock sectors [6].

The European Green Deal sets out Europe’s pathway towards a climate-neutral future,
which involves reducing net emissions by at least 55% by 2030 and ultimately achieving
climate neutrality by 2050 in line with its commitments under the Paris Climate Agree-
ment [7]. These ambitious European targets place pressure on the agriculture sector to
reduce its emissions at the member-state level, with several member states already taking
sector-specific action in response.

The development of a circular bioeconomy underpinned by sustainable renewable
biological resources from primary production and its associated technological, product,
and systemic solutions has been proposed as offering a solution to support a reduction
in emissions within the broader agricultural and livestock sectors, while at the same time
offering new business and innovation opportunities in traditional primary sectors [8].
Solutions vary from synthetic and seaweed-based additives, which can potentially inhibit
rumen methane emissions [9,10], to the displacement of fossil-based materials and fuels
with new bio-based materials and biofuels produced from agricultural by-products [11–13],
to nature-based solutions [14,15]. Many synergies for bioeconomy development exist
within primary sectors, and some of these are explored in Figure 1. Using this approach,
many local agricultural and societal needs may be met using available local primary
resources, thereby increasing the self-sufficiency of the region, while reducing emissions
by using local and shorter supply chains. This approach may be seen as an expansion of
the concept of bio-districts or eco-regions which, as described by Dias et al. [16], aims to
stimulate a collective approach to sustainable resource management by adopting organic
farming practices at a territorial level to ensure benefits are distributed across the region,
stimulating rural stakeholder networks and strengthening existing links between rural
stakeholders. This can contribute to sustainable local development that prioritizes resource
conservation and ecological integrity as inherent characteristics of economic logic, and can
contribute to greater quality of life for direct stakeholders and local communities [16]. The
potential of adapting this bio-district approach to support local bioeconomy development
is exemplified in Figure 1 below, which shows potential synergies between (1.) grassland,
(2.) monogastrics, and (3.) marine sectors, which can all provide goods and services for the
overall bio-district.

One opportunity for potential local symbiosis between primary sectors exists in the
development of green biorefinery models. Many protein sources are not being used
optimally and may be more efficiently used by deploying biorefinery approaches [17]. In
green biorefinery systems, green biomasses, such as grasses and legumes, can be processed
into multiple co-products, including leaf protein concentrate (LPC), which is suitable
for both ruminant and monogastric animals and for use in aquaculture [18–20]. This
approach can help to improve the overall resource efficiency of the green biomass by
providing an ensiled fiber press cake for cows, which can offer a reduction in nitrogen and
phosphorous emissions while maintaining milk productivity [18,20,21], and by providing
an additional LPC co-product that can potentially replace soya bean meal in pigs, poultry,
and other monogastrics [22,23]. The opportunity to use available grasslands in Europe
more efficiently to produce a local, homegrown protein could resolve a key challenge
for European agriculture, which is heavily reliant on imported sources of unsustainable
feed. The European Union (EU) is reliant on animal feed imports from North and South
America for livestock production, due to domestic deficits [24]. In addition, such a model
can provide further bio-materials including fiber for insulation materials, bio-composites
and packaging, high-value prebiotic materials, and brown juice or grass whey [25,26]. This
whey can subsequently be used in different applications, for example, in biogas production
or as fertilizer [25,26]. The interest in biogas production and its upgrading to biomethane,
which can substitute natural gas and vehicle fuel, has become a trend in Europe, but its
potential is still underexploited [27–29]. This interest has been further heightened by the
Russia–Ukraine war. The REPower EU Plan, introduced by the EU Commission in 2022,
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focuses on reducing energy dependence on Russia by setting a target of 35 billion cubic
meters of biomethane production by 2030, thus replacing the need for the import of natural
gas [30].

 

Figure 1. A bio-district approach for bioeconomy development. The figure shows potential synergies
between (1.) grassland (ruminants), (2.) monogastrics, and (3.) marine sectors, which can collectively
provide goods and services for the overall local bio-district (4.). Conventional products (traditional
food products, such as milk, beef, fish, and pork) are highlighted by continuous lines while dotted
lines indicate new value chains and products. A green biorefinery (5.) and anaerobic digestion
unit (6.) are included as examples of enabling technologies that can support new local value chain
development. In sector (1.), grass is supplied into a green biorefinery which can create low-emission
feeds for ruminants and monogastrics (and potentially aquaculture feed), replacing imported feed
sources. Other bio-material products may also be produced such as fiber insulation materials.
Conventional dairy and meat products are also produced from the grassland chain. In sector (2.), pig
slurry along with other animal slurries and food waste from the municipality can be supplied to an
anaerobic digester to create heat, electricity, and/or biofuels for the bio-district. Pork is also produced.
In sector (3.), coastal/marine resources can supply food products such as fish, while processed marine
biomass, such as microalgae and Asparagopsis, can be used as fertilizer, feed, or anti-methanogenic
additives for ruminants within the grassland chain.

This article explores the potential benefits of green biorefinery co-product LPC for
a pig farm, partially displacing imported soya bean meal within a conventional pig diet.
The impact of this diet change on pig performance is considered, as is the resulting pig
slurry including its impact on the biomethane potential of slurry, a key factor for the pig
farm which supplies its slurry to a local community anaerobic digestion plant. While a
previous study has investigated the potential of green biorefinery LPC as an alternative
pig feed [31], within this current study the inclusion rate of LPC was greatly increased to
understand the impact of a higher inclusion rate. Furthermore, while other studies have
investigated the biogas and biomethane potential of green biorefinery by-products such
as grass whey, brown juice, de-FOS whey [25,26], and press cake [25], and various studies
have looked at pig slurry [32–34], no similar studies investigating and analyzing the impact
of the resulting biorefinery LPC pig slurry from this value chain were found within the
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literature This represents a novel aspect of the current research. In this way, this paper
explores, in more detail, the potential benefits that green biorefineries implemented within
the cattle sector can deliver for the pig sector.

2. Materials and Methods

Fresh grass was harvested from farms located within a 10 km radius of Afferden,
Limburg, in the Netherlands during July and August of 2021. The feedstock, a 75–25%
perennial ryegrass–clover mix, was processed within 12 h. The processing was carried out
with the innovative “green biorefinery” process developed by Grassa BV. The biorefinery
is a fixed unit demonstration facility with 4 tonnes per hour of fresh input processing
capacity. A schematic of the process is included as part of Figure 2 below. Briefly, fresh
grass was washed with water upon entry to the biorefinery to remove sand, with the
water being recycled within the process. The grass was then subject to wet fractionation
using an extrusion process. This created two primary products, a protein-rich “press cake”
containing 50–60% of the initial grass protein, and a green, grass-derived juice. The press
cake was further preserved through ensiling and baling, to be later used as ruminant
feed, which exhibits a high nitrogen use efficiency and reduced nitrogen and phosphorous
emissions [20]. The remaining protein is contained within the green juice. The protein
fraction of the green juice was solidified using a heat coagulation process. This solid protein
portion was extracted using a vacuum filter and then dried to in excess of 90% dry matter
(DM) creating a storable LPC. The LPC was incorporated into appropriate feed for the pigs
involved in this study. The remaining grass whey retains valuable sugars, e.g., fructans, and
minerals after the protein fraction has been removed, and these can be extracted through
further processing. The Grassa green biorefinery process is presented in Figure 3a below.
The LPC was later tested as a feed ingredient at Carhue Piggeries in Timoleague, Co., Cork,
Ireland. The piggery is also linked with Timoleague AgriGen Biodigester, where it currently
supplies its generated pig slurry for the purposes of biogas production (Figure 3b below).
The green biorefinery process is highlighted in Figure 2 below, with the main focus points
of the current study, testing of LPC input to the pig farm and impacts on pig and biogas
production, highlighted by a dotted line.

 

Figure 2. Schematic of green biorefinery value chain with main focus areas of the current study
highlighted with a dotted line.
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(a) (b) 

Figure 3. (a) Grassa 4-tonne per hour pilot green biorefinery plant production unit for LPC;
(b) Timoleauge AgriGen Biodigester for supply of slurry to produce biogas.

2.1. Analysis of Green Biorefinery LPC as an Alternative Feed for Pigs
2.1.1. Characterization of LPC

A proximate analysis of LPC was performed by Dairygold’s analytical laboratory at
Mallow, Co., Cork, Ireland. Crude fiber was analyzed using the Fibretec method based on
ISO 6865:2000 [35]. Protein was determined using the Semi-Micro-Kjeldahl method based
on ISO 5983:2000 [36]. Calcium, magnesium, sodium, and potassium were determined
using atomic absorption based on ISO 6869:2000 [37]. Moisture content was determined
using an oven at 102◦C based on ISO 6496:1999 [38]. Phosphorous was determined using
colorimetric UV spectrophotometry following ISO 6491:1998 [39]. Starch was determined
using the polarimetry method based on ISO 15914:2004 [40]. Oil content was determined
using the Soxhlet method following ISO 6492:1999 [41]. Crude ash was determined using a
muffle furnace based on ISO 5984:2002 [42].

The LPC was analyzed by Sciantec, North Yorkshire, U.K., to assess the amino acid
profile. Cation exchange chromatography was used to measure the AA content, following
24 h of exposure of the LPC to acid hydrolysis.

2.1.2. LPC and Control Diet Pig Feed Trial

To explore the potential of the LPC biorefinery co-product as a partial substitute
for soya bean meal in pig diets, pig feeding trials were conducted at a privately owned
piggery, Carhue Piggeries at Timoleague, Co., Cork, Ireland. Pigs were fed from two
separate silo’s via Schauer’s Spotmix feeding system, in which feed is dispensed dry and
is combined with water at the valve above the feeding trough and is presented to the
pigs as wet feed. This system facilitates the feeding of multiple diets across pen groups
without cross contamination or feed freshness issues. Pigs were fed ad libitum with feed
troughs probed by the computer multiple times per hour with the same probe preventing
over-feeding by regulation by the same feeding probe. Based on the characterization of the
LPC, treatment and control feed rations were designed by Makeway Nutrition Ltd. with
input from contributors with a view to reducing the soya bean usage of a conventional pig
weaner ration by 50%. The nutritional requirements of the weaner pigs were considered
in the preparation of the treatment diet in order to make it comparable to the control diet
and sufficient for the pigs’ needs. The treatment diet is provided in Table 1 alongside the
control diet.
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Table 1. Treatment and Control diet formulations for weaner pigs.

Raw Material Control (%) Treatment (%)

Barley 30.00 29.20
Maize 10.00 10.00
Wheat 25.00 25.00

Molasses 2.00 2.00
Hipro soya 22.00 11.00
Soya hulls 1.00 1.00

Whey permeate powder 2.50 2.50
Soya oil 3.70 3.10

Grass protein (42.8% CP) 0.00 12.40
Limestone flour 0.80 0.68

Salt 0.40 0.40
Lysine hydrochloride 0.00 0.08

Methionine 0.00 0.04
104 Weaner + Vita GP (2.6%) 2.60 2.60

Total 100.0 100.0

The focus of the trial was on weaner pigs aged approximately 9 weeks old and
weighing 17 kg on average at the start of the testing phase. The pigs were randomly split
into a treatment group of 110 pigs to be fed the treatment feed and a control group with
110 pigs to be fed the control diet over a 31-day period. The control diet was comprised
of wheat, maize, barley, molasses, soya bean meal (in the form of hipro soya), soy oil, soy
hull, and minerals in recommended amounts (Table 2). The treatment feed included LPC
replacing 50% of the hipro soya level contained in the control diet, which represented
the most significant change between the two diets (Table 2). Small amounts of synthetic
lysine and methionine (0.08% and 0.04% of diet, respectively) were added to the LPC diet
to prevent the crude protein of the diet from exceeding 18% crude protein and differing
greatly from the control diet. All other amino acids are non-limiting. Additionally, a
small amount of limestone flour was removed from the grass protein diet due to the high
calcium value within the LPC. A comparison of constituents from the control and treatment
diet is displayed in Table 2. The two diets were dispensed from separate feed silos using
a computerized feed system which dispensed weighed amounts of feed to each group
of pigs.

Table 2. Main constituents of treatment and control diets.

Constituent Value Control (%) Treatment (%)

Protein % 17.87 18.00
Oil % 5.34 6.07

Fiber % 3.34 3.35
Ash % 5.51 5.86
DE MJ/kg 14.32 14.24
NE MJ/kg 10.25 10.24

Lysine % 1.26 1.25
ILD lysine % 1.15 1.15
Calcium % 0.70 0.71
Dig phos % 0.36 0.36
Sodium % 0.23 0.23

The weight of pigs and feed intake were recorded on a weekly basis. These data were
necessary in order to calculate the feed intake and weight gain on a daily basis (daily feed
intake and average daily gain), and to evaluate the feed conversion ratio per treatment.

The daily feed intake (DFI) [43] for each treatment was evaluated by dividing the
total feed intake by the size of the group, i.e., the number of pigs. The total feed intake
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was calculated at the end of the trial by deducting the feed remaining from the amount of
feed delivered.

Daily Feed Intake =
Total Feed Intake

Number of pigs on treatment

The pigs were weighed throughout the trial, at the start and end of every week, to
calculate the average daily gain (ADG).

To calculate the feed conversion ratio (FCR) [44], the DFI was divided by the ADG for
each treatment group.

Feed Conversion Ratio =
Daily Feed Intake

Average Daily Weight Gain

2.2. LPC and Control Slurry Biogas and Biomethane Analysis

To assess the potential effect of the diet change on the slurry feedstock from the
perspective of anaerobic digestion, a biogas and biomethane analysis of the feedstock was
undertaken. Carhue Piggeries currently sends its produced pig slurry to Timoleague Agri
Gen, a community-based anaerobic digestion facility located at Timoleague Co., Cork,
Ireland approximately 2 km from the piggery site. At this facility, the slurry is co-digested
along with food waste to produce biogas which is converted to heat and electricity. The
site produces 500 KW of renewable electricity. The digestate produced from the digestion
process is rich in nitrogen (N), phosphate (P), and potassium (K), and this biofertilizer can be
land spread as a substitute for chemical fertilizer. To complete the analysis, approximately
2 kg of mixed slurry resulting from the treatment and control pig feeding trial batches from
Carhue piggeries were collected and sent for analysis by Celignis Analytical, located at
Castletroy, Co., Limerick, Ireland.

2.2.1. Determination of Total and Volatile Solids for Slurries

Slurries from weaner pigs feeding on LPC and the traditional soya bean meal diets
were analyzed for biomethane potential. The samples were extracted simultaneously from
the manure cellars when the feeding period ended. Prior to the BMP analysis, both slurries
underwent a proximate analysis for determination of the total solids, volatile solids, and
ash content. The proximate analysis followed European standard protocols as described in
reference methods EN 14774-1:2009 [45] and EN 14775:2009 [46].

2.2.2. Biomethane Potential (BMP) of Slurries

An Anaero BMP unit consisting of 15 slots for 1 L digesters (700 mL working volume)
was utilized for determination of methane potential from the slurries. The digesters were
constantly stirred with stainless steel paddle systems and were placed in a 37 ◦C water
bath. The BMP analysis followed the German standard method protocols (VDI 4630).
Celignis propriety inoculum, which treats different sources of substrates including grass,
whey, sewage sludge, manure, and other lignocellulosic biomass, was utilized for the BMP
analysis. The inoculum was sieved to remove residual organic matter and degassed for at
least seven days to remove any remaining organic matter. An inoculum to substrate ratio
of 4:1 was prescribed in the VDI 4630 reference method. The BMP analysis of each slurry
was performed in triplicate with no pH adjustments. pH adjustments with special reagents
were not required because the pH of the substrate–inoculum mix was within the optimum
range for anaerobic digestion. The BMP analysis of LPC and soya bean meal pig weaner
slurries was monitored within 28 days of digestion.

2.2.3. Biogas Analysis and Biomethane Calculations

In the Anaero BMP unit, a tipping bucket flowmeter system coupled with a recording
computer was used to measure biogas production from the various digesters. The flow
meter had 15 chambers (buoyancy bucket design in every chamber), and each chamber
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contained a salt solution that prevents the dissolving of carbon dioxide, hydrogen sulfide,
and ammonia from the biogas generated during this study. The biogas from the flowmeter
was collected in 2 L Tedlar bags and methane, carbon dioxide, hydrogen sulfide, ammonia,
and oxygen were analyzed using a Biogas 5000 gas analyzer. On the 3rd, 7th, 14th, 21st,
and 28th days of digestion, the gas composition was analyzed and utilized to determine
the biomethane potential of the slurries, applying methods used by Ravindran et al. [25] to
evaluate the biomethane potential of green biorefinery products (Equations (1)–(5) [47–51]).

Cumulative biogas produced =
Day 28

∑
Day 0

(biogas produced per day(mL)) (1)

Biogas yield =
Cumulative biogas produced (mL)

FM or TS or VS fed (g)
(2)

Average CH4 percentage = Determined from Biogas analyzer 5000 (3)

Cumulative CH4 produced =
Day 28

∑
Day 0

(% Average CH4 × biogas produced per day(mL)) (4)

Methane yield =
Cumulative methane produced (L)

FM or TS or VS fed (kg)
(5)

3. Results

3.1. LPC and Control Diet Pig Feed Trial Results
3.1.1. Characterization of Grass-Derived LPC

A number of important LPC properties including crude fiber, ash, protein, starch, and
total solids were determined through proximate analysis. Based on the analysis, the LPC
had a high DM content, containing only 5.5% moisture. The sample contained 42.8% crude
protein on a DM basis, 3.9% crude fiber, 9.4% ash, 2.8% potassium, 0.37% phosphorous, and
oil content of 12.1%. Neutral detergent fiber was 43.5%, and acid detergent fiber was 7.63%.

3.1.2. Amino Acid Profile of LPC

The amino acid profile of the LPC is provided in Table 3. The analysis shows that the
LPC was rich in glutamic acid (3.7%), aspartic acid (3.53%), leucine (3.10%), and alanine
(2.24%). Table 4 provides a comparison between the constituents of LPC compared with
soya bean meal and other common feedstuffs. Overall, the LPC compares quite well with
soya bean meal, providing comparable levels of protein, lysine, methionine, and threonine,
although with lower cystine. The LPC also compares favorably with rapeseed meal, with
LPC containing higher crude protein and crude fiber contents than rapeseed meal (Table 4).
Comparing the composition of the LPC with the results of LPC produced by Ravindran
et al. [31] from perennial rye grass, the overall CP is significantly higher (43% versus 34%)
and more consistent with the CP content of soya bean meal, as indicated in Table 4. The
sample also has a higher content of production-limiting amino acids lysine, methionine,
and threonine. The increase in protein content may be partly resulting from the removal
of small fibers from the protein products and soluble salts such as potassium, which are
washed using a vacuum filter in the current biorefinery process. The DM content of the
LPC from this study is higher when compared with Ravindran et al. [31] (94.5% versus
87%) due to a new drying process that was implemented in the current biorefinery process.
The protein was dried at 70 ◦C in a belt dryer with a residence time of 24 h; Maillard
reactions occurred, as well as polymerization reactions in unsaturated fats. The crude fiber
of the current LPC is lower than that found by Ravindran et al. [31], but it is still in the
comparable range with soya bean meal (Table 4) [33]. The ash content was reduced from
11.9% to 9%. This reduction may be attributed to lower sand contained on the feedstock or
improved washing of feedstock during pre-processing.
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Table 3. Amino acid profile of LPC.

Constituent %

Cystine 0.21
Aspartic 3.53

Methionine 0.72
Threonine 1.71

Serine 1.54
Glutamic 3.77
Glycine 1.91
Alanine 2.24
Valine 2.09

Iso-leucine 1.71
Leucine 3.10
Tyrosine 1.00

Phenylalanine 2.07
Histidine 0.78

Lysine 2.03
Arginine 2.07
Proline 1.65

Table 4. Crude fiber, crude protein, and selected amino acid profile of various feedstuffs in comparison
with LPC from the current study [52] (g/100 g).

Animal Feed
Protein Sources

Unit Crude Protein Lysine Methionine Cysteine Threonine Crude Fiber

Soya bean meal g/100 g 44–48 2.81–3.20 0.60–0.75 0.69–0.74 0.71–2.00 3.0–7.0
Sunflower meal g/100 g 24–44 1.18–1.49 0.74–0.79 0.55–0.59 1.21–1.48 12.0–32.0
Rapeseed meal g/100 g 34–36 2.00–2.12 0.67–0.75 0.54–0.91 1.53–2.21 10.0–15.0

Cottonseed
meal g/100 g 24–41 1.05–1.71 0.41–0.72 0.64–0.70 1.32–1.36 25.0–30.0

Grass protein
concentrate g/100 g 42.8 2.03 0.72 0.21 1.71 3.9

Once mixed into rations at the Barryroe feed mill, finished feed appeared dark green
in color compared with the control sample (Figure 4 below).

Figure 4. Control feed (left) compared with treatment feed (right)—note the green color of the
treatment feed.

3.1.3. Feeding Trial

Pig weights were recorded at the beginning of the trial. The initial average weight of
the control group pigs was 17.388 kg, while the initial average weight for the treatment
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group pigs was 17.246 kg. As expected, feed intake increased in both groups during the
course of the trial, and by week 5 the average trial end weight was 35.092 for the control diet
and 35.450 for the treatment diet. The total weight gain per pig since weaning is presented
in kg in Table 5and shows a comparable weight gain for pigs on the control diet versus
those on the treatment diet, with pigs gaining 19.494 kg and 19.554 kg, respectively, by
week 5.

Table 5. Total weight gain per pig since weaning on treatment and control diet.

Total Weight Gain Per Pig Since Weaning (kg)
Date of Weighing Treatment Control

Week 1 4.656 4.413
Week 2 8.557 9.178
Week 3 13.104 14.178
Week 4 18.204 17.704
Week 5 19.554 19.494

The dung consistency appeared similar in both batches,; however the treatment dung
had a notable green color. Overall, the pigs on the treatment diet appeared healthy.

Daily Feed Intake

The DFI was measured weekly during the trial. The results indicate that the pigs
readily accepted the treatment feed. During the first week, week 1, the control group DFI
was 1.060 kg/d and the treatment group DFI was similar: 1.079 kg/d. During week 2, the
DFI dipped lower (1.155 kg/d) for the treatment diet than the control diet (1.167 kg/d).
Subsequently, the DFI of the treatment diet overtook that of the control diet from week
3 onwards and was 3% higher at the end of the trial (1.427 kg/d versus 1.391 kg/d,
respectively, for treatment and control).

Overall, the difference in DFI between the treatment and control group was not
significant. A slightly larger amount of the treatment feed was eaten by the pigs in the
treatment group than the amount of control feed eaten by their counterparts in the control
group, which suggests that the weaner pigs liked the treatment diet. These results are
described in Table 6. A similar trend was also seen in the study by Ravindran et al. [31],
with pigs also consuming more treatment feed [31]. These findings indicate that the
incorporation of green protein in the diet enhances the attractiveness of the feed, e.g., due
to changes in taste, smell, or other sensory characteristics. Stødkilde et al. [23] found that
the addition of green protein to pig feed rations did not negatively change the taste, i.e.,
pigs were not discouraged from consuming it [23]. Moreover, inclusion of green protein
from specific feedstocks, e.g., clover grass, has also been found to improve the meat yield
and omega-3 fatty acid content of pig meat, which may have positive health benefits [24].

Table 6. Comparison of treatment and control groups describing daily feed intake, feed conversion
efficiency, and average daily gain.

Date of Weighing
Daily Feed Intake

(kg/day)
Feed Conversion

Efficiency
Average Daily Gain

(kg/day)
Treatment Control Treatment Control Treatment Control

Week 1 1.079 1.060 1.62 1.68 0.665 0.630
Week 2 1.155 1.167 1.89 1.78 0.611 0.656
Week 3 1.285 1.265 2.06 1.87 0.624 0.675
Week 4 1.384 1.349 2.13 2.13 0.650 0.632
Week 5 1.427 1.391 2.19 2.14 0.652 0.650

Average Daily Weight Gain

Average daily gain (ADG) is an evaluation of the average daily increase in the live
weight of an animal and is recorded across the growth period of the animal. This can
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provide insight into the animal’s growth rate, and evaluate the time at which it should
reach market weight [53]. Ravindran et al. (2021) noted a number of factors that can
influence pig weight, including genetic differences, sex effects, weight at birth, age at
weaning, feeding level, and specific amino acid content (e.g., arginine) in feed [31].

During the feed trials, pig weight was measured individually, first at the beginning
of the trial and at the end of each following week. In week 1, pigs in the control group
gained 0.630 kg/day, increasing to 0.656 kg/day after week 2, 0.675 kg/day after week 3,
0.632 kg/day after week 4, and 0.650 after the final week. For pigs on the treatment diet,
the ADG started well at 0.665 kg/day at the end of week 1, but reduced to 0.611 kg/day by
week 2. From that point, the ADG increased to 0.624 kg/day by end of week 3, 0.650 kg/day
by end of week 4, and 0.652 kg/day by the end of the trial, slightly higher than the control
diet. Overall, the variances in average weight gain between the weeks is considered to
be negligible and are generally consistent across both diets. The results are presented in
Table 6. Over the course of the trial, the analysis showed comparable performance in weight
gain for pigs on the control and treatment diets, with pigs gaining 19.49 kg in the case of
the control diet and 19.55 kg in the treatment diet by the end of the trial. The ADG of the
treatment group pigs was marginally higher than the control group pigs during week 1, but
dipped in the following week as the control ADG increased. This may have been a result
of acclimatization of the pig’s microbiome to the new protein diet. Over the course of the
remaining weeks, the ADG increased in the treatment batch week on week, culminating
at week 5, at which point the treatment pigs had a slightly higher (0.652 kg/day) ADG
compared with the control batch (0.650 kg/day). Over the course of the trial, the ADG
between both trials were quite evenly matched and without significant differences. While
there were some variances in ADG week on week, these were relatively minor and did
not indicate a major trend. Certain factors such as time of day with weighing or gut fill
can have a big impact on the weekly weighings during trials; however, over an extended
period these factors do not contribute the same variance.

Feed Conversion Ratio

The feed conversion ratio (FCR) describes the quantity of feed required for pig weight
to increase by one pound. Lower FCR values indicate that pigs are efficiently converting
feed into body weight, while a high FCR can be a sign of the pigs being unable to convert
the feed into body weight effectively [31]. A number of factors influence the feed conversion
ratio in pigs. Pierozan et al. (2020) found the number of pigs per pen, feeder type, origin,
and sex of the animals to be determinant factors [54]. According to Hancock and Behnke
(2000), feed conversion efficiency, and thus FCR, can be enhanced by pelleting feed as pigs
will not sort and waste feed pellets [55]. Smaller pellets are also more digestible [55]. Lastly,
dietary components such as lysine and phosphorous levels are important. Lysine is essential
for pigs in order to effectively utilize other amino acids for growth [56]. Additionally,
phosphorus at optimum levels is required for the proper development of muscle and
optimal energy use, with excess phosphorus being excreted as feces [57].

The FCR increased weekly for both groups over the course of the trial. Initially, the
FCR was recorded in week 1 as 1.68 for the control group, and 1.62 for the treatment
group, which was slightly lower. In subsequent weeks, the FCR increase for both diets
was quite comparable, with the FCR by the end of the trial being slightly lower for the
control diet (2.14) compared with the treatment diet (2.19). The comparable FCR during
the trial indicates that the treatment diet compares well to the conventional diet fed to the
pigs. The comparative FCR by the end of the trial indicates a slight improvement in FCR
compared with previous research on LPC [31]. The difference that exists may indicate that
the regression equations used for energy estimation of the grass protein may need to be
refined slightly. However, once again, the difference between the groups is minor and the
performance is largely in line with the control diet. This is a field of primary concern to pig
farmers as optimizing FCR can have a significant positive effect on overall profitability.
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3.2. LPC and Control Slurry Biogas and Biomethane Analysis Results

The biomethane potential is a measure of the biomethane that can extracted from an
organic substrate. Pig slurry is a well-recognized source of animal manure for biogas pro-
duction when co-fed with carbohydrate-rich feedstock. Pig slurries have high biomethane
potential (275–450 L/Kg VSfed) when compared with other animal manures except for
poultry litter (460 L/Kg VSfed) [58].

The biogas and biomethane production profiles from both LPC and soya bean meal
pig weaner slurries are shown in Figure 5. The maximum biogas and biomethane yields for
both slurries was achieved after 25 days of digestion. The biogas production from both LPC
and soya bean meal pig weaner slurries were determined to be 495 ± 12.52 L/Kg VSfed
and 478 ± 7.93 L/Kg VSfed, respectively (Table 7). An ANOVA analysis conducted on the
biogas yield showed no statistical significance (p-value (0.1206) > 0.05). This indicated no
significant difference in biogas production from both LPC and soya bean meal pig weaner
slurries. From Figure 5, it can be observed that 90% of biogas production was achieved
after 10 to 11 days. The daily biogas production was similar for both LPC and soya bean
slurries which recorded a high of 66 L/Kg VSfed. This aligns with the findings of Santos
et al. [59] and Miroshnichenko et al. [60], which indicated high daily biogas production
in anaerobic digestion of some pig slurries [59,60]. However, there was a significant
difference in the daily methane production, which was between 10% to 50% higher in LPC
slurry than soya bean meal slurry. This was attributed to the high methane content of
produced biogas from the LPC, which was about 22% to 35% higher than soya bean meal
slurry (statistical significance at p-value 0.0335 < 0.05) (Table 7). Biogas from anaerobic
digestion of LPC slurry had methane contents ranging from 70% to 73% compared with
the soya bean meal slurry which had biogas methane contents from 52% to 59%. The
high methane content obtained for LPC could be attributed to the higher volatile solid
content of the LPC pig slurry, especially with regard to the high-protein diet fed to the
pigs. The significant difference in biogas methane content for both slurries led to a higher
biomethane potential of 355 ± 9.45 L/Kg VSfed for LPC pig weaner slurry compared with
281 ± 7.11 L/Kg VSfed for soya bean meal pig weaner slurry (statistical significance at
p-value 0.0004 < 0.05). The BMP results indicated that slurry from weaners feeding on the
LPC treatment diet performed significantly better (26% increase in methane yield) than the
conventional slurry from weaners on soya bean meal. This is potentially a major benefit in
addition to the successful replacement of the soya bean mealdiet with the LPC treatment
diet and suggests that co-digestion with carbohydrate-rich substrates at the Timoleague,
Co., Cork, community anaerobic digester has the potential to yield improved performance
with LPC pig slurry. Another key positive point was the high methane yield obtained
from LPC slurry from pig weaners compared with the reported literature on methane
production from pig slurry. Biomethane production from pig slurry/manure, especially
from weaners, tends to have a lower methane yield compared with that obtained from
this study. The studies by Browne et al. [61] and Miroshnichenko et al. [60] for pig slurries
from weaners yielded considerably lower biomethane potentials of 38.0 L/Kg VSfed and
75.5 L/Kg VSfed, respectively [1,60]. On the other hand, studies from Santos et al. [59]
and Rodríguez et al. [33] indicated high biomethane yield for pig slurries [33,59]. These
studies mostly digested pig slurries from pig fatteners and pregnant sows which tend to
yield high biomethane production. The differing biomethane yields for pig slurry/manure
seem to be highly dependent on the type of pig (i.e., weaners, fatteners, pregnant sows,
and suckling sows) excreting the slurry with another key factor being the type of meal fed
to the varying range of pigs. Irrespective, the biomethane yield from the LPC pig weaner
slurry performed considerably better than the reported literature on pig weaner slurries
and was about 20% less than the highest reported study of various pig slurries/manures.
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Figure 5. Daily and cumulative biogas and biomethane production profiles for (A) soya bean meal
pig slurry; (B) LPC treatment meal pig slurry; and (C) biogas and biomethane potential of treatment
and control pig slurry.
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Table 7. Summary data for biogas and biomethane production from soya bean meal pig slurry and
LPC treatment meal pig slurry.

Measurement Control Diet Slurry Treatment Diet Slurry

Biogas potential—replicate A (L/kg VSfed) 470.33 499.79
Biogas potential—replicate B (L/kg VSfed) 486.20 504.45
Biogas potential—replicate C (L/kg VSfed) 478.03 480.81

Average biogas potential (L/kg VSfed) 478.19 ± 7.93 495.02 ± 12.52
Average biomethane potential (L/kg VSfed) 280.85 ± 7.11 354.87 ± 9.45

Biogas potential (L/kg DM) 316.09 ± 5.25 349.65 ± 8.85
Biomethane potential (L/kg DM) 185.65 ± 4.70 250.66 ± 6.67

Biogas potential (L/kg FM) 8.52 ± 0.15 11.37 ± 0.29
Biomethane potential (L/kg FM) 5.01 ± 0.13 8.15 ± 0.21

Biogas composition (CH4 %) 52.5–58.7 70.9–71.7
Biogas composition (CO2 %) 41.3–47.5 28.3–29.1

3.3. Bioenergy Assessment of LPC Pig Slurry and Soya Bean Meal Pig Slurry Feed AD Systems:
A Case Study

To demonstrate the potential impact of the above findings, in this case study, two
AD scenarios are considered to ascertain bioenergy production from the usage of LPC pig
slurry and soya bean meal pig slurry as feedstock to a community AD plant close to the
pig farm where the LPC slurry was produced. This bioenergy assessment consists of mass
and energy balance with the major assumptions listed in Table 8 [62]. The results of the
bioenergy assessment are displayed in Figure 6 and discussed in Section 4.

Table 8. Assumptions made for bioenergy assessment of LPC pig slurry AD and soya bean meal pig
slurry AD systems.

Components Conditions/Assumptions

Anaerobic digester Operating temperature 36 ◦C
Lower heating value (LHV) of

methane 10 kWh/Nm3 CH4

Energy requirement of
anaerobic digester

Electrical energy required for
mixing slurry 10 kWhelectric/t slurry

Thermal energy for heating
digester Ethermal = Cp × m × ΔT

Boiler efficiency 0.9
Energy requirement for
digestate centrifugation

Electrical energy demand 3.5 kWhelectric/t digestate
Moisture content in solid

digestate 0.7

Energy requirement for amine
scrubber biogas upgrading

Methane content in the
upgraded biogas 96%

Methane losses neglected

Electrical energy demand 0.09 kWhelectric/m3 biogas
input

Thermal energy demand 0.45 kWhthermal/m3 biogas
input
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Figure 6. A bioenergy case study for an AD plant fed with LPC pig slurry and soya bean meal
pig slurry.

4. Discussion

The results of these experiments demonstrate some potential for extended green
biorefinery value chains to have positive benefits for the pig sector by supplying LPC as a
sustainable alternative to soya bean meal and enhancing the potential for biogas production
from pig slurry residues. Pig farmers, like most sectors of agriculture, are under pressure
to become more sustainable. It is estimated that 68% of greenhouse gas emissions in the
pork-production chain occur at the pre-farm gate phase [63]. A recent study from McAuliffe
et al. [64] found that the primary aims of environmental performance improvements in
the pig sector are reducing the crude protein content of pig feed and producing bioenergy
through anaerobic digestion of pig slurry [64].

From a sustainability perspective, the potential to displace soya bean meal with an
indigenous source of protein, such as LPC, could bring some key benefits. Soya bean meal
is a major global commodity crop and is widely used in animal feed production, being one
of the primary crops cultivated by farming communities across the world. Its production
is mainly in the USA, Argentina, Brazil, China, and India, with only a small amount of
cultivation taking place in Europe [17]. The soya bean market is closely associated with land
use change for agricultural expansion and forest loss, particularly in South America [65]. It
is estimated that approximately 2.31 million hectares of forest disappear annually to make
way for soya bean production [66]. Despite a moratorium introduced in 2008 to avoid the
purchase of soya beans from deforested land, by 2020 a further 133,000 ha of soy in the
Amazon, planted on land deforested after this date, has been produced, which is linked to
69 million tonnes of CO2 emissions [67]. A recent study from Franchi et al. [68], applying
consequential life cycle assessment (LCA) to compare LPC and SBM for use in poultry
diets, found a significantly lower environmental footprint in the case of LPC. A separate
consequential LCA study from Parajuli et al. [69] found that a livestock production system
that partially displaced Brazilian soya bean imports through integrated green biorefineries
coupled with biogas facilities to produce feed and biomethane, and combined crop and
livestock production, generated a lower environmental impact compared with the pre-
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existing “conventional” system (livestock production without biogas production or green
biorefinery) [69].

Despite the negative impacts, South America still accounts for more than 50% of global
soya bean production, of which 70% is exported, with around 21% of these exports coming
to the EU for use in animal feed [65]. A recent study from Escobar et al. (2020), mapping
carbon emissions embodied in Brazil’s soy exports, found that the EU has a significantly
higher footprint associated with soya bean imports compared with China; this mainly
due to the source of soya beans being linked to deforested areas [70]. To highlight the
impact that source can have on potential sustainability impact, referencing the life cycle
inventory database Agri-Footprint 6, an economic allocation, and a point of substitution on
the system, the footprints for Argentinean-, Brazilian-, and U.S.-sourced soya bean meal
are 4.13 kg CO2/kg, 4.28 kg CO2/kg, and 0.53 kg CO2/kg, respectively.

Despite these sustainability issues, the EU is still very dependent on imported soya
beans. Soya bean meal is one of the most widely used individual protein sources in Europe,
accounting for 29% of crude protein for animal feed in the EU (including the United
Kingdom) during the period 2019–2020 [71]. This results in the average European person
consuming 61 kg of soy indirectly every year. However, Europe has very low domestic
soya bean production, accounting for just 3% of the total demand in the period 2019–2020,
demonstrating a low self-sufficiency rate [71]. Overall, the EU’s lack of indigenous protein
results in approximately 17 million tonnes of proteins being imported on an annual basis,
with the majority (13 million tonnes) deriving from soya bean [72]. This has prompted
the European Commission to support the development of native protein ingredients such
as peas, lupins, and faba beans [72]. On the other hand, grassland is a very available
resource across the continent of Europe, with permanent grasslands making up 35% of
total arable land use in EU-28 [73]. A study from Mandl [74] investigated the potential
of grasslands to deliver additional protein for Europe. Focusing only on 15% surplus
grassland, and assuming a yield of 8 t DM/ha, it is estimated that there is a grass surplus
in Europe of approximately 20 million t DM/ha, creating an additional crude protein
equivalent of approximately 3 million t DM [74]. This potential protein availability can be
further increased to unlock more protein from all EU grasslands providing for ruminant
and monogastric needs. The integration of legumes alongside grass for biorefining can
further increase the sustainability of green biorefinery systems. If we consider, based on the
more recent work of this paper, that by biorefining we can give almost 45% of the protein
originally present in grass to pigs without reducing the impact on milk production from
feeding the press-cake co-product to cows; then, assuming a grass yield of 10 t DM/ha/yr
with 20% protein content, we can estimate an LPC biorefinery co-product yield from dairy
farming of about 0.5 tonne protein/ha. This would mean that the 3 M tonnes can be
obtained from only 6 Mha, or that the 17 M tonnes of protein that we import in Europe can
be obtained from 34 Mha, being about half of all grassland in the EU.

Further environmental and self-sufficiency gains may be achieved using this extended
green biorefinery model by increasing the potential of renewable energy from pig slurry,
with the findings from this study indicating a 26% increase in biomethane yield from slurry
produced from pigs on the treatment diet.

In Figure 6, a case study assesses two AD plant scenarios which considers the conven-
tional soya bean meal pig slurry and the current study LPC pig slurry as AD feedstock to a
community digester. The bioenergy case study includes the anaerobic digester, a centrifuge
for digestate separation and an amine scrubber for biogas upgrading. The community
digester can process a high throughput of 48,500 tonnes per annum of slurry, hence this
feedstock capacity was assumed for both the LPC and soya bean meal pig slurries. Employ-
ing the biomethane yield from (Table 7), 357 and 220 thousand cubic meters of methane is
produced per annum from LPC and soya bean meal slurries, respectively. This translates to
3572 MWh and 2198 MWh per annum of renewable bioenergy for the LPC and soya bean
meal slurries, respectively. The gross bioenergy from the LPC pig slurry feed AD scenario
was about 63% higher than that of the conventional soya bean meal pig slurry feed AD
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scenario. Furthermore, considering the parasitic energy demand of both scenarios, only the
LPC pig slurry feed AD plant generated a positive net bioenergy of 1010 MWh per annum.
This indicated the superiority and efficacy of the LPC pig slurry in utilization to produce
renewable energy as compared with the conventional soymeal pig slurry.

According to the European Biogas Association [75], up to 41 billion cubic meters
(bcm) of biomethane could be produced from sustainable feedstocks in Europe by 2030,
rising to 151 bcm in 2050 [75]. These targets would enable the fulfillment of the European
Commission target of 35 bcm biomethane production per annum by 2030, as outlined in
the REPowerEU plan. Out of this total, the majority, 38 bcm by 2030 and 91 bcm by 2050,
are estimated for anaerobic digestion, with 33% of the contribution anticipated to come
from animal manure feedstocks [75].

While the overall CH4 potential of pig slurry as a biogas feedstock can be compara-
tively low by comparison with other substrates, the utilization of pig slurry for on-farm
energy production can have positive impacts on pig farm operations while contributing to
a circular economy, also enabling the recirculation of nutrients to local farms [76]. Using
LCA to investigate strategies for addressing greenhouse gas (GHG) emissions and fossil
energy consumption in European pig production, Nguyen et al. [63] found that using pig
manure as a feedstock source for anaerobic digestion had the ability to displace 53% of
fossil energy usage and reduce GHG emissions of the farm by 27% over the baseline pig
farm scenario [63]. Various other studies have investigated the feasibility and benefits of pig
slurry anaerobic digestion for on-farm usage. Freitas et al. [77] investigated the potential
of co-digestion with elephant grass silage, or corn silage, as well as the use of a biochar
additive in comparison with monodigestion of pig slurry [77]. Using co-substrates and
additives enabled greater production of electricity compared with monodigestion, but also
resulted in significant environmental impacts associated with co-substrate use, primarily
as a result of fossil fuel use during the silage production chain. When comparing digestion
with the direct spreading of slurry, Zhang et al. [32] found that digestion of pig slurry alone
resulted in a 48% decrease in direct emissions of GHGs (190 tonne CO2e) compared with
direct land application, due to the recovery of methane [34]. Using LCA, Jiang et al. [78]
compared the co-digestion of pig manure and food waste with alternative management
strategies including pig manure land use, food waste mono-digestion, and composting,
and found that the co-digestion approach performed better in most environmental impact
categories [78]. Using an average size piggery for comparison, comprising 762 sows with
16,000 t/yr pig manure, the same study found that the global warming potential (GWP)
only became negative when the inclusion of food waste in feedstock was greater than
2000 tonnes per annum [78]. A further recent benefit of interlinking the green biorefinery
approach with pig systems was reported by Regueiro et al. [79] who demonstrated that both
unfermented and fermented whey or brown juice from the grass biorefinery can be used to
stabilize pig slurry in storage by contributing to reducing the pH. A reduction below pH6
reduces ammonia emissions as well as methane emissions from the stored slurry.

The development of such anaerobic digestion models may also help to meet the
needs of the local communities or districts in which they are based. Community-based
anaerobic digestion models, which can help to meet the heating and electricity requirements
of the community, for example, heating community buildings, are well established. In
addition, such models may help to meet the mobility needs of the community, through the
development of biomethane-based transport systems in pressurized or liquefied forms. In
Europe, biomethane-based transport is at the furthest stage of development in Sweden,
where half of the biogas production is used for transport [80], including public transport
buses where it supplies the fuel for over 20% of the distance travelled [81]. Biomethane
may also help to reduce the emissions and dependency of local manufacturing industries
which are heavily dependent on natural gas, including pulp and paper, and some food
processing industries.

In addition to the environmental sustainability and self-sufficiency benefits, the devel-
opment of such local bioeconomy value chains may also help to relieve cost pressures for
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local pig farmers. According to the European Commission [82], EU pigmeat production
is due to decrease by 5% in 2022 in large part due to rising input costs [82]. This situation
has been compounded by the Russia–Ukraine war, as both Russia and Ukraine were key
exporters of fertilizers and grain and oil crops, including wheat, maize, and sunflower,
and Europe has also been dependent on natural gas from Russia. Between Q2 of 2021
and Q2 of 2022, following the Russian invasion of Ukraine, the average price of goods
and services used within agriculture in the EU jumped by 36% for the same agricultural
inputs [83]. An economic analysis of small-scale green biorefineries from Cong and Ter-
mansen [84] found that using LPC can be economically feasible for both pig farmers and
the green biorefinery [84]. In order for these models to be successful and implementable,
economic feasibility is an important outcome. The study found that LPC will decrease
the average feed cost by 5%. Coupled with this, rising natural gas prices, and a need to
reduce dependency on imported Russian gas, has changed the landscape for biomethane
in Europe, making biogas more cost-competitive and even cheaper than natural gas in
the current environment [85]. This combined with a significant increase in biomethane
potential, demonstrated by this study, may offer a greater opportunity for pig farmers to
produce, use, and supply renewable energy. While this paper primarily underlines the
synergies and benefits that may be found by connecting ruminant and swine sectors in
extended local green biorefinery models, as noted earlier, several additional synergies
may be found by connecting additional value chains in local bioeconomy models, further
improving the resilience of local regions.

5. Conclusions

Overall, this work demonstrates significant potential for the development of local
bioeconomy value chains based on a green biorefinery model, increasing the resource
efficiency of grasses and legumes, building synergies, and meeting input requirements to
increase the sustainability and resilience of the pig sector. The LPC co-product from the
green biorefinery was produced with a high-crude-protein content of 43.9% and has been
integrated within the pig treatment diet replacing 50% of the soya bean meal present in the
control diet, achieving a slightly higher daily feed intake and average weight gain compared
with the control batch on conventional weaner diets. In addition, the slurry produced
by pigs on the treatment diet achieved higher biogas and biomethane production rates
compared with the slurry from pigs on the control diet. Since sustainability improvements
in the pig diet and anaerobic digestion of slurries are identified as key components to
increasing the sustainability of pig production systems, a local bioeconomy model may
help to meet this objective, while providing additional co-products for use in the ruminant
and industrial sectors. Given the abundance of green biomass that exists in Europe, the
potential to unlock additional protein from these through local green biorefineries may
offer significant potential to increase feed resilience for the pig and broader livestock sector.
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Abstract: In recent years, the Industry 4.0 concept has gained considerable attention from profes-
sionals, researchers and decision makers. For its part, the COVID-19 pandemic has highlighted the
importance of managing the agri-food supply chain to ensure the food that the population needs.
Industry 4.0 and its extensions can address the needs of the agri-food supply chain by bringing
new features such as security, transparency and traceability in line with sustainable development
goals. This study aims to systematically analyze the literature to address the challenges and barriers
against the application of industry 4.0 and its related technologies in the management of an agri-food
supply chain. Currently, despite the large number of publications, there is no clear agreement on
what Industry 4.0 is, and even less its extensions. The next revolution that includes new technologies
and improves several existing technologies brings additional conceptual and practical complexity.
Consequently, in this work we first determine the main components of I 4.0 and their extensions by
studying the literature, and then, in the second step, define the agri-food supply chain on which I 4.0
technologies are applied. Two well-known databases—Web of Science and Scopus—were chosen to
extract data for the systematic review of the literature. For the final evaluation, we identified 24 of
100 reviewed publications. The results provide an exhaustive analysis of the different I 4.0 technolo-
gies and their extensions that are applied in regards to the agri-food supply chain. In addition, we
find 15 challenges that are classified into five major themes in the agri-food supply chain: technical,
operational, financial, social and infrastructure. The four most important challenges identified are
technological architecture, security and privacy, big data management and IoT (internet)-based
infrastructure. Only a few articles addressed sustainability, which reaffirms and demonstrates a
considerable gap in terms of the sustainable agri-food supply chain, with waste management being
the one that has attracted the most attention. This review provides a roadmap for academics and
practitioners alike, showing the gaps and facilitating the identification of I 4.0 technologies that can
help address the challenges facing the efficient management of an agri-food supply chain.

Keywords: industry 4.0; agri-food supply chain; sustainability; agri-food 4.0 supply chain; agri-food
4.0; supply chain 4.0; food waste management; water management; agriculture 4.0

1. Introduction

In recent years, the concept of Industry 4.0 (I 4.0) has attracted the attention of practi-
tioners, researchers and decision makers, and its applications have been studied in multiple
industrial sectors. Despite the large number of academic and non-academic publications,
there is still no clear definition of I 4.0. Several technologies, such as Radio Frequency
Identification, Internet of Things, Cloud Computing are considered I 4.0 components, and
in some cases, by themselves define I 4.0. In order to standardize language and set the
context for this article, we first tackle the problem of defining I 4.0.
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In 2011 the German government representative used industry 4.0 term as a steadily
growing industry that considerably affects our lives. This speech was about how digitaliza-
tion and new technologies revolutionize the organization of global value chains [1]. As a
pioneer country in manufacturing, Germany introduced the idea of integrated industry
by launching I 4.0 initiatives in 2011 for its high-tech strategies [2]. I 4.0 is known with
different terms in scientific publications such as “Fourth Industrial Revolution”, “smart
manufacturing”, “Industrial internet” or “integrated industry” [3]. Moreover, the other
terms suggested by [4] are “smart factories”, smart industry”, “digital manufacturing”,
and “smart production”. I 4.0 itself is a concept that is applicable through different tech-
nologies. The number of technologies is growing and with emerging new technologies it
would become more and more. We first determine its main component by studying the
literature [3,4] and is more relevant to the supply chain research area.

1.1. Industry 4.0 Key Technologies

Four items were found as principal components, including cyber-physical system
(CPS), internet of things (IoT), smart factory, and internet of services (IoS). The study [4]
proposed the four mentioned technologies to introduce a coherent definition of I 4.0.
Furthermore, [3] study suggested these four technologies as the fundamental technology
components of I 4.0 in logistics which are explained as follows:

1.1.1. Cyber-Physical Systems (CP), and Their Application in the Agri-Food Industry

CPS has been invented to respond to the necessity of developing a connection between
the physical and virtual worlds [5]. Thus, CPS is the transformative technology that
manages the interaction between computational capabilities and physical assets [6]. CPS
accomplishes its goal by using different sensors, communication devices, and actuators.
The application of CPS in agri-food has recently been studied in two topics of smart
agriculture and smart farming [7,8]. Precision agriculture is one of the achievements of
CPS application in the agriculture industry, with more efficient performance and resource-
saving outcomes [9,10]. Precision agriculture is possibly defined as Wireless Underground
Sensor Networks, by implementing communication between computers and physical
assets with sensors under soil [11] or underground sensor networks to control the quality
of soils [11–13].

Furthermore, some papers discuss how CPS application can bring traceability to
agri-food systems [14,15]. The application of such systems, in reality, is a challenging
task [16–18].

1.1.2. Internet of Things (IoT), and Its Application in the Agri-Food Industry

IoT is considered the main initiator of I 4.0, which became popular in the early 21st
century [19]. Physical devices such as equipment, machines, products, etc., are connected
virtually at different and remote locations. These items that perform as physical access
points are controlled and monitored by cyber systems [20,21]. “Things” are the entities
with physical features in a physical property. These “Things” are incorporated flawlessly
in a virtual network system that makes IoT, an information system [22].

IoT in the agri-food supply chain helps suppliers and consumers locate products
quickly and display product details, leading to choosing fresher products with the help of
sensors. IoT helps retailers monitor the food quality and let them waste management of the
products that their expire date is close and reduce energy consumption by managing the
temperature at the store, freezers, etc. IoT increases traceability, a prerequisite feature for
accomplishing previous acts [23].

1.1.3. Internet of Services (IoS), and Its Application in the Agri-Food Industry

IoS might play a key role in the future of industry. Concepts such as software as
a service (SaaS), service-oriented architecture (SOA), or business process outsourcing
(BPO) are closely associated with the IoS. Barros and Oberle [24] (p. 6) propose a broader
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definition of the term service, namely “a commercial transaction where one party grants
temporary access to the resources of another party in order to perform a prescribed function
and a related benefit. Resources may be human workforce and skills, technical systems,
information, consumables, land and others”. IoS has not been discussed in the agri-food
supply chain so far which shows a potential gap for this technology in this area.

1.1.4. Smart Factory and Its Application in the Agri-Food Industry

We have presented CPS, IoT, and IoS so far, which are the main components of I
4.0. The interaction of COS over the IoT and IoS enables a smart factory [3]. Smart
factory works in decentralized manufacturing in which “human beings, machines, and
resources communicate with each other as naturally as in a social network” [19] (p. 19).
Smart factory in the agri-food 4.0 supply chain could be defined as “smart farming” or
“smart agriculture”.

Smart farming empowers farmers to apply more dependable control. Real-time, on-site
processing data reduces time-consuming. Data is transmitted by cloud system for further
analysis. IoT devices such as multiple sensors help cover more areas in the remote and
expansive coverage areas [25,26]. Data stored within the cloud is also used by processing
plants to resolve operational management problems [27].

This study aims to study the I 4.0 challenges in the agri-food supply chain. Therefore,
it is necessary to define the agri-food supply chain precisely. Scholars in agricultural
economics and management disciplines first proposed agri-food supply chain [28,29].
Agri-food supply chain management, first proposed by a group of Dutch researchers,
manages the supply of raw materials for agricultural production, production processing,
and product distribution and logistics [30,31]. This term has been mostly used in two
research fields agricultural-related disciplines (e.g., agricultural science and agricultural
economics), and business management disciplines (e.g., supply chain management and
operational research). Based on [32], we consider agri-food supply chain as one of the four
terms “agricultural supply chain”, “agricultural value chain”, “food supply chain”, and
“food value chain”.

The application of I 4.0 in the agri-food supply chain is also known as the agri-
food 4.0 supply chain. Furthermore, agri-food sector could be considered in bioeconomy
definition [33] which defines an economy based on renewable biological resources.

2. Materials and Methods

In this study, we applied a systematic literature review (SLR) which was proposed
by [34] and developed by [35]. This SLR mainly comprises five steps: research questions
definition, search strategy design, study selection, quality assessment, and data extraction.

In the first step, we devise some research questions that should be addressed through
this SLR. The questions are regarding the objective of this research. Afterward, in the
second step, based on research questions, we come up with a search strategy to find the
most relevant publications to the research questions. This step contains both sub-categories:
finding the search keywords and determining the literature databases. In the third step,
study selection criteria are formed to determine the narrow the most relevant study with
respect to addressing the research questions. In the next step, we apply a quality assessment
in which we set up some quality checklists to speed up the assessment process. The final
data is gathered to answer the research questions in the last step, data extraction.

2.1. Research Questions

This SLR aims to recognize challenges ahead of industry 4.0 application in the agri-
food supply chain. Towards this aim, six following research questions have been formed
by the authors:

• RQ1: What classifications of agri-food products have been discussed with the emer-
gence of industry 4.0? RQ1 aims to identify the agri-food products that have used the
industry 4.0 context. By answering this question, scholars have a better understanding
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of potential research in the agri-food industry, and it demonstrates which products
have adapted industry 4.0 technologies compared to others.

• RQ2: Among industry 4.0 technologies, which one has gained more attention in the
agri-food supply chain considering product classification? (Which technology in
which agri-food products). We defined four key technologies above: IoT, CPS, IOS,
and smart factory for agri-food supply chain. It is essential to realize if there are only
mentioned technologies in the agri-food supply chain or other technologies contribute
to the supply chain.

• RQ3: What percentage of the literature addressed sustainability in the agri-food 4.0
supply chain? (Based on three aspects of sustainability). The all-new types of supply
chains try to address sustainability in a specific way, and the new technologies facilitate
this process with their unique features. This research question aims to find out how
many of the selected articles addressed sustainability.

• RQ4: How does Industry 4.0 contribute to a sustainable agri-food supply chain? This
research question aims to explore how industry 4.0 addresses sustainability in the
supply chain. It focuses on the sub-classification of sustainability in the agri-food
supply chain.

• RQ5: What challenges are ahead of applying industry 4.0 (I 4.0 adoption) in the agri-
food supply chain? This research question aims to find the challenges of applying
industry 4.0 in the agri-food supply chain. Practitioners need to know the challenges
in advance to contemplate solutions.

• RQ 6: What are the main discussed themes in the agri-food 4.0 supply chain? Based
on the answer to the previous question, this research question focuses on classifying
challenges. We display a better perspective of challenges in an organized category
with the answer.

I 4.0, with disruptive technologies and interconnected machinery, aims to improve
production efficiency, which helps suppliers serve better to their customers. The proposed
questions attempt to find out the obstacle against I 4.0 as well as how these technologies
address sustainability within agri-food supply chain. In this regard, the first question
classifies the agri-food products to find which agri-food products have taken advantage of
I 4.0 technologies so far. The second question attempts to find all technologies used in agri-
food supply chain and shows which technology has been used in what types of agri-food
products to demonstrate the research in this context. The third and fourth questions address
the sustainability and aim to find in which manner I 4.0 influences on sustainability of
agri-food supply chain. Finally, the last two questions address the challenges and barriers of
I 4.0 in the agri-food supply chain and picture different themes which will help practitioners
and scholars to have a general picture of challenges from different perspectives.

2.2. Search Strategy

The search strategy includes three sub-classifications: search keywords and literature
databases, which are explained in detail as follows:

2.2.1. Search Keywords

The following steps were done to find the search keywords [35]:

• Derive major keywords from the research questions;
• Identify alternative spellings and synonyms for principal keywords;
• Check the keywords in the relevant articles or publications;
• Use the Boolean OR to incorporate alternative spellings and synonyms;
• Use the Boolean ASTERISK to replace multiple characters to find the terms that have

different appearances with the same meaning;
• Use the Boolean AND to connect the significant keywords;
• Find relevant references for defining the main scope of the research.

We added the last step as a new important step to address the scope of the research.
In the scope of this SLR, industry 4.0 is a widely used concept that has several distinct
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technologies that contribute to I 4.0. As mentioned in the Introduction Section, it is necessary
to define I 4.0 precisely; otherwise, the research cannot address the research questions
properly because there would be many out-of-scope references in the result. To tackle this
problem based on [3,4], I 4.0 has four main components, including CPS, IOT, IOS, and
smart factory. However, after reading the articles by the authors, we concluded that the
terms “smart farming” and “smart agriculture” are used interchangeably in addition to
smart factory. Consequently, we added these two terms to the search keywords step. In the
search keywords, in order to search for any group of characters before or after a term we
add an asterisk (*). This function is available in both WOS and Scopus.

The search keywords result are shown as follows:
(*agri* OR “*food*” OR “*agro”) AND (“internet of things” OR iot OR cps OR “cyber

physical system*” OR ios OR “internet of services” OR “smart factory” OR “smart farm*”
OR “smart agriculture ”) AND (“supply chain*” OR “ logistic*”) AND (“industry 4*” OR “I
4.0” OR “agri-food 4” OR “agriculture 4” OR “the fourth industrial revolution” OR “smart
manufacturing” OR “industrial internet” OR “integrated industry”).

2.2.2. Literature Databases

Two well-known literature databases comprising the Web of Science (WOS) and
SCOPUS were used for this SLR. Clearly, the two mentioned search engines are the most
famous and completed search engines. This research aims to answer research questions
considering the application of the fourth industrial revolution in the agri-food supply
chain. Thus, the search keywords were used to search for peer-reviewed publications. The
search keywords covered article title, abstract, and keywords provided by the author and
publication for both WOS and SCOPUS. As the agri-food 4.0 supply chain concept and its
applications are novel, we have not applied any time restrictions in our research.

2.3. Study Selection

Search phase 1 resulted in 101 peer-reviewed publications (see Figure 1). In both WOS
and SCOPUS there is an option that lets the authors filter articles based on their document
type, which is a part of the exclusion criteria. This SLR only considers journal articles,
conference papers, and book chapters. After applying exclusion criteria and based on the
document type criterion, 67 publications remained. We derived all references through the
next step and eliminated duplicated publications by Mendeley software. Twelve duplicated
articles were deleted through this step. These 55 remaining peer-reviewed publications
went through the inclusion criteria, and only 24 articles remained in the pre-final step.
In the last step, we applied a quality assessment. Although all publications received
different scores, any publications have not been removed through this step and passed this
assessment. The authors found out that the number the publications were few and this
could be an explanation that is why all of them remained. The other description is that
we define the scope of the research accurately, which leads us to a few numbers of articles.
In other words, both preciseness of the scope of this research and the novelty of the topic
concluded in a few publications but entirely related ones.

The defined inclusion and exclusion criteria are as follows:
Inclusion criteria:

• Only the studies that addressed the I 4.0 technologies based on the scope of this
research will be included;

• Only the studies that addressed the agri-food supply chain will remain in this SLR;
• For the research that has both journal version and conference version, only the journal

version will be included;
• For duplicated publications of the same study, only the newest and the complete one

will be included.

Exclusion criteria:

• Duplicates are eliminated by Mendeley and a final revision by the authors;
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• In the “Document type”, we applied a filter by excluding article reviews, conference
reviews, editorials, and short surveys in this research;

• Check the keywords in the relevant articles or publications; The authors omitted other
languages such as Germany, Chinese, and Russian.

Figure 1. Search and selection process.

As we mentioned earlier, this SLR has two main scopes to find the industry 4.0
challenges in the agri-food supply chain. The first scope is about the I 4.0 that should
discuss at least one of the four main components, IOT, CPS, IOS, and smart factory [3]. The
second scope of this SLR is the agri-food supply chain, which we defined in the introduction.
The included publications in this research should discuss at least one of the four supply
chain as follow: “agricultural supply chain”, “agricultural value chain”, “food supply
chain”, and “food value chain”. Finally, there is no time restriction regarding the novelty of
the scope of this research. All publications have been published since 2015 based on our
search keywords.

2.4. Study Quality Assessment

The quality assessment is a process in which we weigh the retrieved quantitative data
in meta-analysis [35]. Since the results are too few, a meta-analysis is unsuitable for this SLR.
Instead, we only use the result of quality assessment. After applying quality assessment,
there would not be any changes in the number of outcomes. There is a reason to justify why
there is no reduction in the selected articles after using quality assessment. The number
of publications is too few, which shows how accurate and in detail the scope of this SLR
is defined.

We devised five main questions and 17 criteria to assess the quality of selected articles
which are shown in Table 1. Some of the questions were derived from [36]. Question 1 to
question 4 are quantitative that has two answers: “Yes” or “No” which answers are scored
as follow: “Yes = 1”, and “No = 0”. The other 17 criteria are scored in the same manner
with answers “Yes = 1”, and “No = 0”. Question 5 is qualitative which is scored as follow:
Excellent quality = 1, good quality = 0.67, Fair quality = 0.33, Poor quality = 0. To calculate
the final score for a publication, each question has a weight, which is multiplied by the
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determined score for that question or criteria, and finally, we sum the scores. The weights
are defined by authors based on their relevance to the scope of this research which are
classified into two sub-categories; five main questions and 17 criteria. As the questions
have higher importance, they have bigger weights than the criteria. These five questions
aim to assess how close the selected articles are to the agri-food 4.0 supply chain area based
on the above definition of the agri-food 4.0 supply chain.

Table 1. Quality assessment questions and criteria.

No. Criteria or Question Weight

QA1 Are the aims of the research clearly defined? 7
QA2 Is industry 4.0 adequately described? 10
QA3 Is the agri-food supply chain sufficiently defined? 10
QA4 Does the research address sustainability? 10
QA5 How well does the evaluation address its original aims and purpose? 8
C1 Less than 15 words 1
C2 Keyword in title 1
C3 Present a logical structure in the Abstract 2
C4 The introduction has a high-quality context 2
C5 The introduction mentions the Hypothesis 5
C6 The problem is defined in the Introduction 5
C7 State of the Art is in a logical order 5
C8 Has an appropriate Content of theoretical framework 4
C9 The methodology is explained in detail 5

C10 Data in the Results is available 3
C11 Results are consistent with the objectives 3
C12 Present complementary graphs for the text information 2
C13 Findings are discussed in relation to objectives 5
C14 Results are compared with the state of the art 3
C15 The conclusions correspond to the stated objective(s) 4
C16 Present future research 3
C17 References match 2

Moreover, 17 criteria assess how much the selected publications’ general quality is
close to scientific research, from article title to references. If a paper obtains 50% of the
total score or more, it will be included in the SLR. In this study, all 24 articles received
the minimum requirement. The criteria and the final score for each article are shown in
Appendix A Table A1.

2.5. Data Extraction

After obtaining the target articles for answering the research questions, the articles
were gathered into a separate excel sheet to find the challenges against the agri-food 4.0
supply chain.

3. Results and Discussion

This section includes four subsections that present our findings through this SLR.
First, we explain the 24 selected articles in terms of publication year, and document type.
Afterward, in the following parts, we answer the research questions. The last sub-section
contains the answer to RQ5 and RQ6.
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3.1. Overview of Selected Articles

We found 24 peer-reviewed publications that meet our SLR requirements. The first
study was published in 2016. The distribution of the publications based on publication year
is shown in Figure 2. There is enormous progress in the number of Publications between
2020 and 2021, which shows this area has gained more popularity since 2019. Thus, this
Table affirms the novelty and importance of this new research area.
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Figure 2. Distribution of publications based on year.

Regarding document types, Figure 3. displays the number of Publications according
to their document type. The blue color shows the number of Articles which is equal to 18,
and conference papers are displayed by orange color, which is equal to 5, and there is only
one book chapter among this SLR.
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Figure 3. The number of articles based on the document type.

The quality assessment result is shown in Table 2. The quality score was calculated in
scale 1 and all studies obtained more than 50% and were selected for final SLR. This Table
demonstrates that more than 66% of studies have a high or very-high quality level.

206



Sustainability 2023, 15, 5078

Table 2. Quality assessment score result.

Quality Level Of Studies Percent

Very high (0.85 ≤ score ≤ 1) 3 0.125
high (0.7 ≤ score < 0.85) 13 0.54

Medium (0.5 ≤ score < 0.7) 8 0.33
Low (0 ≤ score < 0.5) 0 0

Total 24 100

The distribution of articles in journals is broad, and only Computers in Industry
journal has two published articles among all selected studies.

3.2. Types of Agri-Food Products (RQ1)

This SLR aims to classify agri-food products. In the research [37], a general agri-food
product classification was proposed by the authors, including (1) bulk cereals, (2) root
vegetables and tubers, (3) sugar and sweeteners, (4) meat, (5) dairy products, (6) fruit,
(7) vegetable oils, (8) other. We classified the 24 selected articles into five different categories
in terms of agri-food products considering the classification in [37] which are shown in
Figure 4. These five classifications include (1) fresh fruits or vegetables, (2) cold chain,
(3) packaging, (4) food, and (5) agriculture. In [37], fruits and vegetables are two distinct
classifications, however, we consider them in one category since the literature addresses
their freshness as well as considering both of them in a single article. Thus, we consider
fresh fruits and vegetables one class. Seven Publications refer to fresh fruits or vegetables
that seem the most important or the most discussed subject in this area, and it is due to
the perishability of these products. The second classification, cold chain, includes fisheries
industry meats, or any other material that ship by cold supply chain and refrigerators,
in which there are five articles. Packaging as a third classification is a new class we add
to [37] because the only two articles that refer to packaging and discuss the importance
of packaging in the agri-food supply chain in a general perspective. Finally, we proposed
two general categories. Ten remained articles discuss food and agriculture products,
respectively. These two terms, “food” and “agriculture” are general terms that do not refer
to a specific product. We selected these titles because these two categories contain research
papers more associated with general frameworks and review papers. Although these
publications discuss the agri-food supply chain they do not concentrate on any specific
products. This sub-section and Figure 4 answer the first research question.
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Figure 4. Classification of publications based on agri-food products based on the number of studies.
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3.3. Types of Technologies (RQ2)

The answer to research question 2 is shown in Figure 5, which demonstrates the
distribution of industrial 4.0 technologies based on agri-food products. As we defined
before, industry 4.0 has four main Keys, including IoT CPS, IOS, and smart factory.
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Figure 5. Industry 4.0 technology distribution based on agri-food products.

The authors read all articles through the selected publications and found out that
some other technologies play roles in the agri-food 4.0 supply chain. IoT has attracted more
attention compared to other technologies. Other technologies that the authors found are big
data, robotics, and automation, cloud computing, artificial intelligence (AI), 3D printing,
blockchain, augmented reality (AR), cybersecurity, simulation, and virtual reality (VR).
Some articles addressed more than one technology in their research; for this reason, the
number of technologies is more than the total number of selected papers. Our findings in
this section cover nine technologies that were used to systemically review circular supply
chains in and application of I 4.0 in the circular economy [38].

3.4. Sustainability Area (RQ3)

This section presents our findings in terms of sustainability. Only nine articles from
24 selected articles addressed sustainability which shows a gap regarding sustainability in
this field. The distribution of sustainability is illustrated in Figure 6. Of these nine articles,
only one addressed the social aspect, and all of them addressed the environmental aspect
of sustainability.
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3.5. The Contribution of I 4.0 in a Sustainable Agri-Food Supply Chain (RQ4)

This section aims to address research question 4; how I 4.0 contributes to the sustain-
able agri-food supply chain. When it comes to the environmental aspect of the agri-food
supply chain, waste management attracts more attention due to the perishability of prod-
ucts in this value chain. Then, water management has the second step. Finally, only one
paper addressed energy consumption management. The information is shown in Figure 7.
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Figure 7. Areas of sustainability.

3.6. Challenges and Themes in the Agri-Food 4.0 Supply Chain (RQ5 and RQ6)

This study aims to find challenges in the agri-food 4.0 supply chain. To find the
challenges, first, we read all the articles and found four papers that addressed challenges
directly for different technologies but not specifically the industry 4.0 concept [13,16]. Then
we reread the publications to see which article addresses which challenge. Among the four
papers that addressed challenges directly, three [13–16] addressed challenges regarding
IoT adoption in the agri-food supply chain. In [39], the authors studied challenges regard-
ing different technologies, including IoT, Robotics and autonomous systems, AI, big data
analytics, and blockchain. There are both common challenges and unique challenges men-
tioned in these four articles. We reread the challenges and tried to integrate the challenges
that were mentioned with different names while they had the same characteristics. Finally,
we reached 15 challenges and five themes. The themes and challenges are illustrated in
Table 3.
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Table 3. Challenges and themes in the agri-food 4.0 supply chain.

Themes Challenges References Number of Observations

technical

Security and privacy [20,23,39–46] 10
Wireless power transfer and ambient energy harvesting [39] 1

Big data management [20,47–50] 5
Reliability, availability, and robustness [20,46] 2

Developing IoT-based cloud system [40,43] 3
Technological architecture [20,27,42,45,49–57] 13

infrastructural
IoT-based infrastructure (Internet) [39,40,44,45,48] 5
lack of governmental regulations [23,48] 2

Standardization [20,23,44] 3

operational

High energy consumption [39,45,47] 3
Scalability [23,39,40,44] 4

Interoperability [20,39] 2
Congestion and overload issues of IoT [40] 1

financial High implementation and operating costs [23,41,58] 3

social Lack of human skills and educational issues [39,45,48,58] 4

As the number of challenges in this area is extensive, we aim to classify challenges
to make them more sensible for scholars and future research. In [55], the article’s authors
classified IoT adoption challenges into five main themes, including technical, financial,
operational, social, educational, and governmental, and fourteen challenges. We kept the
four technical, financial, operational, and social themes, and we added a new classification
called infrastructural themes. This study considers the educational theme as a subsection
of the social theme because the terms education and society have been widely used close
to each other. Moreover, the related governmental challenges are a sub-category of an
infrastructural problem. We explain each of them separately below.

3.6.1. Technical Theme

After reading, analyzing, and interpreting the selected article, we concluded seven
challenges that we consider technical challenges. Each challenge is described separately
as below:

• Security and Privacy

Security and privacy have been widely proposed as a significant ongoing issue re-
garding I 4.0 technologies [43,44], more specifically, security issues associated with IoT
technologies [20,23,40]. In industry 4.0, a huge amount of data is generated and distributed
through a wireless sensor. Four extensive areas, including data authentication, resistance
to attacks, client privacy, and access control regarding security and privacy, must be ad-
dressed [20,23]. Network and some parts of this data are about users and their private
information, interaction, etc.

In other papers, security is considered cybersecurity [41,45,46] which refers to the
security related to cyberspace and the link among physical assets and objects. According
to the assertation in [41], insufficient cybersecurity awareness and a lack of educated
and skilled people in the cybersecurity area can diminish security and raise risks. Due
to an enormous number of stakeholders in the agri-food supply chain, such as farmers,
manufacturers, wholesalers, retailers, and consumers, the supply chain is vulnerable to
cyberattacks [46].

Blockchain, a fast-growing technology, is proposed as an infrastructure to share data in
the agri-food 4.0 supply chain [39,42]. By combining IoT and blockchain, Grecuccio et al. [42]
proposed a framework to reduce security in the food supply chain and increase trace-
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ability. Although blockchain, like other I 4.0 technologies, is vulnerable to cyber-attack,
three key characteristics, including data storage, decentralized network, and peer-to-peer
communication, intensify security and privacy considerably [39].

• Wireless power transfer and ambient energy harvesting

This challenge is only presented in [39], which seems a significant issue for applying
I 4.0 appliances in the agri-food supply chain. Liu et al. in [39] propose a challenge for
recharging small sensors necessary in farms such as underground, underwater, livestock,
and trees. Replacing the batteries in these appliances seems unachievable. Wireless power
transfer is a good solution by recharging the batteries through electromagnetic waves.
However, underground, underwater, and long-distance wireless networks are issues ahead
of this solution. Likewise, ambient energy harvesting is another potential solution for
this challenge. Some research papers studied and showed that harvesting energy from
rivers, movement of vehicles and fluid flow, and the ground surface is possible [39].
Nevertheless, as the converted electrical energy is limited, power conversion efficiency
should be further improved.

• Big data management:

Big data has been at the center of attention in the SCM and many studies have
addressed it recently. For example, in [59], the authors asserted that big data-driven
SCM could facilitate the barriers. Moreover, big data management extensively used with I
4.0 in several contexts. In agri-food supply chain 4.0, it has been mentioned as big data,
data management, and big data analytics [47–49]. The devices, appliances, and sensors
generate numerous big data that need to be collected, stored, processed, and distributed
through different networks. This abundance of data should be managed [20]. Some of
the challenges in big data management are data storage, searching, sharing, analyzing,
and data visualization. Since the amount of data rises daily, the mentioned challenges
need high-end hardware and software and continuous upgrade of the system. The other
challenge with respect to big data management is data insecurity [46].

• Reliability, availability, and robustness:

Reliability and availability of IoT devices and services are potential issues in the agri-
food supply chain. There might be various failures in the system, such as hardware failure,
software issues, malicious attacks, and limited energy. Consequently, the robustness and
reliability of I 4.0 services are a significant challenge [20]. Both device failure and link
failure, which lead to communication failure, can cause financial risk. In research by [20],
authors propose a three-layer architecture for IoT-driven agriculture in which reliability is
one of its main features.

• Developing IoT-based cloud system:

A cloud system is used in the I 4.0 context as an intermediary space to link devices and
appliances through its network. Yadav and Garg, in their article [40], consider cloud-based
development as a challenge ahead of IoT technologies. However, another research [40]
considers cloud-based systems pricey and proposes a blockchain system and direct com-
munication of IoT devices through blockchain.

• Technological architecture:

Khan and Altayar [20] propose technological architecture as an obstacle ahead of
IoT adoption. They assert that it is necessary to develop, maintain and integrate a ro-
bust technological architecture that comprises all IoT-related technologies, such as cloud
computing, artificial intelligence, blockchain, wireless technologies, machine learning, big
data analytics, and data center and server technologies [20]. Thus, an open technological
architecture ensures the integration of different technologies, scalability, mobility, interoper-
ability, modularity, and openness in a heterogeneous environment. This study proves that
technological architecture is the most important challenge based on our findings, because it
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has attained more attention in the literature than the other challenges in which 50 percent
of the selected publications addressed this challenge.

A sustainable food supply chain was designed for IoT-enabled e-commerce food en-
terprises by applying a lateral inventory share policy [56]. Another study by Almadani and
Mostafa [51] presents a systematic integration model of a multi-vendor agricultural pro-
duction system that uses data distribution service middleware to facilitate communication
among production systems.

The cocoa bean traditional assessment method is carried out by humans and takes
a lot of time. Adhitya et al. [27] used artificial intelligence classifier methods for textural
feature extraction to decrease the assessment time process and cocoa bean waste. Reducing
food waste is a contribution to a sustainable supply chain. Jagtap et al. [52] designed a
framework to diminish food waste as well as energy and water based on IoT-based devices.
Other research [49], studied how cyber-physical systems can contribute to sustainable
food systems by using machine learning techniques. Likewise, Mondragon et al. [50],
proposed a two-layer conceptual approach in the fishery industry by using IoT devices
and digitalization. Furthermore, a software framework that lets IoT devices communicate
through blockchain was proposed by [42]. In [48], the author designed a module that uses
AI-based IoT devices to ripen the fruits when they are shipped by in the container.

Moreover, Sharma et al. [54] proposed a framework with CPS concentration to im-
prove productivity in the agricultural supply chain. In addition, a three-layer architecture
proposed by [42] that is energy efficient, cost effective, heterogeneous, secure, and reliable
to use IoT in agriculture based on cloud computing. Finally, the paper by [55] designed a
model based on I 4.0 technologies to collect food traceability data through the supply chain
and transform it to the consumer to improve the quality of products.

3.6.2. Infrastructural Theme

This theme presents three different infrastructural challenges. These challenges are
IoT-based infrastructure, lack of governmental regulations, and standardization. Each
challenge is discussed as follows:

• IoT-based infrastructure:

Infrastructure for IoT-based devices and services is another challenge in the agri-food
4.0 supply chain. Accessibility to the internet, the primary service of Industry 4.0, is low
in the agri-food sector. In [40], the authors studied the lack of internet accessibility in the
Indian agriculture supply chain. The availability and collaboration of a diverse range of
services such as AI, CPS, IoT, IoS, blockchain, cloud systems, and so on need a high-quality
infrastructure in the supply chain [48]. When it comes to infrastructure, implementation
issues arise related to hardware installation challenges and changes in the processes [44].
Likewise, installing these infrastructures needs a high cost [45].

A robust wireless network is necessary to apply I 4.0 technologies in the agri-food
supply chain. However, it is an issue because of several causes that negatively affect the
wireless network. For example, temperature variations, humidity, human presence, and
movements of animals lead to signal fluctuations [39]. Hence, a robust wireless network is
vital to coping with weather conditions and the agricultural environment.

• Lack of governmental regulations:

The government plays a key role in the agri-food 4.0 supply chain. Poor regulations
in IoT applications may create food safety issues and decrease traceability [60]. In [48],
Yadav et al. demonstrated that the collaboration of government organizations, NGOS,
and food processing organizations could enable I 4.0 in the agri-food supply chain. Laws
and regulations should support the development and extension of I 4.0 in supply chain
management, especially in the agri-food sector, which has important consequences on
social health and poverty [23].
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• Standardization:

Smart agriculture and global communication need standard protocols to prevent
ambiguity and facilitate efficient and smooth integration among different vendors and data
safety through cloud networks [23]. Standardization helps devices and digital appliances
interact efficiently. This challenge becomes more important when it comes to the global
supply chain between various continents with different regulations, responsibilities, and
standards [44]. The complexity of I 4.0 technologies even makes it more difficult to define a
unified standard for the interaction of sensors, software, devices, actuators, and networks
with their own predefined protocols [20]. Lack of standardization has always been a
challenge for most new technologies [23].

3.6.3. Operational Theme

This theme attempts to address the barriers regarding the operational aspect of I 4.0
technologies in the agri-food supply chain. The main challenges are high energy consump-
tion, scalability, interoperability, proper connection of ASC entities and IoT technology, and
IoT congestion and overload issues. The issues are explained as follows:

• High energy consumption:

Blockchain has gained more attention for this challenge. Due to the high energy
consumption of blockchain technology, especially by coal and fossil-based energy, it is a
thought-provoking barrier [39]. High energy consumption leads to a high cost of energy
that makes it a barrier in the agri-food supply chain. To cope with this issue, scholars in [58]
proposed adopting renewable energy to reduce costs in the long-term and meet sustainable
development goals for reaching a green planet and mitigating climate change.

• Scalability:

Agri-food 4.0, with growing technologies such as IoT, blockchain, etc., includes an
incredible size of devices and nodes that need to connect in the future. Thus, scalability has
been mentioned as an ongoing challenge that should be addressed in agri-food 4.0. Some
papers presented the scalability issue in IoT [23,40]. The middleware approach is proposed
by [40] to provide a flexible service with a huge number of devices that can communicate
with each other at one position,. The other research by [44] discusses the importance of
servers’ scalability in IoT. Scalability in blockchain is presented as an issue in [39] since
the transaction speed in blockchain networks such as Bitcoin and Ethereum are so low
compared to visa transactions.

• Interoperability:

The nature of I 4.0 works with devices that produce data, and they need to commu-
nicate with each other through diverse networks. When it comes to the agri-food supply
chain, it contains several layers, including thousands of devices and communication. There-
fore, I 4.0 technologies should have the capability to communicate and exchange data
between devices. This capability is called interoperability, an issue in the agri-food 4.0
supply chain. The information exchange needs an interoperable environment. Interoper-
ability generally has four types; technical, semantic, syntactic, and organizational [20]. This
challenge has been studied for two technologies: IoT and blockchain [20,39]. Different sorts
of blockchain networks can hardly communicate with each other, and there is a necessity
for interoperable communication protocols [39].

• Congestion and overload issues of IoT:

This issue is similar to the operational challenge proposed by [61] to study collabo-
ration in an industrial symbiosis network in the circular economy. The complexity of the
supply chain and collaboration among its players was previously introduced as an issue.
Given the complexity of the SCM network in which each layer in SCM uses several devices
as well as fast-growing technologies and the existence of big data in the network system,
facing congestion and overload of IoT devices is an inevitable challenge in the agri-food 4.0
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supply chain. The congestion occurs when multiple devices produce information and want
to load their data through the network [40]. It is necessary to find a solution for this issue
in the future as an adoption barrier.

3.6.4. Financial Theme

The financial theme has only one challenge regarding general financial concerns in
terms of novel technologies as follow:

• High implementation and operating costs:

Implementing I 4.0 requires new technologies and always emerging technologies have
been pricy. Furthermore, the maintenance cost will be a challenge for organizations [23]. In
a study by [41], active packaging is suggested as a new solution for sustainability in the post-
harvest food supply chain. Although active packaging increases the quality, safety, and shelf
life of packaged food, the high-cost implementation is a barrier to adopting this beneficial
tech. On the other hand, the other paper proposes that although the implementation of I
4.0 technologies and digitalization is expensive, in the long term, these technologies are
beneficial [58].

3.6.5. Social Theme

We name this theme social because it is about social challenges pertaining to humans.
The issues show the lack of human skills and educational issues, which is explained
as follow:

• Lack of human skills and educational issues:

It is essential to address the issues related to farmers and I 4.0. Farmers should be
aware of the benefits of industry 4.0 context to participate in the supply chain. However,
there is a lack of human skills in the agri-food supply chain as most data analysts and
data scientists are not at agricultural universities or agri-food-related companies [39].
Likewise, universities have not yet prepared industry 4.0 courses or programs to provide
sufficient human skills in this field. Furthermore, the lack of skilled labor is apparent, and
it is essential to speed up preparing highly skilled experts and laborers in the agri-food
supply chain [58]. In research by [48], education and training were found as the fifth
most important enabler of the agri-food 4.0 supply chain among 14 enablers, proving the
significance of this challenge.

4. Discussion and Conclusions

This systematic literature review aimed to address challenges regarding industry 4.0
application in the agri-food supply chain. In the first step, we defined industry 4.0 and
its main technology components, including IoT, IOS, CPS, and smart factory. Then we
described the agri-food supply chain containing four types of supply chain; “agriculture
supply chain”, “agriculture value chain”, “food supply chain”, and “food value chain”.
Afterward, we devised six research questions. We defined the search terms based on our
definition of industry 4.0 and agri-food supply chain. In the final step of the systematic
review, we applied a quality assessment. The result of SLR was 24 selected Publications.
Although a few articles were selected in the final process (24), the quality assessment
showed the selected publications are quite well matched to the scope of this study, which
could be due to the novelty of the field and the preciseness of the scope of this SLR.
We contribute to the literate by applying a systematic literature review into industry 4.0
application in the agri-food supply chain. A systematic review that concentrates on I 4.0
is scarce. Similar publications mainly discuss specific technologies such as IoT, CPS, or
blockchain, and not the I 4.0 as a general concept. Hence, the findings in this study are
worth reading, and it helps both scholars and practitioners in the agri-food supply chain.

We found 15 challenges regarding the agri-food 4.0 supply chain that each one is
defined separately. Then, we classified them into five main themes. The principal findings
of this review are summarized as follows:
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• (RQ1) There are five categories in terms of agri-food products in the agri-food 4.0
supply chain. Three specific products and two general ones. The particular products
contain fresh fruits and vegetables, cold chain, and packaging. On the other hand,
in some studies, almost 40% of this SLR generally addresses food and agricultural
products due to their concentration on frameworks or reviews. Since there have not
been similar articles that classify products, our findings contribute to the agri-food
supply chain by demonstrating the importance of the I 4.0 application for perishable
products such as fresh fruits, vegetables, and cold chains.

• (RQ2) This research question aimed to find the most applicable technology in this field:
IoT with its wide application. IoT has gotten considerable attention compared to other
technologies. In this section, we found some other technologies in addition to the
four leading mentioned ones; IoT, CPS, IoS, and smart agriculture. Other technologies
are big data, robotics and automation, cloud computing, AI, 3D printing, blockchain,
augmented reality (AR), cybersecurity, simulation, and VR. These technologies also
play a role in the agri-food 4.0 supply chain. The results of this question are shown
in Figure 5, another contribution of this study. We displayed which technology has
been used on which type of products. For example, IoT and its application in fresh
fruits and vegetables, agriculture, and food products have the highest number of
articles, respectively.

• (RQ3) The answer to this research question identified a vast gap in sustainability in
the agri-food 4.0 supply chain. When new technologies come up, sustainability should
be considered. Nevertheless, some new technologies, such as a single AI, not only do
not reduce carbon emissions but also can emit carbon as much as five cars through its
lifetime [62]. The selected articles that addressed sustainability were 37.5% of selected
studies. In this era, the importance of sustainability is inevitable in various contexts
from climate change to the social terms. This gap is an opportunity for future research.

• (RQ4) The answer to this research question determined that waste management has
gotten more attention due to the perishability of products in the agri-food supply
chain. Then water resource management is another area that industry 4.0 contributes
to the sustainable agri-food supply chain. Climate change has caused new challenges
in the agri-food supply chain, such as water shortages and droughts. Scholars in this
area should address how new technologies in I 4.0 would affect sustainability from
different aspects. There is a necessity for the hard work of scholars and researchers to
analyze I 4.0 impacts on sustainable development goals.

• (RQ5) In answer to this question, we found 15 challenges, including security and pri-
vacy, wireless power transfer and ambient energy harvesting, big data management,
reliability, availability, and robustness, developing IoT-based cloud system, technolog-
ical architecture, IoT-based infrastructure (Internet), lack of governmental regulations,
standardization, high energy consumption, scalability, interoperability, congestion and
overload issues of IoT, high implementing and operating costs, and lack of human
skills and educational issues. The challenges are shown in Table A1 in which a column
represents the number of articles discussing each challenge. With these numbers, we
found the most notable barriers ahead of I 4.0 in the agri-food supply chains. Here
we name the four most discussed challenges: technological architecture, security and
privacy, big data management, and IoT-based infrastructure, respectively. Designing
a professional framework or model in which technologies perform properly is the
biggest challenge in the selected articles. Before doing any action, it is essential to have
a map or an architecture that demonstrates how I 4.0 technologies should function. The
second most discussed issue is security and privacy, which is a barrier for enterprises,
farmers, and all layers of the agri-food supply chain to trust the new technologies.
Security and privacy have always been a striking challenge for new technologies.
Lastly, big data management and IoT-based infrastructure have the third important
position in the list of challenges. It is vital to address this issue because data is the main
component of this supply chain that facilitates procedures and speeds up functions.
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Therefore, managing an immense of data is recognized as an issue. Furthermore, all
efforts towards I 4.0 are useless without proper infrastructure like the internet.

• (RQ6) Finally, after reading the challenges, we classified them into five main classifica-
tions: technical, operational, social, infrastructural, and financial.

The findings of this study showed a considerable gap in the sustainability of agri-
food 4.0 supply chain. Meanwhile, most of articles addressed I 4.0 application in the
agri-food supply chain without addressing sustainability which draws attention and shows
a considerable gap for future research in the agri-food 4.0 supply chain. On the other hand,
among articles that addressed sustainability, waste management, and water management
were found two sub-sections of sustainability that are more discussed and need to be
further addressed. The two issues of water and waste management are the most notable
challenges in the sustainable agri-food supply chain. More research is needed to study how
I 4.0 is able to address water and waste management. Furthermore, I 4.0 is still emerging
with the development of disruptive technologies and is in its early decade.

Moreover, based on agri-food product classification in this study we suggest further re-
search on challenges regarding each product’s category because first, this study considered
challenges overall on agri-food supply chain and second, the character of each category
could make define other challenges or more specific sub-challenges.

Furthermore, this study pictures a comprehensive classification of challenge themes
which help practitioners and scholars to narrow the concentration on addressing the
problem and to have a better understanding of the whole challenges in one frame. The
presented themes outline the main barriers that need to be addressed by the agri-food
industry in adopting industry 4.0 into their supply chain.
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Abstract: This study conducts a review of the current practices of bioeconomy education and training
in the EU; as well as the associated methodologies; techniques and approaches. In recent years;
considerable efforts have been made towards developing appropriate bioeconomy education and
training programs in order to support a transition towards a circular bioeconomy. This review
separates bioeconomy education approaches along: higher education and academic approaches,
vocational education and training (VET) and practical approaches, short-term training and education
approaches, and other approaches. A range of training methodologies and techniques and peda-
gogical approaches are identified. The main commonalities found amongst these approaches are
that they are generally problem based and interdisciplinary, and combine academic and experiential.
Higher education approaches are generally based on traditional lecture/campus-based formats with
some experiential approaches integrated. In contrast, VET approaches often combine academic and
practical learning methods while focusing on developing practical skills. A range of short-term
courses and other approaches to bioeconomy education are also reviewed.

Keywords: bioeconomy; bioeconomy education; bioeconomy learning; higher education; vocational
education and training

1. Introduction

In recent years the Bioeconomy has become a central topic in EU policymaking, espe-
cially in the context of the Green Deal which was approved by the European Commission
in 2020 and includes a set of policy-related initiatives supporting the transition to carbon
neutrality by 2050, and is expected to continue to receive increased national and EU-wide
policy support in the coming years [1]. In this context, the bioeconomy is expected to under-
pin the transition from a linear economic model that is based on non-renewable resources,
to a circular, low-carbon economy that relies heavily on the production and consumption
of renewable, organic-based resources. Such a transition requires both a mentality change
of the population and a practical transformation of its skillset; as the standards and the
needs change, new job types arise across entire value chains. In order to effectively support
such a transition, a comprehensive bioeconomy education and training system needs to
be developed, one that will take into account the special needs and the interdisciplinary
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approach that the bioeconomy entails. Such a system requires a transformation of existing
education methods and training approaches, as well as the development of new ones [2–5].

Considerable gaps exist in our understanding of the existing practices around bioeconomy-
related training and education. This can partly be explained due to the relevant newness
of the bioeconomy as a concept [6], but also because multiple educational practices and
approaches, that are clearly located within the bioeconomy conceptually, are not explicitly
labelled as such. A range of previous projects and studies have investigated bioeconomy
education programs and approaches [7–10], however a comprehensive review of training
methods and approaches across higher education (HE) and vocational education and
training (VET) is lacking. This is especially relevant as previous studies have highlighted
that education, training and knowledge development in bioeconomy sectors vary widely
across Europe. According to the European Commission, there is a particular lack of training
on bioeconomy for small enterprises and at low levels [2,6,11,12]. In addition, there is a
concern that the labour force is not trained adequately for this transition to a bioeconomy,
especially as it requires expertise that originates in different disciplines and combines a
variety of skills across and along value chains.

This paper aims to fill this gap by conducting a review of the current practices of
bioeconomy education and training in the EU, as well as the associated methodologies,
techniques and approaches. This will contribute to our understanding of how bioeconomy
education and training is conducted, evaluate the different approaches, and provide the
background for the development of additional and necessary bioeconomy curricula. Fur-
thermore, this study aims to conduct a review of current practices of bioeconomy education
and training in the EU as well as the associated methodologies, techniques and approaches.
By doing so this study provides an overview on and relevant categorisations of existing
bioeconomy approaches and also highlights where developments in bioeconomy education
and curriculum have been occurring and where they have been lacking in recent years. In
addition, this study facilitates a discussion on the main commonalities and differences be-
tween the various educational approaches currently used in the bioeconomy and identifies
various areas for future areas of research.

The paper is structured as follows: the rest of this section provides an overview of
previous studies on bioeconomy training and education; Section 2 discusses the method-
ology used in this review; Section 3 presents the results of this study; Section 4 provides
a discussion and macro analysis of trends in bioeconomy training and education in the
context of previous studies; and Section 5 provides concluding remarks.

2. Literature Review

There isa range of bioeconomy policies and strategies developed at the EU level
and country level that support related bioeconomy training and education processes. At
EU level, the 2012 European Bioeconomy Strategy, which was updated in 2018 with the
addition of a Bioeconomy Action Plan, which calls for the new education processes and
the testing of new HE and vocational training curricula [13]. Beyond this, the bioeconomy
is supported by other major EU policies and strategies, including the Green Deal, the
Circular Economy Action Plan and the Farm to Fork Strategy [14,15]. There are also a
few EU Member States with a national bioeconomy strategy, including Finland, Germany,
Latvia, France, Spain, Italy, Ireland, Austria and the Netherlands, while Norway and the
UK also feature their own strategies. Estonia, Hungary and Lithuania are in the process of
developing national strategies [16]. Similarly, all these policies tend to include and promote
relevant bioeconomy education and training in their strategies. In September 2022 the EU
released the report on ‘Promoting education, training and skills across the bioeconomy,’
which assesses expert insights on current bioeconomy education practices and the future
needs for bioeconomy related education until 2050 [17].

Various recent publications exist that investigate bioeconomy-related education and
programmes. Pubule et al. (2020) analyse 10 Master programmes in bioeconomy and high-
light the interdisciplinary nature of the approaches used [6], while Kalnbalkite et al. (2021)
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look more widely at education for the bioeconomy [1]. Ruxandra et al. (2018) investigate
the role of the University in developing human capital for a sustainable bioeconomy [18],
and Masiero et al. (2020) look into bioeconomy-related perceptions among 1400 students in
29 Universities [19]. Less recently, Watkinson et al. (2012) conducted a review of advanced
bioenergy education and training in Europe [11], and Ray et al. (2016) highlighted the
importance of linking bioeconomy development with education in developing countries,
emphasising the potential of e-learning courses [20].

A common theme among relevant journal publications is the importance of interdis-
ciplinarity in any method or approach with the bioeconomy education [21]. Sacchi et al.
(2021), investigate the educational processes required for a bio-based economy, and high-
light that the main challenge for education related to the bio-based economy is the develop-
ment of an effective framework that bridges the life sciences and the social sciences [22].
Onpraphai et al. (2021) argue for the importance of creating new education approaches
that are able to support the shift to a sustainable bioeconomy [23]. It is documented
that education for the bioeconomy is conceptually related to the attainment of the Sus-
tainable Development Goals (SDGs) and education for sustainable development (ESD).
Urmetzer et al. (2020) highlight that pedagogical approaches based on ESD that are inter-
disciplinary can support transformational bioeconomy education processes [3].

Lask et al. (2017), in looking at academic approaches to education for the bioeconomy,
find that most HE programs, in particular at university level, are designed with I-shaped
profiles whereby students specialise in one discipline and research field. However, bioe-
conomy programs are inherently interdisciplinary and aim to create a T-shaped profile,
i.e., where integrative professionals are ideally also disciplinary experts, educated to in-
corporate and connect different disciplinary knowledge domains and methods. Therefore,
the paper makes the case for a bioeconomy education that is multi- and transdisciplinary
as well as practice-oriented in order to create bioeconomy professionals who, although
specialised in one specific field, have an understanding of other related disciplines and are
able to manipulate scientific jargon [24].

Moreover, a range of European and national projects are focused on supporting
education and training in the bioeconomy. Examples of such projects include the Euro-
pean Bioeconomy Library [10], BIOEAST, The BRANCHES PROJECT [7], BE-Rural [8],
MPowerBio [9]. Many of these projects include knowledge exchange and capacity building
programmes for the bioeconomy. The ERASMUS+ project VET4BioECONOMY, which was
completed in 2021, focused on VET programmes on forest bioeconomy, while the ERAS-
MUS+ project FIELDS has a database on VET related programmes in the bioeconomy [25].
Extending the horizon beyond the EU landscape, the ERASMUS+ Capacity Building project
BBChina established a 120 ECTS equivalent Master Program on Bioeconomy in three Chi-
nese Universities through a cross-collaboration between European and Chinese Higher
Education Institutions [26].

In recent years, a host of platforms have already proliferated that support education
processes often by hosting and sharing relevant bioeconomy knowledge, including the
Rural Bioeconomy Portal, the European Bioeconomy Network, the European Bioeconomy
Library, the Bio-based Industry Consortium’s (BIC) bioeconomy platform, the European
Bioeconomy University, the European Bioeconomy Alliance, and the Circular Bioeconomy
Alliance. These platforms, at times overlapping, generally support bioeconomy knowledge
and information sharing and development, stakeholder collaboration, policy development
and provide tools and support for relevant stakeholders.

These publications provide relevant insight into bioeconomy education but none
of them conducts a comprehensive review of the entire bioeconomy education theme.
Additionally, as the bioeconomy is such a wide concept, there are many educational
programmes that are not labelled as ‘bioeconomy’ but clearly belong in this theme. For
instance, a range of studies investigate training and education within the bioeconomy
themes–the farming and agricultural sectors, water-based bioeconomy, forestry, bioindustry,
bioenergy. However, these studies do not include courses in the bioeconomy per se–there
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are few curricula that are focused on the bioeconomy but there are many more that are
related to the bioeconomy. This is an important finding, especially given the established
significance for interdisciplinarity within bioeconomy-related courses, potentially entailing
that bioeconomy education is inherently inter- and trans-disciplinary.

A common point between the relevant policies and strategies, the papers and the
projects is that existing education and training approaches need to be transformed and new
ones need to be developed to effectively train individuals for a sustainable bioeconomy–
the bioeconomists. Relevantly, a recent report by the Global Bioeconomy Summit 2020
investigates how to shape education for a sustainable bioeconomy and identifies the
relevant needs; “The expertise required in the [sustainable circular bioeconomy] SCB
workforce in the industry by 2030+ was identified as: Knowledge transfer from lab to
industry; critical thinking and problem-solving abilities, knowledge in business models
and project management; knowledge about the principles of sustainable development and
the circular economy; knowledge in bio-based markets and techno-economic expertise.”
This conclusion convincingly demonstrates the need for bridging theory with practice, life
with social sciences, and cognitive with technical skills [27].

3. Methodology: Materials and Methods

3.1. Conceptual Approach
3.1.1. The Bioeconomy

There are a variety of definitions and approaches to ‘bioeconomy’ ranging from a
broader, inclusive definition that focuses on biological resources and processes in general
to narrower and more specific definitions that focus on particular sectors. The European
Commission defines the bioeconomy as “using renewable biological resources from land
and sea, like crops, forests, fish, animals and micro-organisms to produce food, materials
and energy [28].” A more in-depth definition provided in the EU Bioeconomy Strategy
is that the bioeconomy includes all systems that are dependent on biological resources
(biomass, animals, plants, organisms), their functions and principles. This includes land
and marine ecosystems; primary production sectors (agriculture, forestry, fisheries and
aquaculture) and; all economic and industrial sectors using biological resources to produce
food, feed, biobased products, energy and services [13].

Considering this definition, the bioeconomy can be conceptually categorised along
5 themes, and in line with the EU bioeconomy strategy. These are:

• Food/agriculture systems, which encompass the value chains related to farming, the
production of food and biological feedstocks within the 10.5 million farms in the
EU [29].

• Forestry/natural habitats systems, which are a source of environmental public goods,
raw materials and services, and refer to processes of managing and utilising the EU’s
182 million ha of forests [30].

• Water systems, which refer to all aquatic systems and respective economic activities
(such as fisheries, aquaculture, aquatic biomass production, etc.).

• Bioenergy, which refers to all energy derived from organic sources, being the largest
RES in the EU (12% of total energy demand).

• Biomaterials/bio-based products, which are derived from renewable biological feed-
stocks and are processed creating conventional products (e.g., timber and textiles) and
advanced products (bio-plastics and pharmaceuticals).

It is well documented that the bioeconomy is interdisciplinary [12] and both tran-
scends and interlinks between the themes (food/agriculture, forestry/natural habitats
and aquatic/water system bioenergy and biomaterials), sectors (primary, secondary, ter-
tiary) and the wider economy. The bioeconomy is inherently an inclusive concept as it
is a response to the unsustainability of current economic processes that are often based
on unsustainable production models and contribute to environmental degradation and
societal fragmentation [3].
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3.1.2. Educational Approaches and Methodologies

Bioeconomy education is generally distinguished by a number of characteristics. The
previously cited studies indicate that the bioeconomy needs to adopt interdisciplinary learn-
ing and teaching approaches that are often focused on bringing together and integrating
the STEM disciplines with the SSH (social sciences and humanities) disciplines.

This paper investigates training methodologies, techniques and approaches that are
prevalent within bioeconomy education within the EU. A range of labelling of methodolo-
gies exists by different projects and studies. For this study, we prefer a relatively simple
conceptual categorisation of educational approaches and methodologies, combining the
insights and expertise from the RELIEF consortium as well as the research outputs of the
Erasmus+ FIELDS project [31].

Training and education approaches are wide concepts that aim to broadly describe the
pedagogical approaches to teaching. Based on a variety of sources, and in the framework
of the RELIEF project, we categorise our research and findings along four main approaches:
(i) the higher education and academic approaches, (ii) the VET and practical approaches,
(iii) short-term approaches, and (iv) other approaches. Academic approaches are mainly
based on cognitive approaches to education and learning knowledge and theory. These are
knowledge-based approaches where the goal is to learn, integrate and apply knowledge in
academic disciplines. This approach is often central to higher education institutions, such
as universities, and teaching and learning generally occur over a number of years. Practical
approaches are mainly centred around ‘learning by doing’ methods and are focused on
supporting the development of an individual’s skills, abilities and knowledge around
practical, real-life (as opposed to theoretical, hypothetical) issues. These are competence-
based approaches that are focused on supporting students in mastering specific skills and
competencies. This approach is often used in VET institutions and learning duration ranges
from a number of months to multiple years. This generally includes training in skills and
knowledge for a trade or occupation and may be part of secondary or tertiary education
programs or training for specific employment. Short-term approaches are time-bound,
ranging from less than a day to a couple of months. These approaches are generally
intensive, compressing large amounts of knowledge and learning in short time periods
and may adopt a academic, practical or hybrid approach. Other approaches refer to
other learning methodologies encountered in the literature, including do-it-yourself (DIY)
learning, lifelong learning and informal education.

These are conceptual categorisations and considerable overlap between approaches
exists, while each individual approach often adopts learning practices that are favoured by
another approach. The categorisation has been determined based on the ‘focus’ of the given
approach. For instance, in practice an academic bioeconomy University program may have
a focus on theoretical concepts but generally also includes parts that are centred around
problem or project or challenge based learning and also include practical learning and
training. In addition, education and training for a sustainable and circular bioeconomy is
closely related to education for sustainable development (ESD). ESD refers to incorporating
key sustainable development factors into education programs including topics focused on
climatic change, sustainable production and consumption and biodiversity. Similarly, it is
recognized that ESD is interdisciplinary and requires participatory teaching and learning
approaches [3].

Each approach adopts and favours a range of training methodologies and techniques.
Training methodologies and techniques refer to those used in designing and implementing
education and training, i.e., the pedagogical tools used to impart knowledge and skills in
the context of each educational setting. These methodologies and techniques are explored
as a sub-category of the four main training and education approaches identified. The
training methodologies and techniques that were identified and referred to in the existing
literature include: lecture and classroom-based formats, e-courses, virtual learning tutorials,
on-the-job training, work placements/traineeships, practical workshops, in-person class,
focus groups, panel discussions, mentoring, peer learning, participatory learning, on-site
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demonstration, gamification [31]. (See Figure 1). These methodologies and techniques are
not mutually exclusive, meaning that more than one can be used in one education setting
and overlap within one approach, while they are also not assigned specifically to any of the
main approaches. For instance, a lecture/classroom-based University course may make
use of participatory learning techniques, as can a VET course.

Figure 1. Conceptual Educational Approach.

3.2. Data Sources, Selection Criteria, Search Strategy and Data Collection

This study conducts a review of the current practices of bioeconomy education and
training. Data was collected from a range of sources including peer-reviewed publications,
reports, results from previous projects, national policies. Our search strategy followed a
number of key steps: on the one hand, all partners of the RELIEF consortium were asked to
participate in the data collection process by providing relevant information and data on
educational approaches in their respective countries as well as the EU. On the other hand,
relevant studies were identified through key word searches through google scholar and
SCOPUS and desk-based research. Keywords used in these searches included ‘bioeconomy
education’, ‘bioeconomy training’, and ‘bioeconomy learning’, these searches identified a
total of 259 publications (175 in Scopus). The publications identified show considerable
increase in recent years until October 2022 (Figure 2).

The studies included here, and in particular journal articles, were screened for rele-
vance and applicability, the reports and projects used came from respected publication
sources, while the journal articles had to be published in well respected and peer-reviewed
journals. 72 studies were found relevant and selected for further analysis. These studies
were chosen as they contained a clear thematic focus on the bioeconomy and education
and training approaches in the EU. Information and data were extracted, compiled and cat-
egorised along a number of categories for each bioeconomy theme. Due to the descriptive
nature of the data and the goal of this study, data was analysed in a qualitative manner
whereby different educational approaches were compared and contrasted.
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Figure 2. Number of bioeconomy education publications in Scopus by year.

3.3. Bias Risk and Limitations

There are a number of key limitations to the present study. Bioeconomy is a gen-
eral concept with varying interpretations. In this sense, there is a risk of losing specific
answers/results when discussing the bioeconomy [4] as they might be found under dif-
ferent terms. In addition, and due to these variations, authors and studies mean different
things when they refer to ‘bioeconomy education’. Moreover, as the bioeconomy is a
relatively new concept there are relatively few studies and approaches that focus solely
on the bioeconomy or use the term ‘bioeconomy’. This is a limitation as some educational
approaches adopt lenses other than the bioeconomy. Due to this newness, there is relatively
little research available on existing bioeconomy education approaches and techniques and
there are considerable data gaps. Future research is needed on more specific aspects of
each education approach in the bioeconomy. There are also a number of bias risks when
conducting a review. As the study is based on data and knowledge that has been shared
with the authors and on keyword searches in google scholar and Scopus, the inclusion of
knowledge and data is at risk of bias.

4. Results

4.1. Higher Education and Academic Approaches

In recent years, many higher education programs centred around the bioeconomy and
its components have been developed throughout the EU. These exist at a range of higher
education levels, including at bachelor, master/post graduate and PhD level as categorised
in Table 1. Common characteristics amongst these programs include: (i) interdisciplinary
design, often bridging STEM and SSH disciplines, (ii) focus on the bioeconomy as a whole
and/or on one or more bioeconomy-related themes, (iii) priority is given on academic
approach, and (iv) teaching and learning approaches are predominantly classroom/lecture-
based formats. These programs tend to be geared around supporting the development of a
knowledge economy and have a strong sustainability-related dimension. This sustainability
dimension appears in many forms throughout the available courses, for example there
could be a focus on the study of the circular economy, the design of eco/efficient bio-
products or on sustainable practices in general [32].

Further, there is a variety of designs and focus attached to these programs and they
can generally be categorised along three main lines: (i) programs focused on a scientific
discipline that emphasise on specific bioeconomy themes (e.g., Bio-technology) [33–36]
(ii) general Bioeconomy programs that provide a general overview of the Bioeconomy and
all its components [32,37], and (iii) programs that give equal emphasis in two disciplines,
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usually combining a STEM and a SSH discipline [38], and that focus on the relevant aspects
of the bioeconomy (e.g., a course combining Bio-technology with Economics or with Ethics).
In recent years, there has been a rapid increase in all of these programs, and specifically the
interdisciplinary design, and this trend is likely to continue [24]. Such study designs are
increasingly accepted within academia and higher education programs, while inclusive
and interdisciplinary approaches are favoured as being paramount to the creation of a
circular and sustainable bioeconomy, which is inherently interdisciplinary. Such courses
approach the subject with a holistic and critical understanding in order to accommodate
the multidisciplinary character of the bio-economy which, as explained above, requires a
re-designing of the traditional educational methodologies which are fragmental.

Regarding bachelor level programs, several were identified in several countries and
can broadly be split into either general bioeconomy programs or specific theme-based
programs. The design of these general bioeconomy programs has a focus on learning and
education across the entire bioeconomy value chain, while some of them may include an
additional focus on particular aspects of the bioeconomy. These programs generally adopt
an academic approach; although the teaching approach somewhat varies, they appear
to use traditional approaches to higher education centred around an on-campus lecture
format combined with problem-based learning with some or limited access to field-work
and laboratory programs [32,37,39].

Regarding the bachelor programs that are focused on specific bioeconomy themes,
this study located several bachelors of science, such as biotechnology, biomaterials, bioen-
ergy, agricultural sciences and agricultural engineering, forestry and bioeconomy. These
programs are likely to incorporate more of a hands-on approach than the general programs
discussed above, with access and use of laboratory facilities and research infrastructure. In
many instances, these programs also have close links with industry and can provide rele-
vant work placements for the students. Course descriptions often mention approaches cen-
tred around problem-based or challenge-based learning or experiential learning, as well as
hands-on learning through lab experiments, field trips, and a capstone project [33,34,36,40].

Regarding Masters programs, these tend to have a closer focus on specific themes
of the bioeconomy and generally adopt a mixed education approach that combines aca-
demic and practical methodologies [11]. The course descriptions of such post-graduate
programs often appear to include a more general, foundational module focused on the
bioeconomy/bio-circular economy as a whole, followed by more focused modules on, for
instance, biobased industries, management of biobased feedstocks, etc. Often, in addition
to the course modules which are generally lecture-based and emphasise on theory, there is
a more practical component as part of the program. This practical component may include
carrying out experiments, either in lab or real-life conditions, or a work placement, or some
independent research [6]. Similarly, to bachelor programs course descriptions are also often
centred around problem-based or challenge-based learning [38,41–46].

Despite these commonalities bioeconomy Masters programs and their development
generally follow country specific developments. For instance, in Italy, Master degrees
are intended as in-depth thematic studies offered independently by universities. The
first example of a Master program related to the Bioeconomy was the “IMES Master in
Bioenergy and Environment”, set up in 2004 with the support of the “EU/US Programme
for Cooperation in Higher Education and Vocational Education and Training” [47]. The 60
ECTS equivalent course run in three US Universities and in two EU Universities and was
mainly focussed on the Biomass to energy chain. It was held in ten editions until 2019 at
the University of Florence, while at the Universidade Nova de Lisboa, it was transformed
into a Master Degree at the end of the 2010’s. In this Master, the multidisciplinary approach
was developed all along five different axes: Biomass Production (Agriculture, Forestry,
and Energy crops), Energy conversion (Renewable Energies and Bioenergy Generation),
Biofuels (Conventional and Advanced) and Biorefineries, Environmental Impact (modelling
and LCA), and Legislation & Economy. Another important example, started in 2016
and presently running, is the 2nd level Master “Bioeconomy in the Circular Economy
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BIOCIRCE”. It is an interdisciplinary program jointly offered by four Italian Universities
(University of Bologna, University of Milano-Bicocca, University of Naples Federico II,
and University of Turin), by 4 non-academic partners (Intesa Sanpaolo, Novamont SpA,
GFBiochemicals SpA, and PTP Science Park di Lodi), and 2 Italian Technological Cluster
(Cluster SPRING and Cluster CLAN agrifood) providing skills and expertise necessary to
deal with the full range of issues in the complex bioeconomy field [45].

Regarding PhD and further higher education programs, these are not prescribed
and they are variable depending on the topic, however, the general trend shows that
there are an increasing number of PhD programs around the bioeconomy [48]. Such
programs can be practical, academic or hybrid, including a mix of educational approaches.
They are research-focused with the goal of advancing bioeconomy-related research and
development, and they often go in-depth on one more specific topic within the sectors of
the bioeconomy [48–50].

Table 1. Current higher education practices for the bioeconomy.

Type of
Program

Description
Typical Learning

Method
Time Period

(Years)
Geographical Locations Prevalence Qualifications

General
Bioeconomy

Bachelor

Theory-based
learning with
some practical

elements.

lecture/classroom
based, e-courses and

virtual learning,
participatory learning,

some practical
elements/on site
demonstration

3–4
Germany [37],

Finland [51], Norway [32],
Poland [39]

Several Undergraduate
degrees

Bachelor on
specific

bioeconomy
themes

Mixed learning
approach

lecture/classroom
based, e-courses and

virtual learning,
participatory learning,

many practical
elements/on site
demonstrations

3–4
Germany [33,34],

Spain [40], Finland [36],
UK [35]

Several Undergraduate
degrees

Masters Mixed learning
approach

lecture/classroom
based, e-courses and

virtual learning,
participatory learning,

many practical
elements/on site
demonstrations

1–2

Greece [38,41], UK [42],
Austria, Ireland,

France [31], Germany [43],
Netherlands [44],

Italy [45], Sweden [46]

Many
Postgraduate

certificates and
degrees

PhD, Post-doc Research oriented
Self-learning, some
lecture/classroom

based
2+

Ireland [49], Switzerland,
Spain, Italy, Sweden,

Netherlands, Germany,
Austria, Belgium [48],

France [50]

Several Degree

4.2. VET and Practical Approaches

The EC defines VET as “the training in skills and teaching of knowledge related
to a specific trade, occupation or vocation in which the student or employee wishes to
participate. Vocational education may be undertaken at an educational institution, as part
of secondary or tertiary education, or may be part of initial training during employment,
for example as an apprentice, or as a combination of formal education and workplace
learning” [52].

VET programs that are focused on specific themes of the bioeconomy are prevalent
across the EU. This study has located a multitude of agricultural courses, forestry courses,
energy/electrician courses. Relevantly, the EU ERASMUS + project FIELDS has created a
database on VET related programs in the bioeconomy [31]. VET programs are generally not
standardised across the EU in terms of education and training methodologies and there is a
wide range of approaches and learning methods used. In practice, different countries have
different approaches to VET education and the training is linked differently with secondary
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and tertiary education systems. For instance, it is common for VET education to be centred
around education institutions but in some countries VET education and certification can
also be achieved through apprenticeships, which is the case in France.

VET courses are predominantly focused on training and teaching of skills and knowl-
edge for employment. In this sense, in VET courses on the several bioeconomy themes,
the typical learning approach is centred around the teaching of practical skills, achieved
through experiential learning and hands-on practice [53]. A common VET course descrip-
tion is likely to include a short theoretical overview of the relevant topic/bioeconomy
theme, followed by a range of practical training directed towards the specific topic and the
practical skills attached to it. There is a large variation in the types of practical training
offered, which can come in the form of lab work, traineeship, apprenticeship, etc.

Common thematic focuses for the courses located (Table 2) are agricultural technicians,
digital/technological expertise combined with a bioeconomy theme and forest management
expertise. A commonality amongst all VET courses located is that they all involve some
level of practical training, usually done through on site/farm demonstration and learning
activities and students receive a certificate at the end of their studies. This may also be
combined with a work placement, generally towards the end of the program. Amongst
the VET courses located there are considerable differences in terms of the time period
of all courses ranging from a couple of weeks and/or hundreds of hours to 2+ years
and/or 2000 h [53–59]. Clearly rural extension services are also important methods for
providing training and education for rural stakeholders on the bioeconomy, however,
during this review no extension programs with a focus on the bioeconomy were located.
The development and integration of these is an important area of future research.

Table 2. Approaches and Methodologies in VET Education and Training for the Bioeconomy.

Course Title Description
Typical Learning

Methods
Time Period Location Qualifications

Smart Farming
and Bioeconomy
Technician [53]

Training to become a
smart farming technician

following a range of
courses, field learning and

cv related training

Lecture/classroom and
on-farm demonstration

activities

800 h (400 on
site, 400

classroom)
Italy Certificate

Professional
Higher Technician
in Agrotechnology

[60]

Agrotechnology
technician training for the

management of a
small-medium

agricultural enterprise

Lecture/classroom and
on-farm demonstration

activities
2 years Portugal Certificate

Technicians in
rural areas [54]

Focused on creating
entrepreneur with

thematic focuses on
innovation in agriculture,

the viability of farms,
irrigation

Lecture/classroom and
on-farm demonstration

activities
1 year Spain Certificate

Data-Driven
Agri-Food

Business [61]
Online learning 10 weeks Netherlands Certificate

Agrogardening [56] Vocational training with
job placements

On-farm demonstration
activities and job

Placements
2000 h Spain Certificate

Forest
Harvesting [55]

Training on forestry use
and management with

associated job placements

Lecture/classroom,
on-site demonstration

activities and job
placements

2 years Spain Certificate
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Table 2. Cont.

Course Title Description
Typical Learning

Methods
Time Period Location Qualifications

Environmental
Technician [57]

Technical training as an
environmental technician
through training and job

placements

On-site demonstration
activities and job

placements
2 years Belgium Certificate

Technician in
agricultural

production [62]

Technical training on
producing agricultural

products

Lecture/classroom and
on-farm demonstration

activities
2000 h Spain Certificate

Technician in
Forest

Management and
the natural

environment [63]

Technical studies for
forestry and

environmental work in
mountainous areas and

nurseries

Lecture/classroom and
on-farm demonstration

activities
Spain Certificate

Entrepreneur
Biodynamic

agriculture [59]

Training for sustainable
agricultural production

technician integrated with
high school

Lecture/classroom and
on-farm demonstration

activities
Netherlands Certificate

Agricultural
Technician [58]

Technical training as an
agricultural technician

through training and job
placements

Classroom/lecture
and participatory

learning
Up to 6 years Belgium Certificate

Agricultural
Production

Technician [64]

Training for Agricultural
Production Technician

Integrated with
high school

Lecture/classroom and
on-farm demonstration

activities
1 year Portugal Certificate

Table 3. Short term education and training approaches for the bioeconomy.

Category
Typical Learning

Approach
Methods Description Example Courses

Workshops
Mainly academic,

possible some
practical

Panel Discussions
Focus groups
Lecture based

Short events ranging from a few
hours to a few days.

Focused on specific themes
around the bioeconomy or

general bioeconomy.
Condensed knowledge transfer.

Often are organised in the
context of EU and/or national
bioeconomy related projects

Unlocking Regional
bioeconomy transitions.
State of the art and ways

forward [65]
Sustainable Production of
Biobased Products in the

Bioeconomy Era [66]

Short Courses
Mix between
academic and

practical

Lecture based
Tutorials

Practical teaching
E-learning courses

Range from a few days to
Some assessment. Students with
bioeconomy background or not.
Generally, a mix of lectures, lab

and field visits.
Online courses

Training course for farmers:
non-food crops (NFC) for
bioeconomy in Italy [67]

Summer School: Towards a
Biobased Economy [68]
Bioeconomy school [69]
ELLS Summer School on

Bioeconomy [70]

SME Training - Mentoring

Generally centred around
capacity building and

supporting SME developments
in the bioeconomy

Bioeconomy Ventures [71]
MPowerBio [72]

DigiCirc [73]
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With regards to connections between these more practical VET courses and the aca-
demic higher education courses described above, there seems to be a considerable overlap
between the two; the VET courses usually include a theoretical aspect, albeit smaller than
the practical part of the course, often in the introductory modules, while in the higher
education courses there often is a module that requires more practical skills, possibly in the
form of lab experimentation or work placement.

4.3. Short-Term Training and Education Approaches

Several short-term education and training approaches for the bioeconomy have been
located and are summarised in Table 3. They have been categorised according to workshops,
short courses and SME training. These categories generally adopt varying and mixed
learning approaches and methods, depending on the goal and the scope of the training,
they last for a short period of time and are generally knowledge-intensive. These courses
are run by several bodies and are supported through various funding modes, including
national and EU projects, universities, research institutes, NGOs and for-profit enterprises.
Most of these courses either focus on general knowledge sharing on the bioeconomy or the
development of specific skills for specific topics within the subject.

4.4. Other Approaches

A range of other bioeconomy education approaches is also mentioned by various
actors. These approaches are often informal and/or are not attached to educational insti-
tutes and are centred around individual and lifelong learning schemes, though are often
dependent on open-source data published by educational institutes. These approaches
are generally characterised as self-motivated and voluntary, for personal and professional
reasons, and can be practiced by a range of methods, including both academic and practical,
depending on the relevant scope and goals [24,27,74]. A range of education techniques
are practiced but are generally based around on the job training and participatory learn-
ing techniques, mentoring and self-learning through audio-visual material but can also
include learning appropriated through informal means such as through discussions with
other relevant stakeholders. Multiple authors argue that these self-motivated processes are
crucial for supporting a society wide transition towards a circular bioeconomy and need to
be supported by educational material and scientific research that is available to the general
public [20,27].

5. Discussion

The findings presented in this report illustrate that education approaches attached
to the subject of the bioeconomy vary considerably across the EU, with a range of aca-
demic, practical, hybrid, short term and other approaches. There are some important
commonalities in the methodologies used within these approaches; the education offered
is generally problem-based, interdisciplinary and combines academic and experiential
learning. Furthermore, the teaching methods vary, traditional lecture based and lab based
formats are popular while in recent years online-learning has also become popular [31]
replacing and/or adding to the more traditional lecture formats.

Courses focused around academic and higher education have proliferated, especially
in recent years. These have also been centred around creating increased collaborations
between existing institutions, for instance, In 2022 the European Bioeconomy University
was launched as a collaboration between 6 European universities to promote bioeconomy
education [75]. The main learning approaches used in these educational systems are based
around traditional, campus-based lectures and tutorials, sometimes with slight variations
in the format [24]. There is some focus on problem-based and experiential learning within
relevant courses. More specifically, there is a relatively high selection of masters’ courses
that combine bioeconomy with a thematic focus. Pubule et al. (2020) highlight that
bioeconomy master programs are designed around thematic focuses that aim to facilitate
long-term employment in the bioeconomy sector. They also highlight that most of these
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programs are currently concentrated in Western Europe though they predict a likely spread
to other areas around the world as the bioeconomy becomes more and more prevalent [6].

Regarding VET programs, in the research process of this study, it was relatively easy
to locate higher education courses but harder to locate practical VET courses. This is in
line with the study by Ciriminna et al. (2022) who highlight that in recent years university
courses on the bioeconomy have proliferated but that there is a need for more practical
courses [12]. However, the distinction between the various education approaches is not
always clear when it comes to VET programs, while the categorisations between VET and
HE programs appear increasingly blurred. On the one hand, this is likely to be due to
the newness of the bioeconomy as a concept but also due to the inherent interdisciplinary
nature of bioeconomy education that generally requires and includes a mix of academic and
practical approaches to education. The lack of data around specific design of VET courses
is a major data limitation this study, and as more practical courses become available, our
understanding of the approaches used and their effectiveness will become clearer. A key
recommendation coming out of various studies is that there is a need for considerably more
practical bioeconomy education approaches, especially vocational ones, that support the
development of relevant skills across a variety of economic sectors [76].

Given that a thriving bioeconomy is the foundation for the transformation towards
a circular economy, there is a need for more bioeconomy programs [3]. It is clear, that on
a policy level, the importance of bioeconomy education is now widely recognised [12],
however our understanding of what transformative bioeconomy training approaches are
and how they fit into supporting the transition towards a circular economy remains limited.
There is a need for bioeconomy experts across the economy, within research, the public
sector and private sector [12]. Considerable attention is now being put towards mapping
and creating new approaches to training for the bioeconomy and these can build on the
research presented in this paper. Such programs, courses and modules are necessary to sup-
port knowledge-wise this transition and the training approaches and methodologies need
to also be transformative and need to combine higher education, VET and industry in each
of the themes of the bioeconomy, in order to approach the concept in an interdisciplinary
manner that supports an understanding of the complexities of a sustainable bioeconomy.
Indeed, various studies [3,11,27,77,78] argue that bioeconomy educational programs need
to be designed to create a knowledge-based economy and to provide the new skills needed
for the new and upcoming bioeconomy [17]. To fulfil this, relevant programs need to be
innovative, interdisciplinary, holistic and open to advancements.

This review indicates multiple areas for future research on bioeconomy training and
education. Overall, it is clear that, considering the size of the EU and the bioeconomy,
bioeconomy education programs remain relatively limited. As the development and
transformation to a sustainable bioeconomy is depended on new and relevant skills and
competences a unified EU bioeconomy training and education program is needed that
is both multidisciplinary and dedicated to the development of a sustainable bioeconomy.
For this to happen further research is needed on what skills are required for such a transi-
tion. Such research can be strengthened by EU wide initiatives that monitor and analyse
new bioeconomy learning approaches and identify and disseminate best practices. A
standardised methodology that carries this out could focus on first ‘identifying emerging
skills needs’, then ‘updating existing content and teaching methods’ and then ‘adopting a
modular approach’ that allows for the development of tailor made education programs [79].

This review also suggests that there is a lack of current VET programs focused on
the bioeconomy, further research on how to develop and integrate them into existing
structures would facilitate their development. There are various ways to support this
including research on what long term skills and competences for the bioeconomy are
needed and how to better embed educational approaches in career guidance, this could
be then be followed by a process that integrates relevant educational recommendations in
relevant national and EU strategies. In addition, Kuckertz 2020 recommends integrating
and facilitating entrepreneurship, research on how entrepreneurship can aid bioeconomy
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training programs could be valuable [80]. This review also suggests that a focus on how to
integrate extension and advisory services would be beneficial for bioeconomy stakeholders.
Extensive research is needed on how bioeconomy extension services can be integrated in
existing extension services. This is particularly important as the remit of the bioeconomy is
considerably larger than existing services.

A considerable drawback of current bioeconomy related research is that there is
no concrete accepted definition of what bioeconomy education entails. A recent study
found that some programs still have a tendency to be discipline oriented and that this
can hinder the capacity of students to dealt with complex issues [81]. In the design of
educational programs and pedagogical practices ways need to be found to overcome
learning boundaries [81] whilst ensuring an interdisciplinary approach to bioeconomy
education [82]. Moreover, drawing upon D’Adamo’s et al. [83] remarks, it is important the
education aspects in bioeconomy to be investigated in relation with the EU Next Generation
Fund (as VET and skills consist major priorities) and its funding initiatives and outcomes.

6. Conclusions

This paper has conducted a review of the current practices of bioeconomy education
and training in the EU, as well as the associated methodologies, techniques and approaches.
It has provided an overview of education approaches for the bioeconomy, including higher
education and academic approaches, VET and practical approaches, short term training
and education approaches, and other approaches. The main commonalities amongst these
approaches are that they are generally problem based and interdisciplinary, and combine
academic and experiential. Higher education approaches are generally based around
traditional lecture/campus-based formats together with some integrated experiential ap-
proaches. In contrast, VET approaches often combine academic and practical learning
methods while focusing on developing practical skills. Various areas for future research
are identified in this study. In recent years, considerable efforts have been made towards
developing appropriate bioeconomy education and training programs. However, due to
the scale and complexity required for the bioeconomy transition it is clear that consider-
ably more bioeconomy education programs are required, especially focused on specific
bioeconomy themes.
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Abstract: The bioeconomy continues to be a contested field in the political debate. There is still no
consensus on how a bioeconomy should be designed and anchored in society. Alternative bioeconomy
concepts that deviate from the mainstream discourse and are based on small-scale, agro-ecological
models are usually underrepresented in the debate. This also applies to Argentina, where the diversity
of bioeconomic approaches has not yet been documented and analyzed. The objective of this paper is
to identify bioeconomic approaches in Argentina, and characterize alternative, more socio-ecological
and locally embedded approaches in order to make them more visible for the political debate. Based
on literature research, categories were extracted that can be used to distinguish different types of
the bioeconomy. Subsequently, these categories were used in an online survey of 47 enterprises
representing different sectors of Argentina’s bioeconomy. Using cluster analysis, three groups can be
distinguished: a biomass, a biotechnology, and a bioembedded cluster. Argentina’s bioeconomy seems
to follow a path dependency logic, but new development paths are also opening up. The bioeconomic
approaches discovered in Argentina are partly consistent with contemporary bioeconomy typologies,
but there is also great diversity within the groups. All bioeconomic approaches have local connections,
but are locally embedded in different ways. In addition to the differences between the bioeconomic
approaches, two common elements could also be detected: an interest in sustainable use of natural
resources and in building networks using synergies with other actors in the territory. These two
elements mean that bioeconomic initiatives could pave the way for a new rural development model
in Argentina.

Keywords: biomass; biotechnology; agro-ecology; territorial development; sustainability; cluster
analysis

1. Introduction

The importance of locally available resources has again come back into focus as a result
of the current crises, and in this context also the bioeconomy, which focuses in particular
on a more sustainable and efficient use of local resources [1]. However, the bioeconomy
seems to continue a “contested field” [2] in the political debate. Two of the most prominent
bioeconomy visions, concepts, and strategies come from the OECD [3], which is strongly
biotechnology focused, and from the EU [4], which is more biomass oriented. There are
also alternative concepts emerging, such as that from the European Technology Platform
TP Organics, which follows a more agro-ecological vision, and stresses the inclusion of
different stakeholders from science, politics, business, and civil society [5–7]. There is still
no consensus on how a bioeconomy should be designed and how it could be anchored
in society. Some authors even argue that these approaches are fundamentally unsuitable
for achieving a societal transformation towards a truly sustainable bioeconomy when
viewed in the context of global inequalities [8]. In general, alternative bioeconomy concepts
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that deviate from the mainstream discourse and are based on small-scale, agro-ecological
models are usually underrepresented in the debate and marginalized [6].

This is also the case in Argentina, where the bioeconomy is mainly linked to genetically
modified (GM) monoculture crops, intensive use of inputs, and export orientation, with
a biotechnological and agro-industrial focus [9]. Argentine agriculture has been driven
by the soybean model since 1996, when GM crops were first introduced, and has since
expanded greatly in terms of acreage and production levels. This production model induced
biotechnology research and innovations, such as drought-tolerant seeds and no-tillage
systems [10], but has also had negative consequences on air and water quality, land use
changes, land distribution, health and employment [11], and on deforestation [12].

However, official documents of the Argentine government stress the potential of the
bioeconomy for regional development, for new industrial developments and local value
added, for institutional frameworks, and for sustainable, decentralized, renewable energy
supply [13,14]. Yet, as Tittor [14] (p. 325) points out for the case of Argentina: “Agroeco-
logical initiatives, a solidarity economy or de-centralized energy systems are not part of
the debate.” However, the author also mentions that “there are interesting and innovative
small-scale projects developing as part of the bioeconomy framework” (p. 324), and that
sustainability aspects are gaining in importance in the debate. Moreover, “the agricultural
commodity production is still the mainstay of the Argentinian bioeconomy, although small-
scale local initiatives, which also include socio-institutional and agro-ecological innovations,
are coming up”, as Sili and Dürr [15] (p.19) noted. These authors observe the coexistence of
two bioeconomic development models, which, following Priefer et al. [16], can be catego-
rized into the technological-based approach, which builds mainly on biotechnologies and
genetic engineering for higher biomass production and is oriented towards international
markets, and the socio-ecological approach, which envisions a decentralized, ecological
agriculture for the development of rural areas through the creation of regional value chains.

This diversity of bioeconomic approaches have not yet been documented and analyzed
in Argentina. There is an extensive bibliography at the international level, but only a few
studies on the Argentine case, mostly on biotechnological approaches, especially case
studies of companies and bioeconomic conglomerates of this sector. For example, on the
seed industry that has developed locally adapted soybean seeds [17], on the biotechnology
sector and its characteristics, strengths, and weaknesses [18], and on the factors which
influence the development of some specific bioeconomic ventures [19]. These studies show
that Argentina has caught up in the biotech sector and is now becoming more competitive
internationally. Moreover, Argentina has a high biomass potential for developing its
bioeconomy [20]. However, there is still no clear description and characterization of a socio-
ecological approach in Argentina. Moreover, it is unclear whether and how the bioeconomic
approaches can be clearly distinguished from each other in practice, or whether there are
also mixed forms.

We have chosen Argentina as a potentially interesting example because, on the one
hand, the bioeconomy in this country offers new development opportunities which can
overcome the constraints of the previous prevailing models, which were characterized by
the contrast between agricultural and industrial development and which can now overcome
this in order to contribute to a more balanced territorial development [21]. On the other
hand, the private sector has been crucial for the development of the bioeconomy, and only
recently have public policies gained importance [22], so bioeconomic models might look
different compared to countries where public strategies have been more prominent.

As a hypothesis, we suppose that the socio-ecological approach in Argentina is much
less visible, because it has not the size, the capacity for political lobbying, or the same
importance for exports, as the technology-based approach. We also hypothesize that there
might be combinations of these ideal types of bioeconomic approaches. Despite its low
visibility, the socio-ecological approach may have certain characteristics that could make
it strategically important for more equitable territorial development, namely: the use of
advanced scientific and technological knowledge, together with knowledge based on local
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experience, for the generation of dense local linkages, and the possibility of generating
local employment and income. Different bioeconomic approaches in rural areas might
follow different logics and generate different outcomes for local development, benefiting
varying actors, such as small- or large-scale producers. In particular, the socio-ecological
approach can be expected to be highly locally embedded, using mainly local resources from
low-intensive, small-scaled farming [5,16], and the entrepreneurs to be highly committed to
their local communities, a phenomenon that Korsgaard et al. [22] named “entrepreneurship
in the rural”. To our knowledge, the concept of local embeddedness has not been taken
into account in the characterization of bioeconomic approaches so far, which we aim to
change in this article.

The main purpose of this paper is to identify the diversity of bioeconomic approaches
in Argentina, and characterize the socio-ecological approach, in order to make it more
visible for the political debate, which then could also lead to more targeted support policies.
So far, to our knowledge, there have been, no attempts to group bioeconomic enterprises
into the different ideal types of the bioeconomy described in the literature. Based on some
recent literature that categorize such bioeconomic approaches, we extracted categories that
can be used to distinguish different bioeconomy types. Then, we used these categories
in an online survey with 47 bioeconomic enterprises representing different sectors of the
Argentine bioeconomy. The novelty of this approach lies in the operationalization of
categories that characterize bioeconomic types and their application to the real business
world. In this way, we aim to answer three important research questions: First, can different
bioeconomic approaches be clearly distinguished in the case of Argentina? Second, what
are the characteristics of the bioeconomic approaches that could be identified? Third, what
kind of linkages do these approaches maintain with rural territories, and what impact do
they have on sustainability there?

The paper is structured as follows: First, we describe the main bioeconomy typologies
discussed in the literature, and the concept of local embeddedness of enterprises. Second,
we explain the methods used. Third, we describe the three bioeconomic groups which
emerged from the cluster analysis. Fourth, we discuss the bioeconomic approaches and
their linkage with territorial development. Finally, we provide recommendations for further
research on the bioeconomy in Argentina.

2. Bioeconomy Typologies and Local Embeddedness

2.1. Bioeconomy Typologies

Bugge et al. [5] identified three ideal types of the bioeconomy: (1) a biotechnology
vision, (2) a bio-resource vision, and (3) bio-ecology vision. These visions can be charac-
terized by some key variables: aims & objectives, value creation, drivers & mediators of
innovation, and the spatial focus. The aims and objectives of vision 1 are mainly focused
on economic growth and job creation. This also applies to vision 2, where sustainability
also plays a central role. Aspects such as sustainability, biodiversity, conservation of ecosys-
tems, and avoiding soil degradation are crucial for vision 3. The value creation of vision 1
is based on biotechnologies, and the commercialisation of research & technology, while
vision 2 focuses on the conversion and upgrading of bio-resources, and vision 3 on the
development of integrated production systems and high-quality products with territorial
identity. The innovation process of vision 1 follows a linear model of transforming biotech-
nological research into new products and processes, stresses the importance of cooperation
with universities and research centers, and is based on patents, whereas the innovation
drivers of vision 2 relate to optimizing the use of land, bio-resources, and waste, and is
more interdisciplinary and network-oriented. Vision 3 drivers are based on the search for
sustainable agro-ecological practices, re-use and recycling of waste, and efficiency in land
use, and research and innovation activities are related to transdisciplinary sustainability
issues. Finally, the spatial focus of vision 1 is on global biotechnology centers and regions,
while vision 2 highlights the potentials for rural development, also in peripheral regions,
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as does vision 3, but with a stronger emphasis on the development of territorial identities
and locally embedded economies.

The scientific and social debate on the bioeconomy was analyzed by Priefer et al. [16].
Using several key categories, the authors identified two different approaches, which they
call the technology-based vs. the socio-ecological approach. The technology-based ap-
proach stresses the importance of increasing biomass production through intensification of
agriculture, but increasingly also through laboratories, and the major role played in this
process by biotechnologies and patents, multinational companies and global value chains,
international competitiveness and innovations, centralized solutions and economies of
scale, the partnership between politics, science, and companies, as well as the promotion
of life sciences. In contrast, the socio-ecological approach emphasizes multifunctional,
ecological agriculture, natural cycles and reduced resource consumption, the promotion of
social innovations, the use of local knowledge, the strengthening of rural areas, the creation
of regional value chains, a more localized food and energy supply based on small-scale,
region-specific biomass production with greater participation by civil society, and inter- and
transdisciplinary research. According to the authors, these approaches are not necessarily
mutually exclusive, and some features might be connected or otherwise combined.

By doing literature research, expert interviews, and conference participations, Vivien
et al. [7] characterized three ideal-types of bioeconomy narratives that revolve around the
notions of socio-technical relations, governance, sustainability, and tensions/paradoxes.
Bioeconomy type I, based on the works of Georgescu-Roegen, is defined as an ecological
economy, respecting the limits of the biosphere, whereas bioeconomy type II is defined as a
biotechnology based economy driven by science, and type III as a bio-based economy that
replaces fossil fuels with biomass. Type I takes a strong sustainability approach, promotes
an economy of prudence and sharing, and favors democratic, ecological planning, while
criticizing pure technical solutions. Type II, on the other hand, sees the techno-scientific
promises of the bioeconomy, is based on commodification of knowledge (patents), but has a
weak sustainability approach. Bio-refineries are at the heart of bioeconomy type III, which
pursues mission-driven policies to identify ecological transitions, by substituting products
and processes. However, this is still done within a weak sustainability concept, and with
the problem that pressure on resources and land could increase.

Through discourse analysis of official policy documents and stakeholder interviews,
Hausknost et al. [6] propose two dimensions by which the different visions of the bioecon-
omy can be located in a continuum: on the one hand the technological dimension, ranging
from visions of agroecology to industrial biotechnology; and the political–economic di-
mension ranging from notions of sufficiency to capitalist growth. This allows the authors
to distinguish four different areas, namely (1) Sustainable Capital, founded on the belief
of bio-technologies and industrial innovations for further, sustained and sustainable eco-
nomic growth; (2) Eco-Growth, based on the narrative of agro-ecological innovations for
intensification and efficiency gains; (3) Eco-Retreat, characterized by the combination of
ecological practices and socio-economic sufficiency; and (4) Planned Transition, constituted
by a high-tech vision together with a sufficiency approach. Different actors (state, business,
academia, civil society) not only have different visions, but also their roles for the transition
to the bioeconomy need to be critically assessed.

In analyzing the European bioeconomy agenda, Levidow et al. [23] describe what they
call the (dominant) life science agenda versus the (marginalized) agro-ecological agenda.
The former aims to modify plants and animals for greater productivity or new uses, and
to convert biomass into various inputs and outputs that can be de- and recomposed
for different industrial products, and relies on laboratory knowledge and bio-refinery
plants. The latter looks for agro-ecological systems that minimize the use of external
inputs, emphasize product identity with territorial characteristics that can be recognized by
consumers and therefore add local value, and is based on small-scale farming units and
knowledge of agro-ecological methods.
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Although this is a short literature review, it presents key issues in the current discus-
sion on the bioeconomy. The typologies elaborated by the authors cited, referred to as
bioeconomic “visions”, “approaches”, “agendas”, “narratives”, or “models”, reflect official
documents, research publications, public discourses, etc. Yet, these typologies have been
developed using different categories that are not necessarily compatible with each other.
Moreover, none of the authors listed above analyzed whether in the real world of bioeco-
nomic ventures, the different bioeconomy types can be found and clearly distinguished.
Furthermore, the territorial dimension of the bioeconomy is mentioned by some authors,
but not described in detail. If the bioeconomy is to foster territorial development, it seems
crucial that the territorial dimension of the bioeconomy is considered more thoroughly (see
the following section). As our aim was to apply the concepts to business companies, we
extracted three main dimensions, which were then further used for the development of
variables that could be utilized in a cluster analysis to characterize bioeconomic approaches
(see Section 3.2): (1) biomass production and use; (2) technology, research, and innovations;
and (3) sustainability impacts and territorial linkages. Table 1 shows in highly summarized
form how the authors describe the main characteristics of the different approaches in
relation to (1)–(3).

Table 1. Characteristics of different typologies of the bioeconomy.

Biotechnological Approach <——————————————-> Socio-Ecological Approach

Bugge et al. [5]

Biotechnology Vision
(1) biomass
transformation into
marketable products
(2) biotechnologies
based on R&D
(3) global markets

Bio-Resource Vision
(1) upgrading bio-resources and optimizing land
use and waste
(2) engineering and science
(3) rural development, but weak sustainability

Bio-Ecology Vision
(1) sustainable
agro-ecological
practices
(2) transdisciplinary
(3) territorial identity,
strong sustainability

Hausknost et al. [6]

Sustainable Capital
(1) eco-efficient use of
renewable resources
(2) biotechnologies and
industrial innovations
(3) global economic
growth

Planned transition
(1) reduced resource
use
(2) high biotech vision
(3) sufficiency
approach, global trade

Eco-Growth
(1) organic farming
(2) agro-ecological
innovations
(3) regional, small-scale

Eco-retreat
(1) ecological practices
(2) small-scale,
democratic control
over technologies
(3) socio-economic
sufficiency

Vivien et al. [7]

Science-based economy
(1) industrial
biotechnologies, cell
factories
(2) commodification of
knowledge, patents
(3) weak sustainability

Bio-based economy
(1) replacing fossil resources by biomass
(2) heterogeneous knowledge base
(3) weak sustainability

Ecological economy
(1) respecting the
limits of the biosphere
(2) prudence, against
“promethean
technologies”
(3) strong
sustainability

Priefer et al. [16]

Technology Based-Approach
(1) intensive production, efficiency gains
(2) biotechnologies, competitiveness, technology
leadership, patents
(3) multinational companies and global value
chains

Socio-Ecological Approach
(1) multifunctional, ecological agriculture,
reduced resource consumption
(2) social innovations, local knowledge,
transdisciplinary research
(3) regional value chains, autarchy, local
stakeholders

Levidow et al. [23]

Life science trajectories
(1) modifying plants and animals, conversion of
biomass
(2) lab knowledge and bio-refineries
(3) competition in global markets

Agro-ecological trajectories
(1) systems that minimize external input use
(2) knowledge systems for agroecology
(3) territorial identity and distribution systems

Source: own elaboration.

Different visions translate into various paths to follow for a transition to the envisioned
bioeconomy: for example, a technology-based transition based on research and on techno-
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logical innovations that can be transformed into competitive bio-based products, opposed
to a socio-ecological transition that follows sustainability concerns of the biosphere’s sup-
ply and regeneration capacities. However, there is also a need and possibility to integrate
the different perspectives of the transition [24,25]. The bioeconomic transition pathways
proposed by Dietz et al. [26] are not so much influenced by visions, but take into account
the different roles that techno-economic mechanisms can play in the development of the
bioeconomy, especially for factor substitutions and for efficiency gains, and differentiate
the (1) fossil-fuel substitution, (2) primary sector productivity enhancement, (3) new and
more efficient biomass uses, and (4) low-bulk and high value applications pathway. Sili and
Dürr [15] proposed, for the case of Argentina, a fifth pathway defined as the “generation of
new, innovative products and services with local value added.”

A value chain approach to differentiate bioeconomic types and a potential upgrad-
ing process is proposed by Mac Clay and Sellare [27]. The authors distinguish six value
chain models with different characteristics of biomass and biotechnology use and innova-
tion processes. The concept of bioeconomic upgrading from high-volume, low value to
low-volume, high value chains describes possible trajectories towards lower environmen-
tal impacts with higher economic opportunities. Finally, Bröring et al. [28] differentiate
four innovation types (IT) in the bioeconomy, namely (I) substitute products, (II) new pro-
cesses, (III) new products, and (IV) new behavior. These innovation types are associated
with specific challenges, related to markets, value chains, resources, innovation capacities,
consumers, and sustainability. For example, for IT I, the integration of bio-based substitutes
into existing value chains is a particular challenge, and there is market competition with the
fossil-based industry. For IT II, technology adoption and diffusion as well as knowledge
transfer are important challenges for establishing new processes and value chains. One of
the biggest challenges of IT III is innovation capacity, as new products require long devel-
opment periods, high investments, and the transfer of biotechnologies to users. Finally, for
IT IV, behavioral changes are confronted with different problems such as lack of acceptance
(of new products or processes), knowledge gaps, insufficient public communication, and
unwillingness to change. The typology could be used to analyze the dynamics and impact
of policies and other factors on innovations in the bioeconomy, as well as their sustainability
performance [28].

2.2. Local Embeddedness

One of the advantages of the bioeconomy is seen in the promotion of rural develop-
ment and stimulation of local economic and social development, with the possibility to
adapt to local characteristics and based on knowledge of local stakeholders [29]. Especially
the agro-ecological version of the bioeconomy is associated in the literature with local
knowledge, small-scale production units, shorter supply chains, territorial identity, and
rural development [30].

Bioeconomic ventures in rural areas may follow different logics and therefore achieve
different outcomes for local development. One important differentiation in this respect
might be what Korsgaard et al. [22] idealized as “entrepreneurship in the rural” vs. “rural
entrepreneurship”. The authors argue that the former is weakly embedded in the rural
space, i.e., follows a profit-oriented choice of location, which can also vary depending
on the (economic) framework conditions. Entrepreneurs in the rural react to economic
incentives (such as low land prices or labor costs) in their location decision, and the
location is considered as a space for profit-making, but they are not very engaged in local
communities and have no specific interest in rural development (which is not to say that
these ventures cannot have positive development impacts). In contrast, the latter represents
activities that rely on specific local resources that cannot be easily exchanged, and involves
a particular commitment of the company to its location and is heavily place-related, which
entails a different logic regarding the location decision and makes a spatial relocation more
difficult or unlikely. Rural entrepreneurs see the location also as a space for social life,
and they create new values with local resources that contribute to the development of

244



Sustainability 2022, 14, 14491

the communities from which these resources originate, not only in economic, but also in
socio-cultural terms [22].

Rural entrepreneurial processes are influenced by their spatial context such as the
resource base and market outlets, which also determine whether these processes are more
or less embedded locally. On the one hand, this depends on the resource endowment and
the extent to which rural enterprises use local resources. On the other hand, embeddedness
also hinges on whether and how rural entrepreneurs connect their local place to non-local
spaces, i.e., whether they link (or not) the local to the national or global economy. “Bridging”
of localized resources and products to non-local spaces, i.e., market outlets outside the
territory, can lead to dynamics and opportunities for the local economy [31]. This also
means that some enterprises might be locally embedded through their resource base, but not
through their customers (which are mainly non-local), and vice versa, leading to four types
of rural entrepreneurs and their embeddedness, depending on the extent to which local
resources are used and the extent to which there is “bridging” to non-local costumers:
(1) low embeddedness, but high bridging of local resources to non-local customers, (2) high
embeddedness and high bridging to non-local customers, (3) high embeddedness and low
bridging to non-local customers, and (4) low embeddedness and low bridging.

This means that enterprises with high local embeddedness might share many charac-
teristics of the socio-ecological approaches (see Table 1), for example, minimizing the use of
external inputs and showing local identity, which are mentioned by Bugge et al. [5] and
Levidow et al. [23]. The importance of regional value chains, autarchy, and the connection
to local stakeholders [16] also aims in this direction. However, by bridging local resources to
non-local costumers, there might also be cases that belong more to the approach of biomass
transformation into marketable products [5] by replacing fossil resources by biomass [7],
and cases where enterprises are active on international markets, a characteristic rather
belonging to the biotech model [16]. We have therefore included local embeddedness as an
additional category to characterize bioeconomic approaches.

3. Methods

3.1. Selection of Cases and Sample Structure

In the absence of consolidated databases in Argentina, which might be, inter alia,
due to lack of a clear definition of the bioeconomy, and thus a clear delineation of which
enterprises “belong” to the bioeconomy and which do not, we took an ad hoc approach
using three of the existing, but surely incomplete, lists of bioeconomic ventures. First, we
consulted the list of the Ministry of Science and Technology and the Ministry of Agriculture
of Argentina, which comprises 110 ventures linked to the bioeconomy. Second, we used
the list of the web portal “Bioeconomy in Argentina”, developed by Argentine agricultural
journalists, which includes 30 ventures. Thirdly, we utilized a list of 20 companies inter-
viewed in the documentary on the Argentine bioeconomy, produced by public television.
In total, a list of 160 ventures was compiled, but due to the high number of repetitions
between the different lists, a final list of 102 cases was consolidated.

Since we do not know the criteria used to create the lists, nothing can be said about
possible selection biases. Nevertheless, the companies included are highly diverse in terms
of sectors, regions, scale, technological level, etc. They also seem to belong to different
bioeconomic approaches (shown in Table 1). For example, there are companies from the
biotechnology sector, there are biofuel enterprises, and there are organic producers. Our
aim was to include as many as possible of the listed firms, so we tried to contact all of
the 102 firms by sending emails and, if no reaction occurred, by reminding them with a
telephone call. In the end, 48 of the 102 contacted enterprises filled out the questionnaire
(response rate of 47%). One of the enterprises had to be eliminated because it turned out
to be a recycling of electronic devices firm, resulting in the following sample structure of
47 enterprises (see Table 2). The distribution of the sectors as well as the regions and the
size of the companies (measured by the number of employees) is relatively even. However,
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the Cuyo region is missing. The map in Appendix C shows the location of the 47 enterprises
in the different regions of Argentina.

Table 2. Structure of the sample.

Sector No. of Cases Region No. of Cases Size No. of Cases

Food and Beverages 10 Metropolitan 8 Very small 10
Bioenergy 12 Pampa 18 Small 13

Agro-Inputs 11 Patagonia 5 Medium 9
Pharma and Cosmetics 6 Northeast 8 Big 9

Biomaterials 8 Northwest 8 Very big 6

3.2. Data Collection

In order to operationalize the different types of the bioeconomy described above,
our aim was to distill the main categories from the literature, find proper variables for
each category, and formulate appropriate questions suitable for the use of a Likert-type
scale. As mentioned above, we extracted three main topics with opposing views from
literature, which refer to (1) biomass production and use (intensive agriculture vs. agro-
ecological systems; large scale use of biotechnologies and biomass production vs. small
scale, circular systems); (2) technology, research and innovations (technology-based vs.
socio-ecology-based; life sciences, R&D and patent-based vs. transdisciplinary and agro-
ecological practices-based), and (3) sustainability issues and territorial linkages (weak vs.
strong sustainability; high input monocultures vs. conservation of ecosystems, biodiversity
and soils; global vs. regional value chains; central regions vs. peripheral regions; interna-
tional players vs. local stakeholders). Furthermore, we added from the literature of local
embeddedness the resource base (local/non-local input and outlet markets), locational
choices (a-spatialized vs. sustainable place making), cooperation with local stakeholders,
and the role local identity plays for the entrepreneurs.

We grouped these topics into four categories: biomass, scale, technology, and territori-
ality, and used 19 variables to describe them, see Table 3. The exact questions are listed in
the questionnaire in Appendix B. The variables are mainly ordinal (such as “very small” to
“very high” or “0%”, “1–24%”, etc. to “100%”), so that a Likert-type scale could be used.
We decided to use a 5-point scale as a sufficient, not too differentiated scale. Score “1” is
supposed to be closest to the socio-ecological approach, and score “5” would fully repre-
sent the biotech–biomass focused approach, with the exception of the category “biomass”,
where low values are also to be expected for the biotech approach. Taking the category
“biomass” as an example, score “1” stands for low volumes of biomass used, produced by
small-scale farms with no intensive production methods, and score “5” would be a highly
intensive production of high biomass volumes by large farms. “Size” was measured by
three variables (turnover, number of employees, and production volumes compared to
other companies). Again, low levels are to be expected for the socio-ecological approach.
In the category “technology”, the percentages show how much of total production value
depends on biotechnologies, local knowledge, and patents. We wanted to know how much
companies cooperate with scientific and with private organizations. The socio-ecological
approach was expected to fall into low levels of all variables except for the variable “local
knowledge”. Hence, for this variable, low scores mean high importance. In the category
“territoriality”, we asked which markets are mainly served, from where inputs mainly come
from (excluding biomass, which was asked in the “biomass” category), and how much
international prices influence the profitability of the business. Moreover, we wanted to
know to what extent products are based on local identity, to what extent business activities
contribute to an improved environment and to a more sustainable use of natural resources,
and to what extent the company interacts with local stakeholders. Note that some variables
are inversely formulated, i.e., the higher the variable outcome, the lower the score. This
occurs mainly in the category “territoriality”, meaning that higher local embeddedness
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and higher contribution to the environment are associated with lower scores, which is
expected for the socio-ecological approach. Three of the variables are nominal (Biomass 2,
Territoriality 1 and 2, which go from “local” to “global”), so that no scale points were used.

Table 3. Variables used to differentiate bioeconomic approaches.

Categories Scale

Biomass 1 2 3 4 5
1: Volumes Zero <10 t 10–100 t 100–1000 t >1000 t
2: Origin * Local Regional National L. America Global
3: Production
Scale Very small Small Medium High Very high

4: Intensity No use Low Medium High Very high

Size 1 2 3 4 5
1: Turnover
(1000$) ** <50 50–250 250–1000 1000–10,000 >10,000

2: Compared
to others Much smaller Smaller Average Bigger Much bigger

3: No. of
Employees 1–5 6–20 21–100 101–500 >500

Technologies 1 2 3 4 5
1: Biotech-
nologies 0% 1–24% 25–49% 50–74% 75–100%

2: Local
knowledge 75–100% 50–74% 25–49% 1–24% 0%

3: Patents 0% 1–24% 25–49% 50–74% 75–100%
4: Scientific
coop. Not Not Much Medium Much Very much

5: Private
sector coop. Not Not Much Medium Much Very much

Territoriality 1 2 3 4 5
1: Markets * Local Regional National L. America Global
2: Suppliers * Local Regional National L. America Global
3:
International
prices

No influence Some inf. Medium inf. High inf. Very high inf.

4: Local
identity Very much Much Medium Not much Not

5:
Environment Very much Much Medium Not much Not

6: Natural
resources Very much Much Medium Not much Not

7: Local
stakeholders Very much Much Medium Not much Not

* no scale used; ** Argentine Pesos (ARS); at the time of the interviews, ARS 100 = USD 1.

In addition to the 19 variables shown in Table 3, an open-ended question on the type
of products and services was asked, as well as multiple choice questions with predeter-
mined answers on four key characteristics of the firms, three reasons of their locational
choice, three levels of product specialization, and the type(s) of pathways followed (see
the questionnaire).

The survey was conducted as an online survey between October and December 2021.
An online survey with a standardized questionnaire was considered to be an appropriate
tool, firstly to do justice to the ongoing epidemic and secondly to provide the ready-made
scales. The answers were formulated in a Likert-type form, for which Google forms was
used. The interview questionnaire was developed in Spanish; an English translation is
added in Appendix B.
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3.3. Data Analysis

In a first analytical step, we divided the highly diverse 47 enterprises by their descrip-
tion of activities, complemented by information given in their websites, into five sectors:
(1) Bioenergy, (2) Biomaterials, (3) Food and beverages, (4) Cosmetics and pharmaceutics,
(5) Agro-inputs, see Table 2.

A hierarchical cluster analysis (Ward method, using quadratic Euclid distance) was
carried out with the values of the ordinal variables. However, we had to exclude
two of these variables (Size 1 and Size 2) due to missing data. We decided to exclude
the two variables rather than the (three) cases so as not to reduce the total number cases,
which were already few. Moreover, the variable Size 1 (“turnover”) was biased (64%)
towards the upper scale point of “5” (over ARS 10 million), the cut-off of which had been
chosen too low, so that the variable was not able to differentiate the enterprises well. In
addition, there were four answers of “zero biomass used”, so that the following questions
on origin, scale, and intensity of biomass use had be automatically scored as “1”, even if
there was no biomass production at all.

The use of cluster analysis was intended to answer the question of whether there are
relatively homogenous groups, as expected the biomass, the biotech, and an agro-ecological
group, or whether there are more distinguishable groups with different characteristics,
or whether there are no clearly distinguishable groups at all. This could lead to a more
differentiated typology, for example, small-scale biotech enterprises with high local em-
beddedness, or large-scale, international biomass-related enterprises with agro-ecological
characteristics, etc.

A first analysis using 14 variables showed no preferred number of clusters. With a pre-
defined number of clusters (3), results showed highly diverse groups of enterprises where
no clear pattern could be detected. We then decided to concentrate on only four variables
that were considered decisive for the three approaches, namely volumes of biomass, size,
use of biotechnologies, and cooperation with local stakeholders. The result for three clusters
showed distinguishable groups, but with some enterprises belonging to the “wrong” cluster
(two clearly biotech-focused and one clearly biomass-focused companies).

We then decided to use a very simple method, guided by the underlying knowledge
and theory of the different types of production models: Firstly, the cluster of enterprises
which probably would belong to the biomass-based approach was defined by separating all
companies with high and very high biomass utilization volumes (scale 4 and 5), resulting
in a group of 21 companies, mainly from the bioenergy and food sectors. Secondly, the
biotechnology group was defined as all companies that mainly base their productive
processes on biotechnologies (level 5 and 4) plus the companies with medium levels of
biotechnology use (level 3) if cooperation with scientific and technological organizations
has some importance for these companies (at least level 2). There was an overlapping
of six enterprises with the biomass approach that were excluded from the biotech group,
resulting in 15 companies, mostly active in pharmaceuticals and agro-inputs. The third
bioeconomic group was elaborated as the residual of all companies not belonging to the
already defined biomass and biotechnology groups, resulting in 11 companies belonging
to different sectors, in particular bio-products and foodstuffs. The result of this simple
algorithm was similar to the cluster analysis with four variables, but with the difference that
the three biotech companies now belonged to the “right” group. We therefore decided to
use the three clusters produced by the simple algorithm, using only two variables (biomass
and biotechnology use).

Each of the three clusters was characterized by the number of enterprises belonging
to each of the five scale levels of each variable. It was also determined how the other
variables not used for cluster analysis were distributed between the clusters. For each
variable, analysis of independence was carried out, using Fisher’s exact test statistics. A
non-parametric correlation analysis (using Spearman’s Rho) was performed with the scale
points of all ordinary variables for each cluster separately. In this way, it can be investigated
whether there are strong and significant relationships between certain variables of the
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different clusters. For some of the variables that showed such relationships, a second
cluster analysis was then taken for each of the three clusters (using Ward method) to detect
sub-groups in each cluster.

4. Results

Derived from the literature and the cluster analysis, we have identified three bioe-
conomy approaches in our material: the biomass, the biotechnological and an alternative
cluster we will describe below in further detail. For this cluster, according to the main
characteristics of this group, and deviating from the names used in literature so far, we
propose an alternative name, i.e., the locally embedded bioeconomy approach, in short, the
bioembedded approach.

Table 4 presents a synthesis of each of these clusters according to the different variables
of analysis. To differentiate more clearly, only the most frequent scale levels are shown
(if there are equally frequent levels, all of them are listed), and used the same colors as in
Figure A1 of the Appendix A, where all levels are presented. Dark green stands for the
lowest level 1, dark red for the highest level 5, and medium level 3 is painted in yellow.
The differences were tested with Fisher–Freeman–Halton exact statistic, and are significant
for biomass 1, biomass 3, size, technology 1, and territorial 2.

Table 4. Cluster characteristics of scale variables.

Variables Fisher Exact
Cluster 1. Biomass

(n = 21)
Cluster 2. Biotechnology

(n = 15)
Cluster 3. Bioembedded

(n = 11)

Biomass 1: Volume 51.3 **
(0.000) >1000 tn: 71% <10 tn: 73% <10 tn: 82%

Biomass 2: Origin 6.3 (0.346) local: 71% local: 53% local: 82%

Biomass 3: Scale 15.9 * (0.025) medium: 48%
very high: 29%

small, very small,
medium: 27% very small: 64%

Biomass 4: Intensity 12.6 (0.092) medium: 38%
low: 24% no use: 47% no use: 36%

low: 36%
Size 3: No. of

Employees 19.5 ** (0.005) 101–500: 33%
>500: 24%

1–5: 33%
6–20: 33%

1–5: 45%
6–20: 27%

Technology 1:
Biotechnologies 28.4 ** (0.000) level 2: 43%

level 1, 3: 19% level 5: 60% level 2: 64%

Technology 2: Local
knowledge 8.8 (0.324) level 2: 38%

level 3: 29%
level 1: 33%
level 4: 27%

level 3: 45%
level 1, 2: 18%

Technology 3: Patents 7.5 (0.490) level 1: 57% level 1: 60% level 1: 45%
level 2: 27%

Technology 4: Scient.
Cooperation 4.7 (0.848) level 4: 38%

level 3: 29%
level 4: 33%
level 2: 20%

level 3: 27%
level 4: 27%

Technology 5: Private
Cooperation 6.1 (0.682) level 4: 38%

level 2, 3, 5: 19%
33% level 1
27% level 4

45% level 4
18% level 3,5

Territorial 1:
Markets 5.3 (0.486) national: 48%

international: 29%
national: 53%

international: 27%
national: 73%

international: 27%
Territorial 2:

Suppliers 12.9 * (0.022) national: 76%
local: 14%

international: 40%
national: 40%

national: 36%
international: 27%

Territorial 3: Internat.
Prices Influence 3.5 (0.790) very high: 33%

high: 29%
high: 47%

medium: 33%
medium: 36%

high, very high: 27%
Territorial 4: Local

Identity 3.3 (0.986) much: 33%
very much: 29%

medium: 33%
much: 33%

very much: 36%
much: 36%

Territorial 5:
Environment 8.7 (0.341) very much: 38%

much: 24% much: 53%
much: 36%

very much, medium:
27%

Territorial 6: Natural
resources 8.9 (0.304) much: 43%

very much: 38%
much: 33%

not much: 27%
very much: 36%

much: 27%
Territorial 7: Local

Stakeholders 11.5 (0.115) much: 52%
very much: 33%

much: 47%
medium, not much: 20%

much: 45%
not much: 27%

* significant (p < 0.05) ** significant (p < 0.01).
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Cluster 1 uses in 71% of the cases more than 1000 t of biomass, whereas in the other
two clusters, most enterprises use less than 10 t per year. The scale of biomass production is
also medium or very high in Cluster 1, while it is mostly very small in Cluster 3. Cluster 1
consists of mainly larger companies with more than 100 or even 500 employees, while
the other two clusters mostly employ only up to 20 people. Of Cluster 2, 60% heavily
use biotechnologies, while in Cluster 3 most enterprises (64%) use biotechnologies only
to a small extent. Finally, input suppliers (excluding biomass) are overwhelmingly (76%)
national in Cluster 1, while in Cluster 2 and 3 the picture is more mixed, including interna-
tional suppliers. It seems that the equipment necessary for Cluster 1 enterprises can already
be produced by national suppliers (provided that they do not import them), while some
specialized inputs needed for Cluster 2 and 3 still require imports.

Even if for the other variables no significant relationships with the clusters could be
detected, Table 4 demonstrates that the most frequent scale levels differentiate between the
clusters. For example, 82% of enterprises of Cluster 3 source their biomass locally, which
is only the case for 53% of Cluster 2 enterprises. Scientific cooperation interestingly is
higher for Cluster 1 than for Cluster 2, which could mean that biomass-related enterprises
nowadays are searching for new knowledge and innovation capacities, while biotech
companies might be more independent from public R&D institutions, as they often possess
their own laboratories and research departments. Also interestingly, patent use is more
common in Cluster 3, where only 45% of enterprises do not use patents, compared to
57% and 60% of Cluster 1 and 3, respectively. Cooperation with the private sector is
stronger in Cluster 1 and 3, where 38% and 45% of enterprises fall in level 4, which is only
the case for 27% of Cluster 2. 73% of enterprises in Cluster 3 serve the national market,
whereas only around half of Cluster 1 and 3 enterprises do this. Local identity is slightly
more important for Cluster 3 enterprises (72% high or very high, in contrast to 62% and
60%, respectively, of Cluster 1 and 2). Only 9% of Cluster 3 enterprises do not contribute
positively to the local environment, whilst 27% of Cluster 2 and 20% of Cluster 1 stated
this. Also, more enterprises (27%) of Cluster 2 contribute only little to sustainable use of
natural resources, probably because many of these enterprises do not use any biomass at
all. Finally, cooperation with local stakeholders is most common for Cluster 1.

Another feature can be detected in Table 4, and even better in Figure A1 (see
Appendix A): there are some intra-cluster differences, which might make subgrouping
worthwhile. For example, in Cluster 1, big companies predominate, but there are also
some small businesses (24%) involved. Around half of enterprises of Cluster 2 do use local,
traditional knowledge, the other half, not (much). Of Cluster 3, 45% cooperate much with
local stakeholders, 27% little, etc.

Apart from some variables, clusters are also not independent from the sector they
belong to, the pathway they follow, or the type of products they produce, see Table 5: the
bioenergy sector predominates (57%) in Cluster 1, whereas in Cluster 2 the agro-input (40%)
and the pharmaceutical sector (33%) stand out, and in Cluster 3, the biomaterial and the
food sector are, each with 36%, most important. In Cluster 1, 57% of the enterprises follow
pathway 1, substituting fossil resources, whereas Cluster 2 enterprises tread pathways 2
and 4, the productivity enhancement and the low volume–high value pathway, and 45%
of Cluster 3 take pathway 5, creating new, innovative products with local value added.
Finally, Cluster 1 is mainly producing standardized (43%) and specialized products (47%),
while Cluster 2 (53% and 47%, respectively) and 3 (45% and 36%, respectively) concentrate
on niche and specialized products.
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Table 5. Cluster characteristics of qualitative variables.

Variables Fisher Exact
Cluster 1. Biomass

(n = 21)
Cluster 2. Biotechnology

(n = 15)
Cluster 3. Bioembedded

(n = 11)

Regions 11.4 (0.181) Pampa 48%
NOA 24%

Pampa 48%
Metropolitana 24%

Patagonia 27%

Pathways 23.7 ** (0.000) P1 57% P2 40%
P4 40%

P5 45%
P1, P2 18%

Product
Characteristics 14.1 ** (0.005) Specialized 48%

Standardized 43%
Niche 53%

Specialized 47%
Niche 45%

Specialized 36%

Sectors 30.5 ** (0.000)
Bioenergy 57%

Food 23%
Agro-inputs 14%

Agro-inputs 40%
Pharmacy 33%

Biomaterials 20%

Food 36%
Biomaterials 36%
Agro-inputs 18%

Keywords no results possible
Local development

18% Sustainability 15%
Add value 15%

Innovation 20%
R&D 20%

Biotechnology 15%

Add value 22%
Sustainability 20%

Innovation 15%

Location criteria 17.9 (0.530)

Raw materials 43%
Local connections 21%

Social, cultural, and
environmental quality

10%

Local connections 24%
Social, cultural, and

environmental quality 14%
Raw materials, skilled

labor 14%

Social, cultural, and
environmental quality 25%

Local connections 21%
Raw materials 17%

** significant (p < 0.01).

4.1. Cluster 1. Biomass Approach

The companies that make up this cluster are characterized by the use of large quan-
tities of biomass (71% of them use more than 1000 tons), which, due to the high cost of
its mobility, comes from the same areas (71%). These companies often integrate primary
production with the transformation of biomass into bioenergy or foodstuffs for human
consumption, but more especially for animal consumption. In short, these are generally
companies that have historically developed their activities in primary and food production
(soya, maize, meat, sugar), but which have been able to move up the value chain, taking
advantage of their experience in the primary and processing sector, the available infras-
tructure and equipment, and the scientific and technological facilities in their regions. The
biomass is produced mainly in medium (48%) and very big (29%) production systems, with
medium (38%) or high and very high (together, 33%) production intensities. The pathway
followed by most enterprises (57%) is the substitution of fossil resources, meaning mainly
bioenergy production.

They are generally larger companies: 33% of them have more than 100, and 24% more
than 500 employees. The technological levels are low to medium, as they use generic,
internationally recognized technology, which is why these activities can be replicated in
different places without any inconvenience. The companies of this cluster maintain a high
level of cooperation with scientific and technological organizations from which they obtain
information or with which they build their innovation processes, but more than anything
else they maintain a high level of links with other companies and with local stakeholders,
especially municipalities and provincial governments with which they maintain coop-
eration initiatives, especially for the creation and maintenance of infrastructures or for
bureaucratic and administrative management.

These companies mainly produce for the national (47%) or, especially in the case of
the larger ones, international markets (29%). Meanwhile, their main suppliers are national
(76%). The reason for this could be that in the biomass-related sector, the requirement
for highly sophisticated equipment is not that high, or that Argentine suppliers have
already caught up technologically and specialized their production, so that they are able
to offer the required modern technologies. Most companies (62%) stated that they attach
great importance to the preservation of the environment and the care of natural resources
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(81%), perhaps because they depend on local biomass production. In this sense, these
are companies that have a high level of embeddedness, as also suggested by the most
often mentioned key words “local development” (18%), “sustainability” (15%), and “added
value” (15%). This level of anchoring in the territory is also manifested in the location
criteria proposed by the actors: nearly all (95%) of enterprises, or 43% of total answers,
mentioned as one of the main location criteria the availability of raw materials. This is one
of the reasons why most of these companies are located in the Pampas (48%) and the NOA
(24%) region.

Correlation analysis of the variables, using Spearman’s Rho, allows for the identifi-
cation of certain key elements within this bioeconomic approach. Firstly, there is a strong
relationship between the volume of biomass used and the size of the companies. (0.523*),
meaning that enterprises with higher biomass volumes tend to be larger. This is not re-
ally surprising, but it is a peculiarity of the biomass cluster, not relevant for the other
clusters, where size is not significantly correlated with biomass use. Secondly, a strong
relationship (−0.477*) can also be observed between size and cooperation with the private
sector (Technology 5), meaning that enterprises with bigger size tend to have more private
sector cooperation. Again, this result is not unexpected, but it differentiates the biomass
group from the other two clusters, where no strong and only insignificant correlations exist.
Thirdly, the correlation index also allows us to observe that there is a strong correlation
between company size and cooperation with local stakeholders (−0.478*), i.e., the larger
the companies are, the more links they have with these stakeholders. This correlation is
also negative for Cluster 2 and 3, but less strong (−0.378 and −0.162, respectively) and not
significant (p = 0.165 and p = 0.635). Fourth, from a technological point of view, significant
correlations can also be observed between Technology 1 and Technology 4 (0.433*), and
5 (0.483*), meaning that the more biotechnologies are used, the more scientific and private
sector cooperation exist. This is quite logical as these companies require the support of
science and technology centers to drive high-tech processes. These correlation are not
strong and insignificant for Cluster 2, the biotech group, probably because the values for
Technology 1 are all very high (level 4 or 5) for this cluster, and because these companies
have their own R&D teams, with less need to rely on other partners. The same holds
true for the correlations between Technology 1 and Territorial 4 (−0.584**) or Territorial 5
(−0.507*), meaning that use of more biotechnologies is associated with more local identity
and more environmental preservation. Finally, the biomass cluster has strong and signifi-
cant correlations between Technology 5 and Territorial 3 (−0.527*), Territorial 4 (−0.438*),
Territorial 5 (−0.668**), and Territorial 6 (−0.438*), implying that more private sector co-
operation goes along with less influence of international prices, more local identity, more
environmental preservation, and sustainable use of natural resources. In sum, it seems
that within the biomass-focused group two tendencies could be detected: as size increases,
cooperation with the private sector (for example, with local biomass producers) and with
local stakeholders (such as local authorities) becomes more important, and this translates
into more local embeddedness. Additionally, the more biotechnologies are used, the more
important cooperation with other sectors becomes, for example with local R&D centres,
which also leads to stronger local embeddedness.

Because of these strong correlations, an intra-group cluster analysis was carried out,
using Size, Technology 1, and Biomass 1 as variables, which allowed the observation
that there are three sub-groups within this bioeconomic approach: one composed of
large companies with a low technological level, especially linked to the basic production
of biofuels; another of medium-sized companies with high technology levels, linked to
productive integration with various products; and a third subgroup of small companies
with low technology, mainly oriented towards the production of food and some type of
basic processing. An example of the first group is a large company which produces sugar
and its by-products, especially alcohol and bioethanol, and which exploits the demand for
biofuels, using tested technology. An example of the second group is a fully integrated
company which produces cereals, oilseeds, and meat intensively, and produces energy
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and waste from maize production, which is used for animal feed, and the waste from
animal production is then used to generate electricity. An example of the third group is
a company which produces juice concentrates and essential oils on a large scale, but also
with a technology that is already well known on the market, using the large volumes of
fruit and fruit waste production in their area.

4.2. Cluster 2. Biotechnological Approach

The companies that make up this cluster are characterized by their emphasis on
the generation and application of modern biotechnological knowledge, supported also
by a strong relationship with scientific and technological organizations present in the
country (INTA, CONICET, INTI, among others) and by having international patents. The
pathway most companies follow is the low volume–high value (40%) or the productivity-
enhancement (40%) pathway. Knowledge is key to this cluster, so the keywords that
characterize these companies are innovation, R&D, and biotechnology. In this bioeconomic
approach, no (20%) or only few (73% of companies) biomass is used, which is mainly locally
sourced (53%) but can also come from different parts of the country. The companies are
mainly oriented towards the generation of specialized (43%) and niche (48%) products to
improve the productivity of the agricultural sector in Argentina (seeds, liquid fertilizers,
biostimulants, etc.), and pharmaceutical products. They are (very) small (66%) or, on
the contrary, medium (27%) and very large (7%) companies, depending on their level of
development. They are closely linked to national and international markets, both for the
purchase of inputs and for the sale of their products.

The importance of innovation, R&D, and the relationship with universities or scientific
and technological centers is also reflected in the importance of certain localization factors
that these companies consider, such as local connections (24% of total answers) and the
availability of skilled labor in the territory (14%). The need for good scientific and techno-
logical networks has determined that these companies are located especially in the Pampa
region and in the metropolitan area of Buenos Aires.

There are some strong and important correlations in this bioeconomic approach,
such as between Size and Territorial 4 (−0.610*) and Territorial 6 (−0.564*), meaning that
bigger companies tend to have more local identity and more sustainable use of natural
resources. Also, there was a strong correlation between Territorial 6 and Territorial 7
(0.705**), meaning that more sustainable use of resources goes along with more cooperation
with local stakeholders, or vice versa. In sum, the tendency in Cluster 2 seems to be that
bigger companies are more locally embedded.

This led us to do another cluster analysis using the above cited variables with signifi-
cant correlations, and detecting two sub-groups of companies: one of smaller companies
that have a lower level of embeddedness, and another group of larger companies that have
a higher level of embeddedness, which is a finding in contrast to the existing assumptions
that the larger companies are alien or not linked to the rural territories. An example of the
first group is a company which develops and manufactures formulations for pharmaceuti-
cal, dermo-cosmetic and nutraceutical industries aiming for the higher quality standards
that each industry requires, and another one which develops inoculants, bio-controllers,
and growth promoters for the agricultural sector. An example of the second group is a
company which develops and commercializes in Argentina and in the international market
in vitro diagnostic reagents for human health, biological research, and agro-biotechnology
(animal health, plants, and seeds).

4.3. Cluster 3. Bioembedded Approach

The third bioeconomic cluster is clearly different from the biomass and the biotechnol-
ogy approach. The approach referred to as the locally embedded bioeconomy approach,
in short, the bioembedded approach, is characterized by using small amounts of biomass
(82%) but of local origin (82%), having low levels of biotechnology use, and being (very)
small sized (73%). They are mostly involved in the production of value-added food and
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bioproducts that make use of local or national biomass, and also make use of or recycle
waste from other activities. These are generally niche (45%) or specialized (36%) prod-
ucts, with very clearly identified markets. Two elements that are very important for this
approach are the attention to the protection of natural resources and the importance they
attach to the local identity of their products or processes, which is why designations of
origin or local quality seals are often used. The construction of a new model of local
productive development, more respectful of the environment and the circular economy,
is also evident in the key words most frequently repeated by these actors, where value
addition, local development, and sustainability appear as the main business objectives. This
concern for the environment, identity, and the construction of local development processes
is also manifested through the criteria for the location of these initiatives, where the social
and environmental quality of the place (25%) comes first, followed by the availability of
connections with the territory (21%), and only thirdly by the supply of raw materials (17%).
Cluster 3 is also distinguished by the main pathway it follows, P5, which is the innovation
of products and services that create local value added. These initiatives are distributed
throughout the country, although there is a greater concentration in Patagonia, a region
that is seen as a fertile territory for the generation of new bioeconomic initiatives, linked to
nature and organic production.

However, despite these basic characteristics, certain differences can be found within
this group. The correlation analysis carried out on the variables of this cluster allows us to
observe that in technological terms there is a strong correlation evident: the companies with
more patents have more scientific cooperation (Technology 3 and Technology 4, 0.623*).
This allows us to observe that there are two types of companies within this cluster, those that
have lower technological levels, such as natural foods and/or their derivatives, and those
that operate with higher technological levels, especially those that produce biomaterials.
Companies of the first group comprise, for example, a company producing caiman skin
and meat in a “ranching system”, in partnership with local communities. The high-value
skins are exported to different markets, and the meat is consumed in the domestic market.
Other companies produce special, totally natural sauces and dressings, and organic food,
e.g., high quality hazelnuts. The second group contain companies producing bioplastics
from sugar, cellulose and proteins, and a company producing packaging, bags, and other
compostable, organic products.

5. Discussion

(1) Argentina’s bioeconomy is path dependent, with a predominance of the biomass–
biotech approaches, but new development paths with more socio-ecological traits are
opening up.

In relation to the main purpose of this paper, which is to identify the diversity of
bioeconomic approaches in Argentina, and make alternative models more visible for policy
debate, the analysis has shown that the bioeconomic clusters identified are consistent with
the history and production model of Argentina, a country endowed with large biomass
resources, an agricultural tradition, and the presence of solid scientific and technological
networks [32]. This is manifested in the presence of Clusters 1 and 2. In short, these two
clusters mark two key elements, firstly that there is a strong availability of biomass that
is beginning to be exploited in a much more comprehensive way by multiple activities
through mechanisms for generating added value (production of oils and bioenergy), not
only substituting products, but also generating new products and processes [28]. Secondly,
there is a strong demand for products to boost agricultural production, in order to make
Argentine agriculture much more competitive, which is clearly visible through Cluster
2 innovations of new processes for higher agricultural productivity. Both clusters 1 and
2 have different levels of complexity, one takes direct advantage of biomass resources,
the other builds on agriculture but enhances it through knowledge-based innovation of
new products and processes [28]. Apart from their differences, it is clear that both clusters
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indicate a path dependency [33] where synergies between the two lead to increased primary
sector productivity, driven by innovations in the primary sector and in the biotech industry.

Cluster 3 emerges, on the one hand, as a product of a new look at natural resources
and the environment. The development and growth of this sector of the bioeconomy is
directly related to the new demand for organic products, new forms of consumption, and
new forms of production that reduce waste and the environmental impact of production
processes [34]. However, on the other hand, the emergence of this cluster is an important
phenomenon as it indicates that the bioeconomy in Argentina does not necessarily only rely
on traditional production sectors linked to the agricultural sector, or on the availability of
biomass, but is opening up to new bioproducts or non-traditional or niche foods [5], which
means that these activities are often not only located in rural areas, but increasingly in cities
of different sizes, closer to consumer markets, or in areas with a stronger environmental
protection and which cares about its identity, like the Patagonia region. Although this
cluster still has lower levels of development than the other clusters built on the strong
availability of biomass and the agricultural tradition, we expect that this bioeconomic
approach will expand in the coming years due to the growing demand for bio-products and
more specialized or niche foods. Yet, this might face challenges of behavioral innovations
described by Bröring et al. [28].

However, there is one key element that has enabled the development of the bioecon-
omy in Argentina, namely the availability of universities and R&D, which has enabled the
development of multiple bioeconomic activities [14]. Although the research did not focus
on assessing the importance of Argentina’s scientific and technological apparatus, a large
part of the companies surveyed maintain different types of links with the scientific and
technological system. This is most evident in Cluster 2, which depends on the generation
and dissemination of innovative and modern knowledge, but surprisingly also in Cluster 1,
which reflects a positive trend in the innovation capacity of traditional biomass-based
companies. Even if Cluster 3 has lower values in scientific cooperation than Cluster 1 and 2,
more than half of Cluster 3 enterprises use patents. However, despite the differences in the
level of knowledge and technologies used, and despite the different scientific cooperation
strategies of each cluster, it is important to note that most ventures of all clusters are highly
prone and oriented towards the use of new knowledge as a key factor in the bioeconomy [3].

(2) Bioeconomic approaches in Argentina are partly consistent with contemporary con-
ceptual approaches, but there is diversity within the clusters which makes a more
differentiated analysis of the approaches worthwhile.

Answering our first and second research question, whether different bioeconomic
approaches can be clearly distinguished and what their characteristics are, we found certain
concordance between the theoretical models described above and the clusters identified
in Argentina. Following Bugge et al. [5], there is a focus on the use and upgrading of
biomass in Cluster 1, on biotechnologies and the use of research & technology in Cluster 2,
and on high-quality products with territorial identity in Cluster 3. This cluster is also
characterized, as the literature points out, by having small-scale production units, shorter
supply chains, and strong relations with local stakeholders [30]. The identification of these
three clusters were possible by using only two key variables: biomass volumes, and level
of biotechnology used. A cluster analysis including all of the 14 variables did not reveal
any clear patterns, indicating that in our sample, there is not such a clear continuum from a
biotechnological to a socio-ecological way, as depicted in Table 1.

This fact can also be detected in Table 4 (and in Figure A1 of Appendix A), where
two things stand out and deserve attention: first, that there is a strong intra-cluster diversity
for some variables, and second, that there does not seem to be much difference between the
clusters for some variables. For example, intra-cluster analysis showed that in Cluster 1
there are sub-groups with different company size and technological levels, and that this
translates into more or less local embeddedness, i.e., more or less cooperation with local
business, local R&D centers, or other local stakeholders. For Cluster 2, there seem to be a
group of smaller companies with a lower level of embeddedness, and another group of
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larger companies with a higher level of embeddedness. Finally, also in Cluster 3, there seem
to be at least two types of companies, depending on the technological level. One explana-
tion for the intra-cluster diversity could be what Mac Clay and Sellare [27] described as
different stages of value chain upgrading, with different levels of biomass use, technological
innovation, investments, risks, cooperation, and knowledge-sharing. Some companies of
each cluster might be more advanced in the upgrading process than others, leading to
different characteristics and also, to different economic and environmental outcomes.

Another reason for the intra-group clustering might be the sectorial affiliation of the
enterprises, as described above. It seems that the sector characteristics overlap with the
characteristics of the clusters. The sectorial dimension of bioeconomy models is not explic-
itly discussed by the authors presented in the theoretical background section [5–7,16]; only
Müller and Korsgaard [31] mention in their typology for embeddedness some prevalent
sectors such as tourism or specialty food and beverages. Our research shows that in Ar-
gentina, there seem to be significant differences in terms of sectors dominating the three
distinguished clusters: the bioenergy sector prevails in the biomass, the agro-input sector
in the biotech, and the food and the biomaterial sectors in the bioembedded approach. The
other, less predominant sectors within the clusters might then have different characteristics,
be it size, technological level, or embeddedness.

The intra-group diversity also means that for some of the variables, differences be-
tween the groups are not very pronounced. For example, no significant differences between
the three clusters could be found in the origin of biomass, in the importance of local knowl-
edge, in the use of patents, or in terms of target markets and the influence of international
prices. Expressed in another way, this means that in Cluster 3, too, highly technological, not
just local and traditional, knowledge is used [5–7,16,23], and that its products also serve
and are dependent on the national or international markets, and that Cluster 1 and 2 do not
always consist of multinational companies acting on global value chains [5,6,16,23] or are
based on the commodification of knowledge and use of patents [16,23], contrasting with
some of the bioeconomic typologies described in Table 1. This calls for a more differenti-
ated discussion on the characteristics of the approaches. For example, it would be highly
interesting to have a closer look on small-sized enterprises of Cluster 1, or on enterprises
that depend on local, traditional knowledge of Cluster 2, or on large sized enterprises of
Cluster 3 which use patents, etc.

(3) All bioeconomic approaches are strongly linked to the territory where the respective
companies are present, but the clusters are locally embedded in different ways with
implications on possible sustainability outcomes.

Regarding the third research question, what kind of links the different approaches
maintain with rural territories, and what sustainability impacts they have, it was possible to
observe different relationships established between bioeconomic types and rural areas [35].
All bioeconomic clusters exert local linkages and play a role in local development, albeit to
a different extent and for different reasons. This raises the question if local embeddedness
strictu sensu can be claimed by all clusters, or if it is, as we argue, a key characteristic of the
third cluster.

The first cluster has local linkages through the high volumes of biomass used. The
difficulty of mobilizing large volumes of biomass encourages local and regional production
and therefore the development of supply chains in the same territory [36], even if it
is not clear to which maximum distance biomass can be transported without the costs
inhibiting the profitability and development of the enterprises. It can be supposed that the
development of the bioeconomic activities of this cluster promote the construction of very
dense productive networks, generating new jobs and boosting local development, but also
the enrichment of the local productive fabric allows the improvement of the socio-economic
conditions of the territory, improving the attractiveness of the territory, and the anchoring
of income at local level. In this sense, this cluster can be a generator of virtuous cycles of
development in its own territories, provided that the conditions for its development are
met, such as, in addition to the presence of biomass resources, the availability of certain
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basic infrastructures, and the availability of qualified human resources for these activities.
However, this model is often linked in Argentina to monoculture production systems,
which can lead to land use change, biodiversity loss, and other adverse socio-ecological
consequences. However, some of the companies also use organic side streams or waste as
inputs, making a more efficient and cascading use of locally available biomass.

The second cluster is, as Korsgaard et al. [22] point out, an active participant in the
globalized flow of resources, services and products across multiple locations given that it
buys inputs or sells its products in multiple locations, but it also keeps links to the territories,
partly because rural territories are the places where biomass is supplied, and also where
agro-inputs (seeds, fertilizers) are needed. This cluster is also linked to the territory because
the companies build strong relationships with the scientific and technological research
centers and networks operating in the nearest cities, as in the model of the Italian industrial
districts. These clusters contribute to build a greater exchange and mobility between the
countryside and the city, which has allowed numerous small and medium-sized cities in
Argentina to grow significantly in the last decades, often driven by the location of these
types of companies and other services linked to them [37]. However, this model is often less
biomass demanding, and therefore, on the one hand, creates less linkages to local biomass
producers, but, on the other hand, may have less impacts on the environment. Moreover,
it is often linked to an increase in agricultural productivity, and might lead to reduced
land requirements.

The third cluster has a strong relationship with the territory, as it involves smaller
companies that require biomass and local inputs, but above all because these companies
need strong links with other private actors and with local and provincial governments,
which support them through different mechanisms to be viable, i.e., their competitiveness
depends on the networks they can build with other local actors to sustain themselves.
This cluster also maintains a strong relationship with the territory due to the fact that
many of the products generated include quality seals or have a local identity recognition,
which expresses the close relationship between products and territory [38]. Following the
reflections of Müller and Korsgaard [31], one can affirm that Cluster 3 initiatives have a
special capacity to articulate global dynamics (markets, cultural, and consumer trends)
with the capacities and characteristics of the territory (“bridging”), due to the fact that
many of the products are either linked to international markets, or require global scientific
knowledge, or require specific inputs imported from other countries. This articulation
can often operate as a key factor in unlocking new opportunities for the development
of the territory itself. Moreover, the ventures of this approach often explicitly follow
agro-ecological principles, want to preserve the environment, and use only natural or
recycled ingredients.

Considering these characteristics, we refer to Cluster 3 as the locally embedded bioeco-
nomic approach, or the bioembedded approach, as it comes closest to the features described
in the literature. This is not to say that the other approaches do not have linkages and are
somehow locally embedded. On the contrary, despite existing assumptions that bioeco-
nomic activities, especially those most dependent on biotechnology, are activities that tend
to operate without relations to the local territory, and do not to generate dynamics of local
development, the research shows that they build links that are key to territorial develop-
ment. However, the three approaches contribute in different ways to the embeddedness
and the development of the territories. Even if the analysis of the cases does not allow us
to observe differences in the forms of action of the different entrepreneurs in relation to
rural territories, which distinguish, as Korsgaard et al. [22] point out, “entrepreneurship in
the rural” from “rural entrepreneurship”, and further detailed research on the behavior of
entrepreneurs is needed to investigate the different territorial logics of entrepreneurs, it
can be postulated that the bioembedded approach, based on rather small-scale units, and
with a strong local identity, follows a pathway of generating rather low-tech innovations
that utilize resources locally available, thereby adding value, bridging local products to
non-local customers, and contributing to a more circular, sustainable economy.
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6. Concluding Remarks

The bioeconomy in Argentina is still strongly following the biomass and biotechnology
approach, a path dependency which has developed over the last three or four decades, and
which will certainly continue in the years to come. However, the bioeconomy is becoming
more diverse. Different bioeconomic approaches will further develop, and probably coexist,
in the short and medium term. Although the clusters identified show clear differences
in the use of biomass, in technology, in the size of the companies, among other variables,
there are two common elements in all clusters. Firstly, the interest in sustainability, the
protection of natural resources, and innovation as a path to development, and secondly, the
need of building networks and synergies with other actors or companies in the territory to
generate better conditions for their own development and competitiveness. This means
that there is a clear will to create greater embeddedness, which is considered a basic pillar
of sustainability. These two observations suggest that the different bioeconomic initiatives
could be setting the course towards a new model for the development of rural territories
in Argentina, given that the model in force in recent decades has been characterized by a
logic of little cooperation and articulation between economic agents, very little attention
to the sustainability of natural resources, and especially very little concern for the future
development of the territories. In fact, the bioeconomy appears as a new opportunity for
territorial development in Argentina [38]. This will also require developing and implement-
ing, besides general policies to foster the bioeconomy in Argentina [15], specific programs
tailored to the needs of the different bioeconomic types. A good example of how a circular
bioeconomy could be strengthened at the local level is the production of biomethane. The
installation of biomethane plants requires the involvement and dialogue with local stake-
holders, and offers the opportunity to achieve territorial energy self-sufficiency through
small-scale systems [39].

However, we have to admit that our sample of 47 cases was rather small, and based
on lists that were probably not systematically elaborated. For example, there were very
few purely agro-ecological ventures in our sample, a fact that might have biased the
characteristics of Cluster 3. We used an online survey with predefined answers, where it
was not possible to ask further questions for clarifications or to go into detail. The survey
used was opinion-based, so it reflects the subjective estimations of the interviewees on their
local embeddedness, etc.

Having said that, we outline further research needs arising from this paper. A new
research focused on the forms of linkage between bioeconomy and territory would allow
to identify and analyze the type of relationship established between the development of
the bioeconomy and the development of rural territories, as this will allow to argue for
the need to deepen policies for territorial development through bioeconomic development
strategies. In this sense, we put forward a hypothesis for rural development in Argentina:
bioeconomic activities can be a clear factor in the development of rural territories, as they
have a strong capacity for embedding, and to create virtuous cycles of development in
rural areas, superior to the traditional extensive agricultural activity in Argentina, not only
because of its capacity to use local resources, but also because of its capacity to link local
dynamics with global markets while, at the same time, creating links to local stakeholders
and a sense of local identity. This could be especially true for the bioembedded approach.
Even if this approach currently might have limited relevance for territorial development in
Argentina, it can make a significant contribution in the future and become an opportunity
for a country deeply marked by territorial imbalances. Stronger support from public
institutions is needed to promote this approach. However, such public support might not
be enough. A solid social and productive base in the territories seems to be indispensable
for the scaling up of those initiatives [40]. To explore these hypotheses further, it will be
important to look more closely at the business models, local value addition, and territorial
socio-economic and ecological impacts of the ventures of the different approaches. Our
research could only give some qualitative indications of these developments, and more
quantitative data are needed. In addition, research is needed on the social impacts of the
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different bioeconomic approaches, e.g., in relation to aspects such as food security, health,
and gender. Future research should also look more closely at agro-ecological initiatives, so
that the picture of the Argentine bioeconomy becomes even more diverse, and appropriate
support policies can be tailored to the needs of these ventures.
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Figure A1. Cont.
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Figure A1. Distribution of enterprises belonging to 5-point scale, per variable and Cluster C1, C2
and C3.

Appendix B. Online Interview Questionnaire (Translation from Spanish)

Enterprise:

Location:

Province:

Web page:

Sector

1. Which products and/or services do you generate in your company? (ordered by importance, free text)
2. Which type of products or services do you produce:

• Products that substitute fossil fuels
• Products that enhance the productivity of the primary sector
• Products that allow for a better and more efficient use of biomass
• Products of low volume and high value
• New products with local value added

3. Please, select FOUR key words of the list which best characterize your venture:

• Local Development
• Biomass
• Biotechnology
• Circular economy
• Biodiversity
• Investigation and development
• Soil fertility
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• Competitiveness
• Sustainability
• Patents
• Value addition
• Innovation

4. How are the products that you generate?

• They are generic products and there are many other producers on the market
• They are specialized products with little competition in the market
• They are niche products, very specific, there are no other companies that generate them at a national level

Biomass

1. What total amount of biomass (in tons) do you use per year?

Zero Less than 10 t Between 10 and 100 t Between 100 and 1000 t More than 1000 t

2. Where does most of the biomass you use come from?

Local Province National Latin America International

3. What is the size of the agricultural/forestry/marine farms where the biomass that you use in your activity comes
from?

Very big Big Medium Small Very small

4. How intensive is the use of chemical inputs, modern varieties and sophisticated machinery for the production of the
biomass that your company produces and/or buys?

Very intensive Intensive Medium Low intensive Not used

5. What category do your main clients belong to (in percentages)?

• Industrial enterprises %
• Food companies %
• Agricultural service companies %
• Agricultural/forestry/fisheries producers %
• Final consumers %
• Government/State Organizations %
• Biotech companies %
• Human health companies/Laboratories %
• Others: %

6. The products that you generate are mainly for sale and use at which level:

Local Province National Latin America International

Size

7. What is your annual turnover?

Less than
50.000$

Between 50.000 and
250.000$

Between 250.000 and 1
millon $

Between 1 y 10 millon $ More than 10 millon $

8. How do you consider the production scale of your company compared to most other companies in the same field in
Argentina?

Much bigger Bigger Average Smaller Much smaller

9. How many people work in your company?

Between 1 and 5
persons

Between 6 and 20
persons

Between 21 and 100
persons

Between 101 and 500
persons

More than 500 persons
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Innovation and Tecnology

10. How much of the value of your production depends on innovations and processes based on modern and standard-
ized biotechnology?

0% 1–24% 25–49% 50–74% 75–100%

11. How much of your production value depends on innovations and processes based on local experience and tradition?

0% 1–24% 25–49% 50–74% 75–100%

12. How much of the value of your production is based on patents?

0% 1–24% 25–49% 50–74% 75–100%

13. How important has been the cooperation with state scientific and technological organizations for the development
of your products? (Universities, INTA, INTI, CONICET, others)?

Very important Important Regular Less important Not important

14. How important has cooperation with companies or private groups been for the development of your products?

Very important Important Regular Less important Not important

Territorial Conditions

15. Excluding biomass, where are most of your company’s suppliers of inputs, goods and services?

Local Province National Latin America International

16. What were the THREE main reasons why you chose the place where your company is located?

• Availability of raw material nearby
• Workforce cost
• Access to international markets
• Availability of public infrastructure
• Personal connections to the area
• Availability of skilled labor
• Accessible and cheap land
• Proximity to research and development centers
• Proximity to Universities
• Subsidies
• Social, cultural and/or environmental quality of the place
• Others:

17. To what extent do international market prices influence the profitability of your business?

Very much Much Somehow Not much Not at all

18. To what extent are your products based on a local brand, with local identity and cultural recognition?

Very much Much Somehow Not much Not at all

19. To what extent have your activities or products contributed to improving the environmental quality of the area?

Very much Much Somehow Not much Not at all

20. To what extent have your activities or products contributed to a more sustainable use of the area’s natural resources?

Very much Much Somehow Not much Not at all

21. How much does your company interact with local organizations and local civil society?

Very much Much Somehow Not much Not at all

22. Could you identify three companies that operate in the same field as you in Argentina?
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Appendix C. Map of Enterprises of the Different Clusters in Argentina
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Abstract: Cow manure is an abundant residue and poses a problem regarding recycling. Intensive
animal farming produces manure, which, if not properly managed, can contaminate nearby water
bodies and soils with nutrient excess. There are 1.9 billion cattle worldwide, with a calculated capacity
to produce 7.6 billion tons per year. Feeding of these cows is carried out mainly with cellulosic
material. Therefore, cow manure contains an important fraction of lignocellulose. Cow manure can
be valorized using such lignocellulosic fractions as the raw material of several fermentative processes.
This fraction can be transformed into sugar, which can, in turn, be used to feed lactic acid bacteria
(LAB). LAB produces lactic acid (LA), which can later be polymerized to poly(lactic acid) (PLA),
a bioplastic with promising market forecasts. This review describes the most updated processes
for all of the necessary steps to produce lactic acid from lignocellulosic biomass with LAB. Key
process parameters to obtain PLA from lignocellulose are reviewed and analyzed herein, including
lignocellulosic fraction extraction, sugar transformation, pretreatment, hydrolysis, fermentation,
purification, and polymerization. This review highlights the potentiality to obtain lignocellulose from
cow manure, as well as its use to obtain PLA.

Keywords: bioplastic; lactic acid; PLA; poly(lactic acid); bioeconomy; cellulose; lignocellulose; cow
manure; circular economy

1. Introduction

Synthetic polymers created from fossil fuels have caused significant environmental
issues. Current methods of manufacture, use, and disposal are not environmentally friendly
and pose risks to both human and animal health. The accumulation of waste in landfills
and natural habitats, physical issues for wildlife brought on by ingesting or becoming
entangled in plastic, the leaching of chemicals from plastic products, and the possibility
that plastics will transfer chemicals to wildlife and humans are just a few of the many issues
surrounding their use and disposal [1]. From coastal areas alone, around 20 megatons (Mt)
of improperly disposed plastic debris will reach the oceans by 2025 [2], with an additional
1.15–2.41 Mt brought yearly by rivers from inner areas of the planet [3].

One sustainable source of energy and organic carbon for our industrial society is
biomass, because it is a renewable resource [4]. Seventy-five percent of the biomass that
photosynthesis generates in nature belongs to the class of carbohydrates. Surprisingly,
humans only consume 3–4% of these substances for food and non-food uses [5]. It can be
used as an alternative to produce biodegradable and/or biobased plastics.

Lignocellulose, as a carbohydrate source, is an attractive raw material for biotechno-
logical operations because of its renewable nature, global distribution, abundance, and
low cost. Plant biomass (lignocellulosic biomass) is an abundant, affordable, and ecologi-
cally friendly resource that has great potential to be used in the production of fuels and
chemicals. Agricultural waste is a good source of lignocellulosic biomass, which is cheap,
renewable, and mostly under-utilized. In the past, these resources have included woody
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crops, maize stover, sugarcane bagasse, rice hulls, leaves, stems, and stalks from corn fiber.
Agricultural and industrial activities generate a variety of types of lignocellulosic waste,
such as citrus peel waste, sawdust, paper pulp, industrial trash, municipal solid waste, and
paper mill sludge [6]. Cow manure has also a lignocellulosic fraction, which can be used as
raw material.

More than 1.4 billion cattle are kept worldwide, and 159 million (11 percent) are in
the regions of Europe and Central Asia [7]. Worldwide, Brazil is the country with the
most heads [8]. The potential production of cow manure worldwide is 7.6 billion tons per
year [9].

The necessity of and opportunity for successful and cost-effective methods that trans-
form lignocellulosic biomass into value-added chemicals, which are now produced from
non-renewable resources such as fossil fuels, are highlighted by the abundance of ligno-
cellulosic biomass [1]. Production of LA and PLA from lignocellulosic material has been
widely studied.

Chemical synthesis and the fermentation of renewable carbohydrates are both produc-
tion paths to lactic acid. Using biomass as a carbohydrate source, it is possible to produce
LA. LA is an organic acid that occurs naturally and serves as the primary metabolic interme-
diate in the majority of living bodies, including humans and anaerobic prokaryotes [10]. LA
is a versatile organic acid that presents diverse applications, mostly in food and food-related
industries. The United States Food and Drug Administration (USFDA) has classed it as
Generally Recognized As Safe (GRAS) for general-purpose food additives [11]; it serves a
variety of purposes, including flavoring, regulating pH, acting as an acidulant, enhancing
microbiological quality, fortifying minerals, and extending shelf life [12]. Ninety percent
of LA’s worldwide production is achieved through fermentation [13]. Substrates can be
renewable and low-cost materials, such as lignocellulosic residues [14]. The production
of D-Lactic acid or L-Lactic acid with high optical purity, or a mixture of both with low
optical purity, might result from the lactic acid fermentation process, depending on the
specific microbe. There are several bacteria that can generate lactic acid, but a competitive
commercial process demands a strong, quickly expanding, low-pH, high production strain
with affordable nutritional needs. The usual anaerobic fermentation process for Lactobacillus
uses little energy to run, with the majority of the expense typically coming from medium
components such as carbohydrates.

The most widespread biodegradable and biocompatible polymers used today, PLA
and poly(lactic-co-glycolic acid) (PLGA), are synthesized and processed using LA [15].
Because of its excellent processing capabilities and strong mechanical characteristics, PLA
is one of the most commercially successful bioplastics (at least among the stiff types).
Through fermentation, its monomer, lactic acid, is produced from renewable resources such
as starch or sugar. After fermentation, lactic acid must be extracted from the broth and
purified to the desired requirements in order to produce PLA [16]. The majority of PLA
production procedures use ring-opening polymerization (ROP), which is more effectively
used to convert lactide (the cyclic dimer of lactic acid) to PLA [17].

PLA is biodegradable and resembles polypropylene (PP), polyethylene (PE), or
polystyrene (PS) in terms of its properties. It can be manufactured using currently-in-use
manufacturing machinery (those designed and originally used for petrochemical indus-
try plastics). As a result, production is quite inexpensive. In light of this, PLA has the
second-highest volume of manufacture of any bioplastic (the most common typically cited
as thermoplastic starch). It can be easily converted into molded components, film, or fibers
using normal plastic processing machinery [18].

Traditionally, manure waste is used as a fertilizer for agricultural soils or to produce
biogas. While biogas is a mixture of methane, CO2, and other gases, produced by anaerobic
digestion of organic materials in an oxygen-free environment, biomethane is a nearly
pure source of methane created either by upgrading biogas or by gasifying solid biomass,
followed by methanation [19]. However, increasing limitations on its use as a fertilizer [20]
or biogas air pollution [21] are key deciding factors.
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As stated in [19], data show how much potential for economic growth is being missed
by not utilizing renewable sources. The dilemma of having accessible substrates but not
using them to create products (or energy) seems to exist. Cow manure lignocellulosic
fraction has the potential to be converted into valuable products, falling into the circular
bioeconomy field. This paper reviews the most up-to-date knowledge on the unit operations
of the process of converting cow manure to PLA, such as the conversion of lignocellulosic
material into sugar and its conversion to LA and PLA. To obtain a complete picture of the
state of the art, processes from other, extensively researched lignocellulosic material sources
are also explored.

2. Cow Manure Composition

Cow manure is an important residue, and that produced in the greatest quantity in
rural farms. As a fertilizer, it is suitable for all plants and soils; it gives consistency to
sandy and mobile soil and lightness to chalky soil, and also refreshes warm, limestone, and
loamy soils. Of all manures, it lasts the longest and is the most uniform. The duration of its
strength depends mainly on the kind of feed given to the cattle that produce it.

Production of animal waste worldwide is not counted exactly, but estimations are
made based on census and the type of management. Dejection information varies with
the species and size of the animal as well as the type of installation, which also has a
great influence on the amount and type of waste generated (solid manure or slurry). The
European Union (27) generates 1500 million tons of manure annually, mainly from cattle
and swine [22]. In Europe, the proportion of the liquid form of the manure (slurry) varies
greatly in different countries, from 95% of total production in the Netherlands to 20% in
Eastern European countries [23]. Overall, in central Europe, Spain and Portugal, over 65%
of the dejections are produced as slurry, with the highest proportion in pig farming [24].
The estimation of Spanish livestock sector’s waste production is around 140 million tons
per year [25].

The biodegradable fraction is also made up of more complex compounds of slower
degradation, such as lipids and relatively stable lignins and tannins, as well as a series of
phenolic polymers called melanin, synthesized mainly by fungi, which are characterized
by their great similarity to humic acids in terms of composition, structure, and resistance
to degradation [26]. In Figure 1, a description of the solid organic fraction transformation
is shown.

Livestock manure is classified according to the percentage of dry matter in a solid.
Dejections that have approximately more than 20% are characterized as dry matter; those de-
jections that have around 10–22% dry matter are considered semisolid; and those dejections
that have a dry matter content of around 0–15% are liquid or semi-liquid.

The typical composition of both solid and liquid manure is difficult to establish, as
it depends on many factors. The fertilizer value of both solid manure and slurry varies
greatly from one farm to another, since it depends on the type of farm (breed, species,
age, etc.), diet, type of production, type of accommodation, and how the waste is stored.
As an example, Table 1 shows the typical nutrient content of manure and slurry studied by
different authors.

A cow will consume between 4 and 5 tons of fodder annually on a dry matter basis.
Cows are fed a diet that is heavy in lignocellulosic fiber, and following digestion, they
generate manure [27]. The most prevalent type of agricultural waste is cow manure, which
is also a typical lignocellulosic material [28]. Table 2 shows the dejections produced in a
year by a cow.

Cow manure’s potential has not yet been fully revealed, because only a small portion
of the lignocellulosic fraction has been utilized by microorganisms to produce biogas,
leaving huge amounts of the anaerobically digested cow manure unused [29]. Enzymatic
hydrolysis into fermentable sugars could effectively disrupt the treated lignocellulosic
fraction [30].
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Table 3 illustrates the fiber content of the most commonly used cow manure residue.
Despite comparing the same type of manure, recorded data display a wide range. This is
because different regions of the world have variable levels of animal digestibility, which
causes the percentages of lignocellulosic material to vary greatly [31].

Figure 1. Transformation and evolution of the soil organic fraction. Adapted from [32].

Table 1. General manure composition (g/kg over fresh weight). Adapted from [33].

Dry Matter Total Nitrogen N-Ammonia Phosphorous

Mean Range Mean Range Mean Range Mean Range

Liquid manure/slurry

Cow 65 15–123 3.9 2.0–7.2 2.3 1.0–4.9 2.3 0.2–6.0

Solid manure

Cow 223 160–430 4.8 2.0–7.7 1.3 0.5–2.5 3 1.0–3.9

Table 2. Characteristics of four typical livestock farms, and the manure they generate. Adapted from [9].

Parameter Farm A Farm B

Type of farm Fattening Cow Dairy cow

Capacity (places) 850 400

Cycles/year 1.22 1

Produced dejections (ton/year) 1700 8525

Dejections Stable/manure heap Pit/Pond

Nitrogen concentration
(kg N/ton) 11 4.8
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Table 3. Cow manure’s lignocellulosic material percentages.

Cellulose (%) Hemicellulose (%) Lignin (%) Reference

21.2 30.4 11.6 [34]

23.5 12.8 8.0 [31]

17.9 15.7 18.2 [35]

22.9 22.9 8.1 [36]

26.59 11.27 11.24 [37]

23.51 12.82 7.95 [38]

21.89 12.47 13.91 [39]

The compositions of lignocellulose in cow manure and anaerobically digested cow
manure have been examined [40], and the composition data for cow manure are presented
in Table 4. The analysis revealed that glucan (16.62%) and xylan (15.26%) formed the
majority of cow manure. Different feedstock types and seasonality may have a small
influence on the overall conversion process design [41]. Due to the lignocellulose fraction’s
breakdown during biogas generation in the anaerobic reactor, the amount of glucan still
present in the anaerobically digested cow manure after biogas production was considerably
lower than that in the unfermented cow manure. Thus, glucan (14.50%) and xylan (12.56%)
were present in anaerobically digested cow manure. These findings showed that cow
manure had a relatively high lignocellulosic content, and that the amount of fiber was
somewhat reduced during anaerobic digestion for methane generation.

Table 4. Composition of cow manure and anaerobically digested cow manure [40].

Biomass Components Cellulose (%) Hemicellulose (%)

Cow manure 16.62 15.26

Alkali-treated cow manure 35.34 15.48

Acid-treated cow manure 26.62 7.61

Anaerobically digested cow manure 14.5 12.56

Alkali-treated anaerobically digested cow manure 28.94 15.98

Acid-treated anaerobically digested cow manure 22.56 3.22

3. Sugar Production from the Lignocellulosic Portion of Cow Manure

A potentially sustainable method of creating innovative bioprocesses and products
is through the biotechnological conversion of lignocellulosic biomass. Due to the lignin-
protected, highly crystalline structure of lignocelluloses, which is complicated in structure,
this substance has a high degree of recalcitrance, making the process of depolymerization a
challenge [1].

Enzymatic hydrolysis could be used to successfully transform cow manure into fer-
mentable sugars [42]. It consists of the partition of cellulose into glucose units and the
hemicellulosic fraction in their constituent sugars.

While phenolic monomers can be employed as a chemical intermediary in the chemical
industry, sugars in cellulose and hemicellulose are attractive as feedstock for fermentation
operations [43]. In addition, lignin can be pyrolyzed to provide an oil fuel that can power
combustion engines [44].

The majority of pretreatment techniques combine enzymatic hydrolysis with a thermo-
chemical process. Thermo-chemical pretreatment can dissolve or deconstruct (part of)
the lignin, deacetylate the hemicellulose to increase accessibility, and/or increase the
accessibility of cellulose and hemicellulose polymers. By maximizing process variables,
including temperature, pressure, pH, and chemical addition, efficient degradation of
lignocellulose during chemical pretreatment is possible [42].
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In order to use lignocellulosic biomass for value-added product production from its
constituent fractions, such as cellulose and hemicelluloses, barriers that prevent chemical
or biological catalysts from contributing to its transformation must first be removed. Re-
calcitrance or alteration of the crystalline structures of the fraction of interest must also be
reduced in order to achieve a higher reaction speed and better product quality. It is also
preferred that carbohydrates not be broken down, or that no additional products are devel-
oped which could stop enzymes or microbes from fermenting. While physical pretreatment
refers to size reduction and steam explosion, in chemical pretreatments, biomass structure
is altered with solvents that promote cellulose degradation, hemicellulose, and lignin [45].

Most of the lignocellulose must be hydrolyzed twice to become dextrose, a fermentable
sugar, utilizing amylolytic enzymes such as α-amylase and glucoamylase. Usually, the first
stage is completed quickly at high temperatures (between 90 and 130 ◦C), then a longer
saccharification to dextrose process is completed at cooler temperatures. This technology
has been practiced on the industrial scale for decades. Enzymes for this process are
highly developed and efficient, and are available at a relatively low cost from companies
specializing in industrial enzymes, such as Novozymes and Genencor. The resulting
dextrose from this process can then be used for lactic acid fermentation [46]. Figure 2
presents a representation of the lignocellulosic structure, before and after pretreatment.

 
Figure 2. Lignocellulose material structure before and after pretreatment. Adapted from [47].

3.1. Pretreatment

To convert lignocellulosic hemicellulose and cellulose fraction into value-added prod-
ucts, first the elimination of barriers which make accessing its catalysts difficult (biological
or chemical) is required. The main purpose of the pretreatment process is to increase
the porosity, lower the quantity of crystalline cellulose, and remove lignin and hemicellu-
loses [37]. Related through the use of physical, chemical, physicochemical, and biological
procedures, we can classify different types of pretreatment processes [48]. Figure 3 presents
the classification of pretreatments according to their nature.

In terms of byproduct formation, the most critical pretreatments are the chemical
ones. Depending on the decomposition method or the lignocellulosic source, different
byproducts could be formed. There are three groups of byproducts, namely phenolics,
furans, and organic acids [49].
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Figure 3. Pretreatment process for lignocellulosic material. Adapted from [45].

3.2. Hydrolysis

An important step is the cellulose partition into glucose units and the hemicellulosic
fraction in their constituent sugars. Among several processes for this purpose, two are
best-known: acid hydrolysis and enzymatic hydrolysis [50].

3.2.1. Acid Hydrolysis

The acid hydrolysis of polysaccharides comprises the processes in which acid is added
at the beginning of the process (acid hydrolysis) and those in which acid is generated
during the process (hydrothermal or autohydrolytic). These procedures have the same
chemical principle, but differ in their operating conditions, mainly in temperature and
acid concentration. The acid hydrolysis processes are mainly classified into concentrated
processes and diluted processes. Table 5 presents the pros and cons of this procedure.

Table 5. Advantages and disadvantages of acid hydrolysis. Adapted from [51].

Type of Acid Hydrolysis Advantages Disadvantages

Concentrated acid process Low temperature operation; high sugar
performance.

High acid consumption; high energetic cost; long
reaction time (2–6 h).

Diluted acid process Low acid consumption; lower
permanence time.

High temperatures; low sugar performance;
equipment corrosion; formation of non-desired

products (degradation).

Among the chemical pretreatment techniques, dilute-acid hydrolysis is perhaps the
most frequently used. It can be used either to prepare lignocellulose for enzymatic hy-
drolysis or to carry out the actual hydrolysis process, yielding fermentable sugars. In
order to pretreat or hydrolyze lignocellulosic materials using dilute-acid procedures, many
reactor designs, including batch, percolation, plug flow, countercurrent, and shrinking-bed
reactors, have been used. Recent reviews have examined these procedures, as well as many
facets of dilute-acid hydrolysis and pretreatment [51,52]. The dilute-acid treatment can
achieve high reaction rates and greatly enhance cellulose hydrolysis at high temperatures
(e.g., 140–190 ◦C) and low acid concentrations (e.g., 0.1–1% sulfuric acid). By using diluted
acid as a pretreatment, hemicellulose can be removed almost completely. Although the
pretreatment does not effectively dissolve lignin, it can disrupt it and make cellulose more
accessible to enzymatic hydrolysis [53].

273



Sustainability 2022, 14, 16753

High contents of lignin and glucose have an important inhibitory response to the
activity of the enzymatic cocktail, with the final glucose yield decreasing as the addition
of the initial concentration of these compounds increases. Other inhibitory compounds
(cellobiose, xylose, arabinose, furfural, hydromethylfurfural, and acetic acid) only have a
slight effect on cellulose-to-glucose enzymatic conversion, at least at the concentration levels
studied. However, it is likely that the synergistic effect of mixtures of these compounds
could have a significant negative impact on enzymatic saccharification [54].

Yan et al. [40] studied lignocellulose extracted from cow manure. Cow manure and
samples of anaerobically digested cow manure were milled using a micromiller prior to
material processing, and they were then thoroughly dried at 45 ◦C. A one-gram sample
was pretreated with 10 milliliters of either 2% sulfuric acid or 2% sodium hydroxide (m/v)
in a 500-milliliter conical flask. The lignocellulosic fraction was extracted by two methods.
(i) Treated with NaOH: The surface area of the air-dried cow manure materials was in-
creased physically by milling, and the resistant structure was then disrupted by soaking
the cow manure in an alkaline NaOH solution. Then, a further detoxification procedure, in-
cluding water washing, was carried out to remove any remaining chemicals that prevented
further microbial fermentation. (ii) Treated with H2SO4: lignin and hemicelluloses were
further removed during the dilute-acid pretreatment of biomass materials, which enhanced
the enzymatic hydrolysis of the biomass to cellulose [55].

3.2.2. Enzymatic Hydrolysis

Several authors have presented theories to explain the total degradation of cellulose.
These involve the three enzymatic components of cellulase and the synergism between
these, where endoglucanases attack to the amorphous regions of cellulose fibers, creat-
ing sites for exoglucanases that would be directed towards the crystalline fiber region.
The β-glucosidases would execute the last step of the hydrolysis and would prevent the
accumulation of cellobiose, which would inhibit exoglucanases [56].

Other authors have suggested cellulose degradation according to the following steps:
(i) adsorption and formation of the substrate enzyme complex; (ii) formation of the product;
and (iii) desorption and re-adsorption of the enzyme, or movement of the enzyme along
the cellulose molecule. On a string cellulose model, extended hydrolysis of the outer chains
would expose the non-terminal internal chain reducers.

The performance of the enzymatic hydrolysis stage depends on the pretreatment
used. Alkaline and acid pretreatment methods present performances of less than 85%
after hydrolyzing with enzymes, contrary to pretreatments where only water is used in its
explosion forms, steam and hot liquid water [57], where performance exceeds 90%. Table 6
summarizes process yields for different types of biomass.

Table 6. Process yields summary for different biomasses [45].

Raw Material Pretreatment Enzymes Hydrolysis Conditions % Reference

Corn bran AFEX Specyme Cp
Accellerase 1000

T = 50, t = 48 h,
15 mg/g glucose 40% [41]

Cassava bagasse –– Termamyl 120 L
AMG 200 L

T = 90 ◦C, t = 1 h, pH = 6.5
T = 60 ◦C, t = 24 h, pH = 4.5
T = 50 ◦C, t = 96 h, pH = 4.8

97.3% [58]

Palm oil logs AFEX Accellerase 1000 N = 170 rpm 95.4% [59]

Corn Celluclast 1.5 L
Novozyme 188

T = 50 ◦C, t = 72h, N = 150 rpm,
pH = 5 80% [60]

Cane bagasse Diluted
organosolv acid

Celluclast 1.5 L
Novozyme 188 Xilanasa

T = 50 ◦C, t = 24 h, pH = 4.8
N = 150 rpm 48–76% [61]

Cane bagasse Diluted
phosphoric acid

Biocellulase W
Novozyme-188

T = 50 ◦C, t = 96 h, pH = 5
N = 100rpm 74% [62]

Banana tree Gelatinization
Celluclast 1.5 L
Novozyme-188

Pectinasa (P-2611)
T = 50 ◦C, t = 9 h, pH = 5 80% [63]
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For acid-pretreated corn stover (PCS), the outcome of fluid dynamic parameters on
enzymatic hydrolysis was assessed. When enzymatic PCS biomass saccharification is
carried out in a stirred tank batch reactor, with low rotating speeds (<100 rpm) and final
Reynolds number (Re) values (<10), a low glucose yield is obtained, with no effect due to
higher amounts of enzymes. With stirring speeds over 300 rpm (final Re > 2000), maximal
and similar glucose yields are retrieved. Estimated mass transfer coefficients and rates
increase with agitation and reaction time. Low stirring speed involves overall rate control
by mass transfer, while higher values rapidly lead to low viscosity, high Re, and enhanced
mass transfer, with enzymatic reactions as the overall process-controlling step [64].

4. Microbial Fermented Lactic Acid Production

The common term for 2-hydroxypropanoic acid is lactic acid. L(+)-lactic acid and
D(-)-lactic acid are the two optical isomers of lactic acid. D(-)-lactic acid can occasionally be
hazardous to human metabolism, and can cause acidosis and decalcification [11].

Chemical synthesis and microbiological fermentation can both produce lactic acid.
The biotechnological approach for producing lactic acid has various benefits over chemical
synthesis, including lower substrate prices, lower production temperatures, and less energy
usage [10].

Lactic acid fermentation and product recovery and/or purification are typically in-
cluded in biotechnological methods for lactic acid production. Numerous studies have
been conducted on the creation of biotechnological techniques for the production of lactic
acid, with the ultimate goal being to make the process more effective and affordable [12].

From agricultural waste, byproducts, and residues, LA can be synthesized biotech-
nologically and used to create biodegradable, biocompatible LA polymers. It can also be
made from the lignocellulosic component of cow manure, and then turned into sugars
which feed LAB. These polymers are often utilized in high-end applications, but with lower
production costs, they could find use in a far wider range of applications [65].

The primary method for creating LA is based on the fermentation of various raw
materials by microorganisms that produce it, such as bacteria, fungi, and yeast [66]. Group
of wild LA producers includes bacteria (LAB: Carnobacterium, Enterococcus, Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus, and members
of the genus Bacillus) and fungi (several species belonging to the genera Mucor, Monilia,
and Rhizopus) [65].

Microorganisms can be either homofermentative or heterofermentative. Homofermen-
tative LAB use the Embden–Meyerhof–Parnas (EMP) route to convert 1 mol of glucose into
2 mol of LA. Depending on the available substrates, ambient factors, etc., heterofermenta-
tive LAB can use either the EMP or phosphoketolase (PKP) route, with the end products
being a mixture of LA, ethanol, acetate, and CO2, or even mannitol in the case of fructose
catabolism [66,67].

The majority of the world’s commercially manufactured lactic acid is created by using
homolactic organisms from the genus Lactobacillus, which only produce lactic acid. The
following organisms are the main producers of the L(+)-isomer: Lactobacillus amylophilus,
L. bavaricus, L. casei, L. maltaromicus, and L. salivarius. Strains such as L. delbrueckii, L. jensenii,
or L. acidophilus produce either the D-isomer or mixtures of both. Under typical fermen-
tation conditions, such as relatively low to neutral pH, temperatures around 40 ◦C, and
low oxygen concentrations, these strains exhibit significant carbon conversions from feed-
stock [1]. Among the members of the genus Lactobacillus, Lactobacillus Cassei has frequently
appeared in studies on the generation of lactic acid [68].

Depending on the source of the lignocellulosic material, the liquid phase produced
by hydrolyzing cellulose and hemicellulose contains six-carbon sugars (hexoses) and five-
carbon sugars (pentoses). The syrup will primarily contain glucose, xylose, arabinose,
galactose, mannose, and rhamnose [69].

The optimal settings for the lactic acid formation route including bacteria (Lactobacillus
sp.) are pH between 5–7, temperature between 40–45 ◦C [70–75], a nutrient-rich environ-
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ment, and sterile conditions. To maintain the pH, the lactic acid created during fermentation
must be neutralized, which increases the cost of lactic acid production and recovery. Using
fungi, lactic acid fermentation is another option (Rhizopus sp.). Compared to bacteria, fungi
can grow in nutrient-limited conditions and efficiently ferment both hexose and pentose
carbohydrates [76]. However, because other products (such ethanol and fumaric acid) are
produced during fungal fermentation, the amount of lactic acid obtained is reduced [77].
Aeration is also necessary during the fungal fermentation process for larger lactic acid
yields, which raises the price of lactic acid production. Yeast can also be used to make lactic
acid, and because it can ferment at low pH levels, there is no longer a need to neutralize
and recover lactic acid [46]. An overview of the performance of different processes studied
for LAB can be found in Table 7.

Table 7. Microorganism productivity for LA.

Organism Substrate
Lactic Acid
Production

[g/L]

Yield
[g/g]

Productivity
[g/(L·h)]

Reference

Enterococcus faecalis RKY1

Glucose 144 0.96 5.1 [78]

Molasses 95.7 0.95 4.0 [79]

Corn starch, potato, and wheat 129.9 1.04 1.5 [80]

Wood hydrolyzate 93 0.93 1.7 [81]

E. mundtii QU 25

Modified Rogosa and Sharpe
(mMRS) 119 0.83 1.12 [82]

Xylose 86.7 0.84 0.9 [83,84]

Lactobacillus rhamnosus
ATCC 10863 Biomass pellets and glucose 67 0.84 2.5 [85]

Lactobacillus rhamnosus
ATCC 7469 Paper sludge 73 0.97 2.9 [86]

Lactobacillus rhamnosus
CECT-288

Yeast and meat extract, peptone 32.5 0.88 5.4 [87]

Cellulosic biosludges 42 0.38 0.87 [88]

L. casei subsprhamnosus Softwood 21.1–23.75 0.74–0.83 0.15–0.23 [89]

L. rhamnosus and L. brevis Cornstover 20.95 0.7 0.58 [90]

Lactobacillus rhamnosus
strain CASL Cassava powder 175.4 0.71 1.8 [91]

L. rhamnosus ATCC 7469 Distillery stillage 97.1 – 1.80 [92]

L. rhamnosus ATCC 7469 Malting, brewing, and oil
production byproducts 58.01 – 1.19 [93]

Lactobacillus helveticus
ATCC 15009 Whey permeate and yeast extract 65.5 0.66 2.7 [94]

Lactobacillus bulgaricus
NRRL B-548 Lactose, glucose, and galactose 38.7 0.9 3.5 [95]

L. bulgaricus CGMCC 1.6970 Dairy waste 113.18 – 2.36 [96]

Lactobacillus casei
NRRL B-441 Barley malt sprouts 82 0.91 5.6 [97]

E. casseli flavus and L. casei Xylose and glucose by
co-cultivation 95 – – [98]

L. casei NCIMB 3254 Cassava bagasse 83.8 0.96 1.4 [99]

L. casei and L. lactis Date juice extract 60.3 – 3.2 [100]

L. casei ATCC 10863 Ram horn waste – 0.08 – [101]
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Table 7. Cont.

Organism Substrate
Lactic Acid
Production

[g/L]

Yield
[g/g]

Productivity
[g/(L·h)]

Reference

L. casei TISTR 390 Sugarcane bagasse 21.3 – 0.18 [102]

Lactobacillus pentosus
ATCC 8041 Trimmings of vine shoots 21.8 0.77 0.8 [103]

L. pentosus CECT-4023T
(ATCC-8041) Corncobs 24 0.76 0.51 [104]

L. brevis and L. pentosus Wheat straw 7.1 0.95 – [105]

L. pentosus L. pentosus 74.8 0.65 – [106]

Lactobacillus amylophilus
GV6 Wheat flour 76.2 0.7 0.8 [107]

Bacillus sp. strain Corncob molasses 74.5 0.5 0.38 [14]

Bacillus coagulans
strains 36D1 Paper sludge 92 0.77 0.96 [70]

Bacillus coagulans
DSM 2314

Lime-treated straw 40.7 0.43 – [71]

Sugarcane bagasse 58.7 0.73 1.81 [72]

B. coagulans IPE22 Lignocellulosic hydrolysates 50.48 – 3.16 [73]

B. coagulans Coffee pulp hydrolysate 48.0 – 1.20 [74]

Lactobacillus sp. RKY2

Glucose, corn steep liquor, and
yeast extract 27 0.9 6.7 [108]

Amylase-treated rice and wheat
brans 129 0.95 2.9 [109]

Lactobacillus bifermentans
DSM 20003 Wheat bran syrup 62.8 0.83 1.2 [110]

L. lactis RM2-24
α-cellulose 73 0.73 1.52 [111]

Molasses and cellbiose 70 0.88 1.45 [112]

Lactococcus lactis IO-1 Sugarcane bagasse 10.9 0.36 0.17 [113]

Lactococcus lactis sp. lactis
IFO 12007 Raw cassava starch 90 0.76 1.6 [114]

Lc. Lactis IO-1 Yeast extract, polypeptone, and
xylose 33.26 0.68 – [115]

L. lactis sub sp. lactis AS211 Wheat flour – 0.77 – [116]

L. lactis sub sp. lactis
ATCC 19435 Wheat starch – – 1.5 [117]

Sporolactobacillus sp. CASD Peanut meal 207 0.93 3.8 [118]

Sporolactobacillus
laevolacticus DSM442 Agricultural waste cottonseed 144.4 – 4.13 [119]

L. brevis Hydrolysate of lignocellulosic 39.1 0.7 0.81 [120]

L. coryniformis ATCC 25600 Yeast and meat extract 54 0.89 0.5 [121]

L. coryniformis spp.
Torquens ATCC 25600 Waste cardboard 23.4 0.56 0.48 [122]

Lactobacillus coryniformis
ATCC 25 600 Pretreated cardboard 23 0.56 0.49 [123]

L. coryniformis sub sp.
Torquens ATCC 25600 Pulp mill residue 55.7 – 2.80 [124]
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Table 7. Cont.

Organism Substrate
Lactic Acid
Production

[g/L]

Yield
[g/g]

Productivity
[g/(L·h)]

Reference

Lactobacillus plantarum
ATCC 21028

Lactobacilli Man–Rogosa–Sharpe
(MRS) broth (ATCC formula 416,

DIFCO 0881)
41 0.97 1 [125]

L. plantarum Alfalfa fiber 46.4 0.46 0.64 [126]

L. plantarum (Recombinant)

Cellooligosaccharides and β-glucan 1.47 – – [127]

Arabinose 38.6 0.82 3.78 [128]

Xylose 41.2 0.89 1.6 [129]

Leuconostoc lactis SHO-47
and SHO-54 Xyloo-ligosaccharide 2.3 – – [130]

Bacillus sp. Strain 36D1 Solka floc 40 0. 65 0.22 [131]

L. salivarious NRRL B-1950 Soy molasses – 0.76 – [132]

Lactobacillus sp. Sugarcane juice 8.1 – – [133]

L. amylovorus Cassava starch substrate 4.8 – – [134]

Leuconostoc mesenteroides
NRRL B 512 Yeast extract and sugarcane juice 60.2 – 1.25 [135]

Mixed culture of
B. coagulans LA1507 and
engineered and adapted

E. coli WYZ-L

Sweet sorghum juice 118.0 – 1.84 [136]

Molasses and corn steep liquor 75.0 – 0.48 [137]

Bacillus sp. XZL9 Corncob molasses 74.7 – 0.38 [14]

L. paracasei Sweet sorghum 88 0.79 – [138]

Adapted L. paracasei A-22 Agro-industrial substrate 169.9 – 1.42 [139]

L. paracasei
LA104/L. coryniformis

ATCC 25600
Waste Curcuma longa biomass 97.1 – 2.70 [140]

Lactobacillus sp. B2 Crab (Callinectes bellicosus) wastes 19.5 – 0.81 [141]

R. oryzae TS-61 Chicken feather protein hydrolysate
and sugar beet molasses 38.5 – 0.92 [142]

R. oryzae NLX-M-1 Xylo-oligosaccharides
manufacturing waste residue 60.3 – 1.0 [143]

R. oryzae As 3.819 Tobacco waste extract 173.5 – 1.45 [144]

Delbrueckii IFO 3202 De-fatted rice bran 28 0.78 0.28 [145]

Delbrueckii NCIMB 8130 Molasses 90 0.97 3.8 [146]

Lactobacillus delbrueckii Uc-3 Cellobiose and cellotriose 90 0.9 2.3 [147]

L. delbrueckii mutant Uc-3

Molasses 166 0.87 4.2 [79]

Waste sugarcane bagasse 90 0.9 2.25 [148]

Molasses 166 0.87 4.2 [79]

Delbrueckii Sugarcane juice 118 0.95 1.7 [149]

L. delbreuckii Alfalfa fiber 35.4 0.35 0.75 [126]

L. delbreuckii NRRL-B445 Cellulosic material 65 0.18 – [150,151]

L. delbrueckii NCIM 2025 Cassava bagasse 81.9 0.94 1.36 [99]

L. delbrueckii UFV H2B20 Brewer’s spent grain 35.5 0.99 0.59 [152]
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Table 7. Cont.

Organism Substrate
Lactic Acid
Production

[g/L]

Yield
[g/g]

Productivity
[g/(L·h)]

Reference

L. delbrueckii ZU-S2

Cellulosic material 48.7/44.2 0.95/0.92 1.01/5.7 [153]

Cellbiose and celltriose 90 0.9 2.3 [147]

α-cellulose 67 0.83 0.93 [148]

Lactobacillus delbrueckii
HG 106 Unpolished rice 90 0.73 1.5 [154]

L. delbrueckii sub sp. Lactis Starch – 1.0 – [155]

L. delbrueckii NRRL B-445 Molasses – 0.81 – [156]

L. delbrueckii sp. lactis
NCDC290/L. delbrueckii sp.

Delbrueckii NBRC3202

Kodo millet (Paspalum
scrobiculatum) bran residue 10.53 – 0.44 [157]

Engineered and adapted
Pediococcus
Acidilactici

Yeast extract, peptone, and glucose 130.8 – 1.82 [158]

S. inulinus YBS1-5 Wheat bran, corn steep liquor, and
yeast extract 70.7 – 0.65 [159]

Note: production (g/L): grams of LA produced by liter (biomass concentration). Yield (g/g): product yield per
gram of substrate. Productivity (g/L·h): grams of LA produced every hour per liter (biomass concentration).

4.1. Simultaneous Saccharification and Fermentation

By combining the enzymatic hydrolysis of carbohydrate substrates and the microbial
fermentation of the produced sugars into a single process, also referred to as “Simultaneous
Saccharification And Fermentation” (SSAF), the bioconversion of carbohydrate sources to
lactic acid can be made significantly more effective [1]. Due to lactic acid’s low added value
as a bulk chemical, it is necessary to convert lignocellulosic material into lactic acid in an
effective manner with high productivities and yields [72,160].

Enzymatic hydrolysis should proceed significantly faster when fermentation and
enzymatic hydrolysis are coupled in an SSAF process, because the microbe can directly
absorb the monomerized sugars, reducing product inhibition. Thus, the processing time
of SSAF can be drastically decreased [161]. Moreover, the complete hydrolysis of the
carbon substrates before fermentation is not necessary with SSAF. Enzymatic hydrolysis,
cell development, and microbial generation all take place concurrently throughout the
SSAF process. SSAF’s ability to lessen the inhibition brought on by mono- or disaccharide
buildup raises the saccharification rate, which will, in turn, increase productivity and
minimize reactor volume and capital costs [1].

To increase process effectiveness, SSAF is combined with dilute acid or hot water
pretreatments. Cellulases and xylanases are responsible for converting carbohydrate poly-
mers into fermentable sugars, which are susceptible to inhibition by the products (glucose,
xylose, cellobiose, and other oligosaccharides) [162].

There is an important fraction of minor sugars in lignocellulosic biomass. From an
economical and production perspective, the ability to ferment minor sugars has to be
verified. LAB laboratory testing shows the sugar consumption order of the microorganisms:
glucose first, then mannose, followed by xylose and galactose almost at the same time [89].

Some thermophilic Lactobacilli can ferment pentoses (arabinose and ribose) homofer-
mentatively [163]. It has also been reported that strains related to L. salivatrius, further
described as L. murinus [164], exhibited the same property.

The yield of B. coagulans IPE22 was enhanced with glucose as substrate, but xylose
as substrate enhanced cell proliferation. This demonstrated how the characteristics of
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simulated mixed sugar would affect the efficiency of LA fermentation, but not necessarily
the amount of LA that would be produced in the end [73].

The reduction in end-product inhibition of the enzymatic hydrolysis, as well as the
decreased investment costs, are the main advantages of conducting the enzymatic hydroly-
sis concurrently with the fermentation, rather than in a separate phase. This process has a
higher hydrolysis rate, and requires a low enzyme load, higher product yield, lower risk of
contamination, shorter time process, and smaller reactor volume. On the other hand, the
major disadvantages include the necessity to find optimal conditions (for example, temper-
ature and pH) for both enzymatic hydrolysis and fermentation, as well as the challenge
of recycling the fermenting organism and the enzymes. The temperature is typically kept
below 37 ◦C to meet the first condition [165].

Simultaneous Saccharification and Co-Fermentation (SSCF) has been demonstrated
to be an efficient bioconversion strategy for LA production. With regard to yield and
productivity, fermentation of LA from lignocellulosic feedstock has been investigated
extensively [166]. Lactobacillus pentosus metabolizes hexose (glucose) through the EMP
pathway under anaerobic conditions, producing LA as the sole product (homofermentation).
It also ferments pentoses (xylose and arabinose) through the PKP pathway, generating
equal mole fractions of LA and acetic acid (heterofermentation) [106].

4.2. Lactic Acid Recovery

LA recovery processes are still not viable for industrial application. The principal
disadvantages are equipment costs, solvent recovery, and energy consumption.

The purification and separation of LA involve several processes, which make up 50%
of the process cost [167,168]. The principal drawbacks to achieving a high purity LA are
due to its decomposition at elevated temperatures, its high energy consumption, and its
affinity with water [169]. Table 8 compares different methods available for the separation
and recovery of LA from final broth.

Membrane recovery processes are very effective, but their drawbacks include high
membrane cost, polarization, and fouling problems. The solvent method requires a high
exchange area, and it also has high solvent costs and high toxicity of extractants. There are
some promising advances in terms of novel extractants. The precipitation method is the
most widely used, but it creates lactic acid with low purity and solid waste residue, and is
economically competitive [170].

Table 8. LA separation and recovery methods after SSAF. Adapted from [170–172].

Process Advantage Disadvantage Reference

Precipitation

Can be applied in industrial plants Sulfuric acid consumption is high

[170,173–175]Easy to operate Generation of gypsum, which requires
landfill disposal

Elevates product yield Product purity is low

Liquid extraction

Gypsum is not produced
Regeneration by distillation or

back-extraction (stripping) of the
extractants is needed

[170,175–177]

Thermal decomposition risk decreased Purity is low
Disadvantageous distribution coefficients

of the extraction agents

Membrane
processes

Scale of production flexibility High membrane cost [170,178,179]
High differentiation Membrane fouling

Good performance at purification Polarization problems
Possibly to integrate with current

fermenters
Retention of lactic acid

Difficult to increase production

280



Sustainability 2022, 14, 16753

Table 8. Cont.

Process Advantage Disadvantage Reference

Molecular
distillation

Low thermal decomposition risk Difficult to increase production [171,179,180]
High differentiation High vacuum needed
No solvents needed

No need for purification

Reactive
distillation

Reaction and separation realized together Mechanism is complex [170]

Elevates purification values Reversible chemical reactions in the liquid
phase applicability

Energy consumption is low

Applications are restricted to systems with
reasonably fast reaction rates and no
mismatch between the temperatures
suitable for reaction and separation

Homogeneous catalyst usage could cause
corrosion and separation issues

Ion exchange
adsorption

No waste generated Large liquor waste as a result of
widespread fluent use [181–188]

Easy and simple to operate Only applicable with low temperatures and
short-/mid-term production

Elevate operational stability and selectivity Co-extraction of other compounds
is difficult

Accelerated product recovery
Low maintenance expenses and

energy usage
Not toxic to microorganisms

Possibility to be integrated in an
heterogeneous system

Reusable resin

4.3. Purification of Lactic Acid

The purification of LA from the fermentation broth is a vital step for its commer-
cialization, since high-purity LA is required as a building block for the synthesis of high
value-added products, such as PLA and other chemicals. When both isomers are created
during fermentation, the purification stage might become even more challenging, as some
applications require optically pure D-Lactic acid or L-Lactic acid [189].

Usually, two methods are used: (i) the crude lactic acid is obtained by acidifying
the cleared fermented liquor with sulfuric acid, with a concentration of 32%, which is
substantially above the crystallization point; (ii) using the method outlined in [190,191], the
crude calcium salt that precipitates from the concentrated fermented liquor is crystallized,
filtered, dissolved, and then acidified with sulfuric acid. This method uses filtering and
washing to separate the precipitated calcium lactate from the dissolved contaminants.
However, certain contaminants are still present in the cake. Along with the washes, calcium
lactate is lost. The calcium lactate method is currently the most frequently used strategy
for separation. This technique, which is based on calcium hydroxide precipitation, is
already being used commercially by NatureWorks and Purac in starch-based LA production
methods [177].

The traditional method produces enormous amounts of calcium sulphate cake. It is
difficult to eliminate cake that still contains organic pollutants. Filtered fermented broth
primarily contains contaminants including color, various organic acids, and remaining
sugar compounds [13]. Reactive extraction, adsorption, electrodialysis, and esterification–
hydrolysis with distillation are methods for removing these contaminants.

Calcium carbonate is first used to neutralize the fermentation broth using the conven-
tional chemical separation procedure. After filtering the broth containing calcium lactate,
in order to remove cells, sulfuric acid is added to acidify it and to create LA and insoluble
calcium sulfate [10]. In addition, hydrolysis, esterification, and distillation are used to
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produce pure lactic acid. The creation of a significant amount of calcium sulfate (gypsum)
as a byproduct, in addition to the high sulfuric acid consumption, are drawbacks of this
method [192]. Adsorption [193], reactive distillation [194], ultrafiltration and electrodialy-
sis [10,195–198], and nanofiltration [199,200] have all been investigated as alternative lactic
acid separation technologies that do not produce salt waste. Compared to conventional
chemical separation methods, these processes are more economical and energy-efficient.
Additionally, they have a number of benefits, such as the absence of costly solvents, adsor-
bents, or energy-intensive phase transitions, as well as the potential for the simultaneous
separation and concentration of lactic acid [201].

4.4. Byproduct Formation

The fermentability of substrates obtained from lignocellulose can be negatively im-
pacted by byproducts created during the pretreatment of lignocellulose. The majority
of the lignocellulosic byproducts produced can significantly prolong lag phases, reduce
productivity, and/or restrict the growth of microorganisms. There are three main categories
of lignocellulosic byproducts that can be identified: phenolics, furans, and small organic
acids [49].

As a way to deal with the issues caused by byproducts produced during the fermen-
tation of pretreated lignocellulose into LA, three solutions have been presented: (i) It is
possible to enhance thermochemical pretreatment techniques to limit the production of
byproducts. Since a decrease in byproduct synthesis should not affect the accessibility
of hemicellulose to enzymes, achieving this goal can be challenging. Furthermore, since
some of the byproducts are inherent to the hemicellulosic structure and are produced
during the monomerization of hemicellulosic sugars, their synthesis cannot be completely
avoided. Acetic acid, ferulic acid, and coumaric acid are a few examples. The correct
pretreatment conditions can considerably limit the formation of additional chemicals that
are not a part of the lignocellulose structure, including furfural, without compromising
sugar monomerization or accessibility [103]. (ii) After lignocellulose has completed thermo-
chemical pretreatment, byproduct removal can be implemented immediately. Examples
include utilizing microbial detoxification, extracting byproducts using active charcoal or
lime, or washing pretreated lignocellulose with extremely hot water. Byproduct removal
can be an efficient way to limit the number of byproducts in the substrates made from
lignocellulose, but this complicates the process, raising costs and perhaps causing a (slight)
material loss [202,203]. (iii) Microorganisms can be reinforced to survive greater byproduct
concentrations. Methods such as genetic engineering, evolutionary engineering, or mutage-
nesis can be used to make this improvement. Although the use of genetic engineering and
evolutionary engineering may be challenging and time-consuming in some circumstances,
and few targets for genetic engineering have been identified, it may be a potent tool to
lessen the impact of byproducts on the microorganism.

5. PLA Production by Lactic Acid Polymerization

PLA with variable molecular weight can be produced using LA, although typically
only high molecular weight (Mw) PLA has significant economic use in the fiber, textile,
plastics, additive manufacturing [204], printed circuit board [205], and packaging indus-
tries [206].

The indirect way of obtaining PLA from the lactide, known as ring opening, is the
most widely employed technique. It has been shown to be the most efficient method in the
industry for producing high molecular weight polymers, and it has the highest implanta-
tion. Two of the largest PLA makers use it: Corbion-Purac (Amsterdam, the Netherlands;
www.corbion.com, accessed on 7 July 2021) and NatureWorks LLC (Minnetonka, Min-
nesota; www.natureworksllc.com, accessed on 7 July 2021). Lactic acid is first oligomerized
and then depolymerized in the indirect process to create lactide, a cyclic dimer of lactic
acid. Following this, ROP transforms lactide into PLA. The three primary techniques for
producing high Mw PLA from LA are shown in Figure 4: (1) direct condensation poly-
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merization; (2) direct polycondensation in an azeotropic solution; and (3) polymerization
through lactide formation [18].

Figure 4. The manufacturing process to produce high molecular weight PLA, from [18].

ROP is the most used technique on the industrial scale due to its benefits, which
include light process conditions, shorter residence durations, the absence of side products,
and high molecular weights. The most common catalyst is 2-ethylhexanoic tin(II) salt, also
known as stannous octoate [Sn(Oct)2], which is authorized by the USFDA, and is typically
used in conjunction with alcohol as a cocatalyst. Since impurities have a negative impact
on material qualities due to the reaction’s sensitivity to residual non-cyclic monomers, the
real bottleneck of ROP is the availability of cyclic monomers, as well as their optical and
chemical purity. Figure 5 illustrates the three stereo-isomeric forms of cyclic dimer lactide,
the cyclic raw material for PLA.

 

Figure 5. Cyclic dimers for ROP process.
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The amount of L- and D-lactide used to create PLA depends on the procedure. Water,
meso-lactide, contaminants, LA, and LA oligomers are all products of the lactide reac-
tor [207]. It is necessary to purify the mixture, in this case by vacuum distillation via a set
of columns. The highest Mw PLA is formed from L-lactide plus a tiny quantity of meso-
lactide, due to the difference in the boiling temperatures of lactide and meso-lactide. The
stereochemical purity of the PLA increases with the lactide mixture’s stereochemical purity.
Because a significant quantity of meso-lactide is produced during this process, the qualities
of the PLA resin that is produced can vary depending on the amount of meso-lactide in the
mixture. PLA that includes a significant amount (93%) of L-LA crystallizes.

Meso-lactide content in PLA monomers should ideally be as low as possible. Nature-
Works LLC has made it feasible to refine meso-lactide into different functionalities, despite
the fact that its manufacture is undesired and frequently accompanied by contaminants.
The meso-lactide byproduct is used in a variety of surfactants, coatings, and copolymers as
chemical intermediates [208]. The manufacture of lactide and PLA with cheap manufactur-
ing and production costs, as well as improved characteristics, has also been the subject of
extensive investigation [209]. To obtain high Mw and high optical purity, PLA has been
polymerized using a variety of catalysts, including metal, cationic, and organic ones [210].
According to reports, metal complexes are one of the most effective catalysts for the ROP
of the rac-lactide-based method of producing stereoblock isotactic PLA, because they can
regulate factors such as molecular and chain microstructure [211].

PLA Processing

The procedures for processing PLA are tried-and-true polymer production processes
utilized for other commercial polymers, including PS and PET [212]. The primary method
for mass producing high Mw PLA is called melt processing, and it involves transforming
the resulting PLA resin into finished goods for use in packaging [213], consumer goods,
and other applications. The technique of molding molten polymers into desired shapes
while they are still in a liquid state is known as melt processing. The polymer is then cooled
to stabilize its final dimensions [214].

6. Discussion

It is possible to extract lignocellulosic material from cow manure, which can later be
converted into glucose. This glucose can feed microorganisms that produce lactic acid,
which can be polymerized into PLA. Thus, this means that it is possible to create a valuable
product from waste origin. Production of bioethanol from waste manure has been studied,
as has PLA production from a variety of lignocellulosic materials.

Cows are fed a high percentage of lignocellulosic fiber in their diets, and following
digestion, they produce manure. Enzymatic hydrolysis into fermentable sugars could
successfully disrupt the treated lignocellulosic fraction from those dejections.

Anaerobic digestion of cow manure for methane production resulted in a moderate
reduction in the proportion of lignocellulosic fiber, according to research on the composition
of lignocellulosic materials, in cow manure and anaerobically digested cow manure. The
first step in using lignocellulosic biomass for the production of added-value products from
its constituent fractions, such as hemicelluloses and cellulose, is to remove barriers that
prevent chemical or biological catalysts from aiding in its transformation. Size reduction
and steam explosion are examples of physical pretreatments, whereas solvents that promote
cellulose, hemicellulose, and lignin degradation are used in chemical pretreatments to
change the structure of biomass. The partition of cellulose into glucose units and of
the hemicellulosic biomass into its constituent sugars are necessary for the conversion
of lignocellulosic biomass into value-added goods. Two main approaches have been
developed: acid and enzymatic hydrolysis. Enzymatic hydrolysis is the biotechnological
process, while acid hydrolysis is the chemical path.

On agricultural waste, byproducts, and residues, LA can be synthesized biotechno-
logically and used to create biodegradable, biocompatible LA polymers. The majority of
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lactic acid that is commercially generated around the world is created through the fermen-
tation of carbohydrates by homolactic organisms from the genus Lactobacillus, which only
produce lactic acid. By combining the enzymatic hydrolysis of carbohydrate substrates
and microbial fermentation of the resulting sugars into a single phase, the bioconver-
sion of carbohydrate materials to lactic acid can be made considerably more effectively
(SSAF process).

To achieve the LA product, purification is needed after fermentation. Separation and
the final purification process incur almost 50% of the production costs. Due to water’s high
affinity, breakdown at high temperatures, and significant energy consumption, obtaining
high purity LA is problematic. Variable molecular weight PLA can be produced using LA,
but typically only high Mw PLA has significant economic use in the fiber, textile, plastics,
and packaging industries. The indirect way of obtaining PLA from ROP is the most widely
employed approach.

Although PLA degradation has been studied for a while, knowledge of the underlying
mechanisms is still lacking. Methods for the chemical recycling of these materials, together
with the obtained chemical products, have been reviewed [215]. According to several
studies, PLA breakdown only happens by hydrolysis and does not require any enzyme
activity [216]. According to some reports, enzymes play a crucial part in the breakdown of
PLA [217].

7. Conclusions

There is concern about the impact of cow manure waste and fossil-based plastic
accumulation. Cow manure decomposition leads to gases such as methane and nitrogen
oxide, both of these being greenhouse emissions that have an impact on the environment.
Combining both problems, it is possible to manufacture a value-added product such as
PLA from cow manure, and thus solve emission problems.

Lignocellulosic biomass contains a variety of minor sugars in addition to xylose and
glucose. From an economic standpoint, it is highly beneficial if all sugar substrates are
utilized. Hexoses’ and pentoses’ transformation ratios from lignocellulosic fraction into LA
would have an important impact on process viability.

It is possible to extract the lignocellulosic fraction from cow manure and convert it
into glucose. This glucose can be used to feed the microorganisms that produce LA. The
obtained lactic acid can be polymerized, achieving the final product: PLA. The obtained
PLA would be a replacement for petro-chemical polymers due to its biodegradability
properties, improving the environmental problems.

Existing pretreatments are not adequate, and existing nonthermal advances combined
with organic mild chemical process are likely to increase the conversion yields’ released
inhibitory compounds potential. It is fundamental to enhance LA generation without
sacrificing the optical quality or adding extra costs into LA polymers. Cow manure is a
possible source for PLA production.

The separation and purification processes are critical for LA production viability: 50%
of the costs are incurred by these processes, and they have many drawbacks, such as water
affinity, decomposition at high temperatures, and elevated energy consumption.

As a result of the review, to obtain PLA form cow manure, the required technological
sequence consists of manure treatment, pretreatment to prepare for hydrolysis process,
saccharification, and fermentation. Pretreatment may be performed with a diluted acid
treatment if lignin content is low enough. Saccharification and fermentation could be carried
out together or separately, depending on the microorganism, affecting the degradation of
hexoses and pentoses. After the LA process, the sequence is similar to current industrial
processes, but it is necessary to consider the effect of the substrate on the purification,
polymerization, and final product characteristics. Further research is needed to validate the
entire process yield, as well as the properties of the obtained PLA.
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47. Maican, E.; Coz, A.; Ferdeş, M. Continuous Pretreatment Process For Bioethanol Production. In Proceedings of the 4th Interna-

tional Conference on Thermal Equipment, Renewable Energy and Rural Development, Arge County, Romania, 6 June 2015.
48. Kabel, M.A.; Bos, G.; Zeevalking, J.; Voragen, A.G.J.; Schols, H.A. Effect of pretreatment severity on xylan solubility and enzymatic

breakdown of the remaining cellulose from wheat straw. Bioresour. Technol. 2007, 98, 2034–2042. [CrossRef] [PubMed]

287



Sustainability 2022, 14, 16753

49. Palmqvist, E.; Hahn-Hägerdal, B. Fermentation of lignocellulosic hydrolysates. II: Inhibitors and mechanisms of inhibition.
Bioresour. Technol. 2000, 74, 25–33. [CrossRef]

50. Alvira, P.; Tomás-Pejó, E.; Ballesteros, M.; Negro, M.J. Pretreatment technologies for an efficient bioethanol production process
based on enzymatic hydrolysis: A review. Bioresour. Technol. 2010, 101, 4851–4861. [CrossRef]

51. Taherzadeh, M.J.; Karimi, K. Enzyme-based hydrolysis processes for ethanol from lignocellulosic materials: A review. BioResources
2007, 2, 707–738. [CrossRef]

52. Taherzadeh, M.J.; Karimi, K. Acid-based hydrolysis processes for ethanol from lignocellulosic materials: A review. BioResources
2007, 2, 472–499.

53. Yang, B.; Wyman, C.E. Effect of Xylan and Lignin Removal by Batch and Flowthrough Pretreatment on the Enzymatic Digestibility
of Corn Stover Cellulose. Biotechnol. Bioeng. 2004, 86, 88–98. [CrossRef]

54. Wojtusik, M.; Villar, J.C.; Zurita, M.; Ladero, M.; Garcia-Ochoa, F. Study of the enzymatic activity inhibition on the saccharification
of acid pretreated corn stover. Biomass Bioenergy 2017, 98, 1–7. [CrossRef]

55. Taherzadeh, M.; Karimi, K. Pretreatment of Lignocellulosic Wastes to Improve Ethanol and Biogas Production: A Review. Int. J.
Mol. Sci. 2008, 9, 1621–1651. [CrossRef] [PubMed]

56. Garzón, H.; Orozco, D. Hidrólisis Enzimática del Material Lignocelulósico de la Planta de Banano y su Fruto. Bachelor’s Thesis,
Escuela de Procesos y Energía, Universidad Nacional de Colombia-Sede Medellín, Medellín, Colombia, 2006.

57. Hamelinck, C.N.; van Hooijdonk, G.; Faaij, A.P.C. Ethanol from lignocellulosic biomass: Techno-economic performance in short-,
middle- and long-term. Biomass Bioenergy 2005, 28, 384–410. [CrossRef]

58. Pi, Y.; Lozano, J.T. Aprovechamiento de Biomasa Lignocelulósica, Algunas Experiencias de Investigación en Colombia, 2014th ed.;
Fundación Universidad de Bogotá Jorge Tadeo Lozano Carrera: Bogotá, Colombia, 2016; Available online: https://www.
researchgate.net/publication/279448880%0AAprovechamiento (accessed on 7 April 2021).

59. Jung, Y.H.; Kim, I.J.; Kim, J.J.; Oh, K.K.; Han, J.-I.; Choi, I.-G.; Kim, K.H. Ethanol production from oil palm trunks treated with
aqueous ammonia and cellulase. Bioresour. Technol. 2011, 102, 7307–7312. [CrossRef]

60. Kahar, P.; Taku, K.; Tanaka, S. Enzymatic digestion of corncobs pretreated with low strength of sulfuric acid for bioethanol
production. J. Biosci. Bioeng. 2010, 110, 453–458. [CrossRef]

61. Mesa, L.; González, E.; Romero, I.; Ruiz, E.; Cara, C.; Castro, E. Comparison of process configurations for ethanol production
from two-step pretreated sugarcane bagasse. Chem. Eng. J. 2011, 175, 185–191. [CrossRef]

62. Geddes, C.C.; Peterson, J.J.; Roslander, C.; Zacchi, G.; Mullinnix, M.T.; Shanmugam, K.T.; Ingram, L.O. Optimizing the saccharifi-
cation of sugar cane bagasse using dilute phosphoric acid followed by fungal cellulases. Bioresour. Technol. 2010, 101, 1851–1857.
[CrossRef]

63. Oberoi, H.S.; Sandhu, S.K.; Vadlani, P.V. Statistical optimization of hydrolysis process for banana peels using cellulolytic and
pectinolytic enzymes. Food Bioprod. Process. 2012, 90, 257–265. [CrossRef]

64. Wojtusik, M.; Zurita, M.; Villar, J.C.; Ladero, M.; Garcia-Ochoa, F. Influence of fluid dynamic conditions on enzymatic hydrolysis
of lignocellulosic biomass: Effect of mass transfer rate. Bioresour. Technol. 2016, 216, 28–35. [CrossRef]

65. Djukić-Vuković, A.; Mladenović, D.; Ivanović, J.; Pejin, J.; Mojović, L. Towards sustainability of lactic acid and poly-lactic acid
polymers production. Renew. Sustain. Energy Rev. 2019, 108, 238–252. [CrossRef]

66. Gao, C.; Ma, C.; Xu, P. Biotechnological routes based on lactic acid production from biomass. Biotechnol. Adv. 2011, 29, 930–939.
[CrossRef] [PubMed]

67. Wilhelm, B.J.B.W.; Holzapfel, H. Lactic Acid Bacteria: Biodiversity and Taxonomy; Wiley: New York, NY, USA, 2014.
68. Chaisu, K.; Charles, A.L.; Guu, Y.-K.; Yen, T.-B.; Chiu, C.-H. Optimization Lactic Acid Production from Molasses Renewable Raw

Material through Response Surface Methodology with Lactobacillus Casei M-15. APCBEE Procedia 2014, 8, 194–198. [CrossRef]
69. Keshwani, D.R.; Cheng, J.J. Switchgrass for bioethanol and other value-added applications: A review. Bioresour. Technol. 2009,

100, 1515–1523. [CrossRef]
70. Budhavaram, N.K.; Fan, Z. Production of lactic acid from paper sludge using acid-tolerant, thermophilic Bacillus coagulan strains.

Bioresour. Technol. 2009, 100, 5966–5972. [CrossRef]
71. Maas, R.H.W.; Bakker, R.R.; Jansen, M.L.A.; Visser, D.; de Jong, E.; Eggink, G.; Weusthuis, R.A. Lactic acid production from

lime-treated wheat straw by Bacillus coagulans: Neutralization of acid by fed-batch addition of alkaline substrate. Appl. Microbiol.
Biotechnol. 2008, 78, 751–758. [CrossRef]

72. van der Pol, E.C.; Eggink, G.; Weusthuis, R.A. Production of l(+)-lactic acid from acid pretreated sugarcane bagasse using Bacillus
coagulans DSM2314 in a simultaneous saccharification and fermentation strategy. Biotechnol. Biofuels 2016, 9, 248. [CrossRef]

73. Wang, Y.; Cao, W.; Luo, J.; Wan, Y. Exploring the potential of lactic acid production from lignocellulosic hydrolysates with various
ratios of hexose versus pentose by Bacillus coagulans IPE22. Bioresour. Technol. 2018, 261, 342–349. [CrossRef]

74. Pleissner, D.; Neu, A.K.; Mehlmann, K.; Schneider, R.; Puerta-Quintero, G.I.; Venus, J. Fermentative lactic acid production from
coffee pulp hydrolysate using Bacillus coagulans at laboratory and pilot scales. Bioresour. Technol. 2016, 218, 167–173. [CrossRef]

75. Åkerberg, C.; Hofvendahl, K.; Zacchi, G.; Hahn-Hägerdal, B. Modelling the influence of pH, temperature, glucose and lactic acid
concentrations on the kinetics of lactic acid production by Lactococcus lactis ssp. lactis ATCC 19435 in whole-wheat flour. Appl.
Microbiol. Biotechnol. 1998, 49, 682–690. [CrossRef]

76. Soccol, C.R.; Stonoga, V.I.; Raimbault, M. Production of l-lactic acid by Rhizopus species. World J. Microbiol. Biotechnol. 1994,
10, 433–435. [CrossRef] [PubMed]

288



Sustainability 2022, 14, 16753

77. Tay, A.; Yang, S.T. Production of L(+)-lactic acid from glucose and starch by immobilized cells of Rhizopus oryzae in a rotating
fibrous bed bioreactor. Biotechnol. Bioeng. 2002, 80, 1–12. [CrossRef] [PubMed]

78. Yun, J.S.; Wee, Y.J.; Ryu, H.W. Production of optically pure L(+)-lactic acid from various carbohydrates by batch fermentation of
Enterococcus faecalis RKY1. Enzym. Microb. Technol. 2003, 33, 416–423. [CrossRef]

79. Dumbrepatil, A.; Adsul, M.; Chaudhari, S.; Khire, J.; Gokhale, D. Utilization of molasses sugar for lactic acid production by
Lactobacillus delbrueckii subsp. delbrueckii mutant Uc-3 in batch fermentation. Appl. Environ. Microbiol. 2008, 74, 333–335.
[CrossRef]

80. Wee, Y.-J.; Reddy, L.V.A.; Ryu, H.-W. Fermentative production of L(+)-lactic acid from starch hydrolyzate and corn steep liquor as
inexpensive nutrients by batch culture of Enterococcus faecalis RKY1. J. Chem. Technol. Biotechnol. 2008, 83, 1387–1393. [CrossRef]

81. Wee, Y.J.; Yun, J.S.; Park, D.H.; Ryu, H.W. Biotechnological production of L(+)-lactic acid from wood hydrolyzate by batch
fermentation of Enterococcus faecalis. Biotechnol. Lett. 2004, 26, 71–74. [CrossRef]

82. Abdel-Rahman, M.A.; Tashiro, Y.; Zendo, T.; Shibata, K.; Sonomoto, K. Isolation and characterisation of lactic acid bacterium for
effective fermentation of cellobiose into optically pure homo l-(+)-lactic acid. Appl. Microbiol. Biotechnol. 2011, 89, 1039–1049.
[CrossRef]

83. Abdel-Rahman, M.A.; Tashiro, Y.; Zendo, T.; Sonomoto, K. Effective (+)-Lactic Acid Production by Co-fermentation of Mixed
Sugars. J. Biotechnol. 2010, 150, 347–348. [CrossRef]

84. Abdel-Rahman, M.A.; Tashiro, Y.; Zendo, T.; Sonomoto, K. Isolation and characterization of novel lactic acid bacterium for
efficient production of l (+)-lactic acid from xylose. J. Biotechnol. 2010, 150, 347. [CrossRef]

85. Berry, A.R.; Franco, C.M.M.; Zhang, W.; Middelberg, A.P.J. Growth and lactic acid production in batch culture of Lactobacillus
rhamnosus in a defined medium. Biotechnol. Lett. 1999, 21, 163–167. [CrossRef]

86. Marques, S.; Santos, J.A.L.; Gírio, F.M.; Roseiro, J.C. Lactic acid production from recycled paper sludge by simultaneous
saccharification and fermentation. Biochem. Eng. J. 2008, 41, 210–216. [CrossRef]

87. Gullón, B.; Yáñez, R.; Alonso, J.L.; Parajó, J.C. l-Lactic acid production from apple pomace by sequential hydrolysis and
fermentation. Bioresour. Technol. 2008, 99, 308–319. [CrossRef] [PubMed]

88. Romaní, A.; Yáñez, R.; Garrote, G.; Alonso, J.L. SSF production of lactic acid from cellulosic biosludges. Bioresour. Technol. 2008,
99, 4247–4254. [CrossRef]

89. Iyer, P.V.; Thomas, S.; Lee, Y.Y. High-Yield Fermentation of Pentoses into Lactic Acid. Appl. Biochem. Biotechnol. 2000, 84–86,
665–678. [CrossRef] [PubMed]

90. Cui, F.; Li, Y.; Wan, C. Lactic acid production from corn stover using mixed cultures of Lactobacillus rhamnosus and Lactobacillus
brevis. Bioresour. Technol. 2011, 102, 1831–1836. [CrossRef] [PubMed]

91. Wang, L.; Zhao, B.; Liu, B.; Yang, C.; Yu, B.; Li, Q.; Ma, C.; Xu, P.; Ma, Y. Efficient production of l-lactic acid from cassava powder
by Lactobacillus rhamnosus. Bioresour. Technol. 2010, 101, 7895–7901. [CrossRef]
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Abstract: Increased Greenhouse Gas (GHG) emissions from both natural and man-made systems
contribute to climate change. In addition to reducing the use of crude petroleum’s derived fuels, and
increasing tree-planting efforts and sustainable practices, air pollution can be minimized through
phytoremediation. Bio-fuel from crops grown on marginal land can sustainably address climate
change, global warming, and geopolitical issues. There are numerous methods for producing
renewable energy from both organic and inorganic environmental resources (sunlight, air, water,
tides, waves, and convective energy), and numerous technologies for doing the same with biomass
with different properties and derived from different sources (food industry, agriculture, forestry).
However, the production of bio-fuels is challenging and contentious in many parts of the world since
it competes for soil with the growth of crops and may be harmful to the environment. Therefore,
it is necessary to use wildlife management techniques to provide sustainable bio-energy while
maintaining or even improving essential ecosystem processes. The second generation of bio-fuels is
viewed as a solution to the serious issue. Agricultural lignocellulosic waste is the primary source of
second-generation bio-fuel, possibly the bio-fuel of the future. Sustainable practices to grow biomass,
followed by their holistic conversion into ethanol with desired yield and productivity, are the key
concerns for employing renewable energy mix successfully. In this paper, we analyze the various
types of bio-fuels, their sources, and their production and impact on sustainability.

Keywords: greenhouse gas; biomass production; second-generation bio-fuels; sustainability;
environment; climate change

1. Introduction

Natural resource depletion and finite fossil fuel supplies have put tremendous strain
on the world’s expanding human population. Global concerns about declining ecosystem
services and rising greenhouse gas emissions demand immediate attention. This decade
(2021–2030) has been dubbed the “Century on Natural Regeneration” by a number of inter-
national organizations, including the United Nations (UN), to quicken the achievement
of the UN Sustainable Development Goals (SDG) [1]. Based on the most recent statistics
and projections, the SDGs Report 2022 offers a thorough analysis of how the 2030 agenda
for Sustainable Development has progressed. It maintains record of regional and global
achievement towards the 17 Goals through in-depth analyses of particular indicators for
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each Goal. According to the report, cascading and related problems are seriously endanger-
ing both the 2030 plan for sustainable development and human life. The importance and
magnitude of the issues we confront are emphasized throughout the report.

All of the SDGs are impacted by the convergence of crises, which are primarily caused
by COVID-19, climate change, and wars as well as issues with food and nutrition, health,
learning, the ecosystem, and peace and security SDGs. The study explains how years
of gains in eradicating hunger and poverty, enhancing health and education, supplying
necessities, and a lot more have been reversed. It also highlights areas that must get critical
intervention if the SDGs are to be preserved and significant advancements for people and
the environment accomplished by 2030 [2].

For the purpose of addressing climate change challenges at a regional, national, and
international level, numerous research efforts are being made to address the present concern
of recovering natural resources, such as the degraded land resources and second-generation
biomass or bio-energy crop production. Complete investigation and optimization, though,
continue to be a major ground obstacle for sustainability. It is necessary to thoroughly
investigate the many options and technological aspects for second-generation biomass
crop plantation from the degraded areas in order to address these difficulties in bio-energy
production [3].

Further, the achievement of the UN-SDGs for global targets (Figure 1) would be
research and development of various optimization methodologies for sustainable bio-
energy production in industrial systems.

Figure 1. 17 UN-SDG goals.

The scope of important studies focused on forestry techniques, phytoremediation
technologies, biomass, and bio-energy crop production for restoring degraded lands and
reducing the effects of climate change would be expanded by this holistic approach from
the ground to industrial systems [4]. As they are an alternative energy source that is
in danger of going extinct, we will analyze the various types of bio-fuels, their sources,
and their manufacturing processes in this review study. The circular economy strategy
puts forward the idea of trash as a benefit, opening up fresh viewpoints and proving its
environmental sustainability [5]. System analysis in conjunction with bio-processing and
biomass conversion processes could provide additional opportunities for optimization
research. Utilizing various accounting techniques could assist in evaluating the viability
of manufacturing systems from the ground, and utilizing various accounting techniques
could aid in evaluating both the industrial systems’ conversion processes as well as the
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long-term viability of production methods [6]. However, many pilot and demo facilities
have lately been planned, with research accomplishments predominantly happening in
North America, Europe, and a few developing countries. International Energy Agency
(IEA) forecasts indicate that demand for bio-fuels, particularly second-generation bio-fuels,
will increase quickly in an energy industry that aims to stabilize atmospheric CO2 at
450 parts per million (ppm).

Recently, both the United States (US) and the European Union (EU) passed compre-
hensive bio-fuel support policies. Due to the size of the two markets and their significant
bio-fuel imports, the US and EU mandates could be a major driving force behind the
development of second-generation bio-fuels globally. Additionally, current IEA analysis
predicts a loss in national production in both the US and EU that would need to be filled
by imports [7]. Brazil and China, whose infrastructure permits the export of bio-fuels
and whose prototype facilities are already operational, may benefit most from this gap in
second-generation bio-fuels. Due to a lack of R&D activity, inadequate infrastructure, and
a shortage of skilled personnel, other countries, such as Cameroon and Tanzania, may face
considerable difficulties in meeting the demand for second-generation bio-fuels in the EU
and US in the imminent future [1]. In this review paper, we discuss the different types of
bio-fuels, their sources, and their method of production as an alternative source of energy
that is on the verge of extinction.

2. Methodology

This article presents a comprehensive literature review with the aim to critically
analyze the methods of bio-fuel and bioenergy production, and sustainable development
goals, within the scope of renewable fuel production.

For data collection, first, a search was conducted through database search engines
like PubMed, Scopus, Google Scholar, and Directory of Open Access Journal (DOAJ)
using keywords such as (a) “Biomass” AND “Pretreatment”, (b) “Saccharification” AND
“Ethanol fermentation”, (c) “Second generation bio-fuel production”, (d) “Forestry practices
for biomass production” (e) “SDGs”, (f) “Food and fuel debate” AND “Climate change
mitigation”, among others. This yielded 150 studies, and this number was reduced to
100 studies after removing duplicates. Following this, 61 articles were selected depending
on the criteria and scope (Figure 2).

Figure 2. Flow diagram showing the selection criteria and procedure of second-generation bio-fuels
production.
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3. Bioenergy from Feedstocks

Utilization of marginal land for bio-fuel production has drawn a lot of interest due to
its potential to produce bioenergy feedstock while reducing the use of fertile agricultural
land for food/feed crop production. According to Gopalakrishnan et al. (2011), at least two
criteria allow for the classification of 1.6 million ha, or 4 million acres, of land (or around 8%
of the total land area) as marginal. On this land, second-generation lignocellulosic bioenergy
crops like switch-grass (Panicum virgatum L.), miscanthus (Miscanthus giganteus), natural
prairie grasses, and short-rotation woody crops might be cultivated without substantially
affecting the production of food or feed [8].

Forest weed Lantana camara (L. camara) is poisonous. In many nations throughout the
world, it is known as an invasive weed. The plant L. camara is extremely competitive. It
swiftly covers an open area. It seriously harms the local biodiversity and environment.
Although it is an ecologically resilient species, the infestation density rather than the
species’ vast distribution is a potential future threat to ecosystems. Due to its invasiveness,
capacity for spread, and negative effects on the economy and ecology, it is considered one
of the worst weeds in approximately 50 countries. The weed engulfs native vegetation in
dense, impenetrable thickets. A dominant weed species has been implicated with threats
to ecology and biodiversity. However, Lantana generates a significant amount of woody
biomass used for energy purposes [9]. The invasive species Prosopis juliflora (P. juliflora) is
another one. Millions of hectares of farmland and forest have been blanketed nationwide.
The ecological effects of P. juliflora expansion are numerous. The loss of local flora and
animals as well as diminishing water bodies are associated with its existence. The weed has
been used for a variety of purposes. Its wood is used to make activated carbon and charcoal.
Its wood is highly calorific, extensively dispersed throughout India’s many agro-climatic
zones, and anticipated to play a significant part in upcoming bioenergy programs. The
habitat for wildlife is negatively impacted by these two invasive species. L. camara has less
ash than other plants. P. juliflora biomass (2.3%) and L. camara biomass (3.8%) provide the
additional benefit of these species’ briquettes. Another crucial factor for contrasting the
fuel characteristics of various feedstock is the fixed carbon concentration. A fuel’s high
energy value is correlated with its high fixed carbon content [9,10].

4. Eucalyptus as a Source of Paper and Pulp Production

One of the necessities for daily life is paper, and the paper industry is the foundation of
the economy in many Eucalyptus-growing countries. Other industries, including education,
communication, and product packaging, benefit from the use of paper and paper-based
products. It was assumed that India’s consumption of paper and paperboard is projected
to double from 10 Mt yr−1 (WWF, 2010) [11]. Pulp and paper mills will need to decrease
their consumption of forest products, and counties need to increase their forest plantations,
because of the execution of national and state government policies toward forest protec-
tion and afforestation. Additionally, the government is promoting the establishment of
plantations on unused and degraded land. The paper industry will have to rely more and
more on imports of pulp or finished paper goods due to the generally limited availability
of raw resources. In India, eucalyptus has been cultivated in about 170 different species,
varieties, and provenances; the most notable and popular of them is the eucalyptus hybrid,
also known as Mysore gum, which is a variety of Eucalyptus tereticornis. Eucalyptus hybrids
play a major role in providing wood, and house-hold applications in Indian environments,
due to its: (a) fast growth, (b) the ability to overtake weeds, (c) a fire-resistant character,
and (d) the capacity to adapt to a wide range of edaphoclimatic conditions [11].

5. Bio-Fuels

Green Fuel refers to clean fuels, which are also known as bio-fuels. Substrates that
produce heat when combined with oxygen, i.e., during the combustion reaction, form
fuel. Green fuels originated from green or biological sources; therefore, they add less
load on the environment; i.e., they are eco-friendly and also bio-renewable [12]. Bio-
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fuels are the kind of energy materials which are obtained from the renewable resource
materials (biomass) produced in agricultural land and natural aquatic systems as the
primary products of photosynthesis (Tables 1 and 2) [13]. Interest in producing bio-fuels is
enormously increasing for the following reasons:

• Cutting down the dependence on petroleum (crude and products)
• Growing environmental concerns
• Economic concerns.

Table 1. Different feedstocks contributing to production of bio-fuel.

Feedstock Condition Bio-Fuel Production (L/ha) Reference

Corn Hydrolysis/fermentation 3800 [14–16]
Sugarcane Fermentation 7200 [14,17–19]
Sugar beet Hydrolysis/fermentation 7900 [14,20–22]

Wheat Hydrolysis/fermentation 1700 [14,23,24]
Cassava Hydrolysis/fermentation 137 [14,25,26]

Table 2. Raw materials used for second-generation bio-fuel production.

Second Generation Fuel (Raw Material) Strategy Reference

Soybean oil Dominant biomass for the manufacturing of biodiesel [27]

Palm oil Dominant biomass for the manufacturing of biodiesel [27]

Rapeseed Dominant biomass for the manufacturing of biodiesel [27]

Crude glycerol
Electrochemically converted (uses in the pharmaceutical,

cosmetics, food, etc.), thermochemical conversion (Biomass
gasification, Biomass pyrolysis, Biomass combustion)

[28,29]

Sunflower stalk (saccharification)

Residue is liquefied to produce bio polyol. Sunflower stalk
waste products (strongly condemn) and biodiesel (crude

glycerol) are combined to create biopolyol, which can result
in the manufacture of polyurethane.

[30]

There are two types of bio-fuels:

• Gaseous fuels like biomethane and biohydrogen
• Liquid fuels like bio-ethanol, biobutanol, bio-gasoline, biokerosene, and biodiesel.

An overview of bio-fuel production is given below. Tables 2 and 3 gives an overview
of different types of bio-fuels and method of production.

5.1. Municipal Solid Waste (MSW) as a Source of Biomass

In addition to certain commercial and industrial compost that is comparable in type to
home waste and has been dumped in municipal landfill sites, municipal solid waste (MSW)
is predominantly waste produced by households. In addition to being a potential liability
if it needs to be disposed of, MSW is a sizable resource that can be profitably recovered: for
example, through the recycling of commodities like aluminum cans, metals, glass, fibers,
etc., or by recovery processes like energy conversion and composting. Countries should
follow the waste hierarchy as depicted in Figure 3.
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Table 3. Method of production of different bio-fuels.

Types of Bio-Fuels Method of Production Reference

Biodiesel
In-vivo
In-vitro

Semi In-vitro/In-vivo

[31]

In-vivo biodiesel
production [31]

In-vitro biodiesel
production [31]

Semi In-vitro/In-vivo
(Biodiesel production

by hot water treatment)
[31]

Bio-alcohol production
(Ethanol, propanol,
butanol, isobutanol)

[31]

Biogas production [31]
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Table 3. Cont.

Types of Bio-Fuels Method of Production Reference

Biomethane production [31]

Figure 3. Waste energy inverse pyramid.

The various methods for turning MSW into energy include those shown in Figure 4.
These mostly consist of thermo-chemical processes (such combustion, gasification, and
pyrolysis) and biological processes (such as anaerobic digestion). All other process paths
make use of an improved fuel, with the exception of mass burning or incineration systems.
Either separation at the source followed by a straightforward mechanical treatment, like
size reduction, or intensive mechanical treatment of MSW to generate Solid Recovered Fuel,
can be used to achieve this. Major environmental consequences (or sustainability indicators)
of MSW have been subject to life-cycle-based evaluations, which have demonstrated the
advantages of MSW energy recovery. These benefits come in the form of decreased leaching
into waterways, decreased acid gas emissions, decreased depletion of natural resources
(fossil fuels and materials), and decreased soil contamination [32].
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Figure 4. Methods and turning MSW into energy.

5.2. Biomethane Production Technology

Anaerobic processes involve different anaerobic bacteria, utilizing hydrolytic bac-
teria, acetogenic bacteria, and methanogenic bacteria. Hydrolytic bacteria break down
biopolymers like cellulose and proteins to form H2, CO2, and low molecular organic acids.
Acetogenic bacteria convert the above products into acetate while methanogenic bacteria
use acetate and H2/CO2 etc. to produce methane.

5.3. Biohydrogen Production Technology

Bio-photolysis refers to the production of hydrogen from water with the help of
sunlight by photosynthetic microbes.

Water + Sunlight → Hydrogen

5.4. Biodiesel

The term “biodiesel” refers to a non-petroleum-based diesel fuel created by trans-
esterifying vegetable oil or animal fat (tallow) and having long-chain alkyl (methyl, propyl,
or ethyl) esters (Figure 5). In automobiles with stock diesel engines, biodiesel may be
utilized either by itself or in combination with regular petro-diesel. Biodiesel is distinct
from straight vegetable oil (SVO), which is utilized as fuel in certain converted diesel
cars (either alone or in a mix). It can be made from vegetable oil or from microbial oil by
trans-esterification process. The trans-esterification process could be chemical catalyzed
or lipase catalyzed. The current concept of biodiesel is created by converting oils and fats
to alkyl esters of monohydric alcohols to solve problems with high viscosity, high boiling
point, and reactivity.

Biodiesel is now only defined as the “Monoalkyl” esters of long-chain fatty acids
produced from the oils/fats of vegetable and animal sources that meet nearly all the
standards of diesels generated from petroleum. Non-edible oils, like Jatropha, Karanja, and
minor oils like mowrah, neem, undinahor, waste cooking oils, microbial oil and fatty acid
distillates, are potential raw materials for biodiesel. Algal biomass could serve as an ideal
feedstock for a spectrum of bio-fuels (biodiesel, bioethanol, biohydrogen), food (single cell
protein or food ingredients), and nutraceuticals (vitamins, amino acids, biopigments, and
others) [33].
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Figure 5. Bio-fuel products from lignocellulosic biomass.

6. Second Generation Bio-Fuels

Using inedible raw materials for the production of 2G bio-fuels, often referred to as
“advanced bio-fuels”, solves the issue of the “food versus fuels” competition. Furthermore,
burning 2G bio-fuels results in balance or even lower correlation carbon emissions (Table 3).

Among the non-food feed stocks employed in novel processes that produced 2G
bio-fuels were food waste, manure, spent cooking oil, wood, sawdust, garbage, leftovers
from agriculture and food processing techniques (abandoned fuelwood), and energy crops
(Figures 5 and 6) [34]. The lignocellulosic remains of crops would be the most plausible
options among these sources due to their quantity, widespread availability around the
world and throughout the year, and low cost. 2G bio-fuels are not industrially viable due
to heterogeneity in structure in their leftovers’ composition, which necessitates additional
complicated production procedures. Currently, it is projected that 0.4 billion liters of 2G
bio-fuels are produced annually: that is, 0.4% of all ethanol produced. Cellulosic ethanol
production is predicted to increase to 0.8 billion liters in 2023 by the IEA for advanced
bio-fuels [35].

Figure 6. An overview of biodiesel production from algal feedstock.
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7. Food vs. Fuel Debate

The dispute around the trade-offs involved in using grains and oilseeds for the pro-
duction of bio-fuels vs. animal feed and human nourishment is a part of this problem.
The relevance of evaluating the sustainability of bio-fuel production and use has increased
recently, particularly in light of the need to reduce GHG emissions, the argument over
whether to use fuel or food, and the growing need to uphold environmental and social
norms [36]. The second generation switched to the development of specialized energy
crops like Jatropha in response to the dispute over whether food or fuel should come first.
Jatropha curcas is a low-cost biodiesel feedstock that has more oil than other species and
strong fuel characteristics. It is a feedstock made from inedible oilseeds. Thus, it will not
have an effect on food costs or the argument between food and fuel. Jatropha can be used
in diesel engines to get a similar level of performance while emitting fewer pollutants than
diesel. The crop has a significant positive impact on rural living as well. Additionally, the
plant can produce up to 40% more oil per seed depending on weight [37].

Jatropha seed is a crop that is gaining popularity due to a number of factors, including
the manufacturing of biodiesel. This is due to its seeds’ high oil levels, which can range from
25% to 35%. Jatropha is appealing for more reasons than only its high oil content, however.
It is a highly adaptable crop that thrives in dry or semiarid climates and is perennial,
drought-resistant, and nutrient-restricted tolerant. The fact that this extremely adaptable
crop is not seen as a food crop and does not have to compete for agricultural land offers a
potential resolution to the ongoing food vs. fuel conflict. This makes Jatropha an appealing
choice for bio-fuel conversion; however, there are still many questions regarding this
plant [35]. Figure 7 shows a transition to green fuels from conventional fossil fuels, which
will result in the development of clean energy and a carbon-neutral economy empowering
employment creation at various levels.

Figure 7. Figure shows that a transition to green fuels will result in a green environment resulting in
clean energy.

Sugarcane’s strong biomass output is an important biological component that helps the
plant create bioethanol with a high positive LCEB (life cycle energy balance) and a positive
GHGE (greenhouse gas emission) balance [38]. Low net greenhouse gas (GHG) emissions
from sugarcane bio-fuel result in a diminished negative environmental impact as measured
by pollution indices. In 2007, it was estimated that Brazil’s net emissions of greenhouse
gases decreased by 25.8 million tons CO2 equivalent. With 9.8% fermentable sugars in its
juice, sugarcane is the most cost-effective source of bioethanol, whereas sweet sorghum has
11.8%. While sweet sorghum has 21% lignin, 27% hemicellulose, and 45% cellulose with
potential ethanol output of 12,938 and 5804 kg per ha, respectively, sugarcane bagasse has
22% lignin, 24% hemicellulose, and 43% cellulose. Although sugarcane is more productive
than its rivals (sweet sorghum, sugar beet), more fiber and sugar must still be added to the
plant for it to become energy cane. About 50% of the dry mass of sugarcane is made up
of sucrose, whereas 14% is made up of fiber. Additionally, the following characteristics
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make sugarcane a superior option as an energy crop: less flower output, erect growth habit,
ratooning ability, drought tolerance, cold tolerance, pest and disease resistance, and rapid
early growth. Changing plant cellulose content and total biomass through the control of
growth hormones and biomass synthesis pathways may be essential for the development
of energy cane [14].

8. Forestry Practices for Biomass Production and Tackling Climate Change Issues

Bio-fuels of the second generation are created from lignocellulosic crops. The tech-
nology of this generation makes it possible to separate the plant’s cellulose and lignin so
that the former may be fermented into alcohol. Many types of biomass can be utilized to
create these bio-fuels because biomass is defined as any source of organic carbon. Algae
or multiple other products are other possibilities. Biomass energy is produced using a
variety of feedstocks, including landfill gases, garbage, and plants like perennial grasses
and trees. Wood pellets from forests can be used to produce electricity, heat, and possibly
even liquid fuels. The key benefit of biomass is that it cannot be drained like fossil fuels.
The fundamental benefit of biomass is that, unlike fossil fuels, it is not exhaustible. Due
to the abundance of plants on Earth, biomass has the potential to be a significant way for
renewable energy that must be utilized as a long-term replacement for fossil fuels. While
burning fossil fuels creates emissions into the environment that leads to climate change,
sustainably managed biomass is regarded as being carbon-neutral. This fuel source has
had fewer harmful effects on the environment, such as global warming and water and air
pollution [39].

It is clear that the loss of fertile land and the requirement to secure the food security
of a growing global population are mutually exclusive. It is necessary to continue plants’
net carbon uptake in order to lessen climate change. As a result, creating resilient ecosys-
tems depends on both preventing additional land degradation as well as facilitating land
rehabilitation. Training, research, dissemination, and slightly higher compared advanced
technologies are necessary to enable efficient biomass and bio-energy manufacturing. Re-
cent studies give the following examples of technologies for producing bio-energy from
various types of biomass:

• Although old-fashioned biomass practices like firewood and charcoal are highly
prevalent in many areas, their effectiveness might be significantly increased by using
controlled charcoal manufacture units and capturing solid, liquid, and gaseous fuel
portions. Although these bio-energy methods need significant capital to create and
maintain, it is challenging to go from traditional to scientifically higher specialized
biomass power technologies (combined heat and power schemes, bio-fuels, etc.). This
demonstrates the urgent need for eco-friendly, easy integration of low-cost bio-energy
technologies with present biomass supplies and technology (i.e., wood chips or pellets
from wastes, to replace coal).

• To determine (i) the level and nature of energy demand (such as electricity, liquid
fuel, etc.), as well as (ii) the available renewable production to fuel bio-energy units,
it is also necessary to examine more complicated systems designed to replace fossil
fuels. Although several biological and/or chemical processes can convert biomass
into energy, the economic sustainability of these methods in underdeveloped nations
is still unknown.

• To enable the development of better energy systems, new bio-energy technologies
should be carefully evaluated for their socioeconomic benefits and drawbacks. The
merging of biomass resources with low-impact forestry to support the creation of
green technologies was a significant result. Boosting energy output while keeping
the environment green is difficult, and there are several different approaches to this
problem (Figure 7).

• Using methods to cultivate deciduous biomass plants on barren or damaged terrain.
Although the technique relies on cautious variety identification across all domains, it
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may lead to initially poor yields due to the creation of varied stands, cautious usage,
and long-term yield studies.

• Bio-energy leftovers (slurries, burn, and smoke) should be used to stop the degrada-
tion of soil nutrients; these can be recycled into soils directly for soil improvement.
However, during the generation of ethanol and bioenergy, nitrogen and other im-
portant macronutrients for plants are typically lost through chemical activation or
exhaust fumes. To maximize regulated absorption and long-term ammonium nutrition
while minimizing environmental impact, slow-release fertilizers made from bio-energy
wastes (or modified biochar) are a potential option.

• However, the impact of the biomass energy part of the economy on different societies
has received little attention. The deployment of bio-energy technology is intended to
increase socioeconomic wellbeing in countries where forests are maintained by people
(such as in Indonesia and Nepal) [40].

A plan to counteract the damaging effects of tropical habitat destruction is land
rehabilitation. Lands are deemed to be degraded when they have poor biotic diversity
and edaphic conditions are decreased to such an extent that the land is unable to serve
any particular use. In other words, degradation is destruction of ecosystem reserves such
biomass, seed banks, soil minerals, and organic matter to a point from where returning
to original land quality is not possible. On the other hand, reclamation is the process by
which degraded lands are returned to productivity with biotic functions. However, this is a
difficult stage as there are limitations of biota. On the contrary, rehabilitation is a process
where a degraded land is returned to a fully functional state [41]. Land rehabilitation
systems involves reversal effects and a couple of actions:

• Removal of the stress source such as high frequency forest fire, over-grazing, or
removal of biomass.

• Addition of species (plants and/or animals) or materials (fertilizers, organic residues
or water).

• Managing the soil quality to control the synchronization of release of nutrients and
plant uptake.

One of the most important components of land rehabilitation is planting trees. Forests
can be brought back to their old form only by tree planting, which henceforth increases
biomass production. By planting trees, soil nutrition, soil fertility and soil organic matters
are re-established [41].

Borchard et al. (2016) introduced advanced technology and bio-energy techniques to
incorporate solid, liquid, and gaseous bio-fuels into current methods for producing green
and clean energy (Figure 6) [40]. Two different kinds of bio-fuels were covered. (a) Usually,
species with rapid growth rates are chosen for biomass production. Although commonly
utilized in the tropics, Calliandracalothyrsus and Gliricidiasepium do not do well in conditions
of water-logged soil. Large tracts of peat land exist in Southeast Asia, and during the
rainy season, high water tables are necessary to protect them. Therefore, it is imperative
to find woody crops that can produce valuable biomass outputs and are compatible with
semi-terrestrial soils. (b) Calophylluminophyllum, Pongamiapinnata, and Reutealistrisperma are
a few of the species that have been discovered and assessed for their capacity to generate
oil and convert it into usable liquid fuels.

9. Phytoremediation Technologies for Effective Land Restoration and
Biomass Production

A striking method for purifying soils contaminated with a variety of hazardous
organic and inorganic substances is phytoremediation. Typically, phytoremediation entails
restoring the soil’s microbiota, physicochemical qualities, and fertility in order to promote
the growth of the suitable climax cover plant. In order to accomplish these goals for land
damaged by coal mining, South Africa created a myco-phytoremediation method known
as Fungcoal. In the late 1990s, the practice of using eco-friendly plants to remove or make
harmless ecological contaminants was known as phytoremediation. Both organic and
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inorganic pollutants, present in either solid or liquid substrates, or air, were addressed
utilizing one or a mixture of phytoextraction, phytodegradation, phyto-stabilization, rhizo-
filtration, and phyto-volatilization.

In 2005, phytoremediation was expanded to encompass both plants and the utilization
of microorganisms associated with plants for restoring the environment. It was viewed as a
practical and non-intrusive bioprocess remediation approach at the time. The development
of modelling frameworks, according to its proponents, offers a possibility to capitalize
commercially on a phytoremediation strategy by producing value-added goods from
biomass. Nevertheless, the cycling of soil organic carbon (SOC) for plant growth is mostly
dependent on soil microbes [42]. Recent years have seen growing evaluation of biomass
integration in energy production processes to boost the positive effects on the economy
and environment. This combination can lessen metal remobilization and assist in removing
the financial barriers to phytoremediation. In addition to assisting in meeting the world’s
energy needs, the commercialization of residual biomass from phytoremediation that can
be converted into bioethanol, biodiesel, biogas, and heat, and thus, would also offer a way
to promote a bio-based economy for long-term growth.

A process called phyto-mining aims to extract valuable metals from plant biomass.
Because these metals are used as raw materials in contemporary industries like batteries
and electrochemistry, metals are released into the environment. Therefore, it is paradoxical
that they end up as soil contaminants at the conclusion of their life cycle. By retrieving the
metals, a process called phyto-mining seeks to break this cycle. The crucial step is leaching
the polluted plant biomass with acids in order to recover the adsorbed metal and produce
biomass with metal concentrations within the limits of environmental guidelines [43].
The buildup of heavy metals in soil has increased dramatically because of several human
(industrial) actions in addition to natural processes.

Due to their non-biodegradability, heavy metals linger in the environment, pose a
risk of contaminating crop plants, and may eventually build up in people’s bodies due
to bio-magnification. Since heavy metals are harmful, they provide a serious risk to both
public health and the biosphere. The importance of cleaning up land pollution is therefore
crucial. Phytoremediation makes it feasible to ecologically friendly replant soil that has
been contaminated by heavy metals. Phytoremediation is the use of plants to remove
hazardous substances from the environment or to lessen their bioavailability in soil [39].
Plants can take up ionic compounds from the soil through their root systems. Plants extend
their root systems into the underlying ground to form rhizosphere ecosystems that absorb
heavy metals and manage their bioavailability, clean up contaminated soil, and preserve
soil fertility.

10. Optimization Strategies in Bioprocessing Industries for Efficient
Second-Generation Bio-Fuel Production

Given the effects of global warming as well as the depletion of non-renewable re-
sources, there is an urgent need for alternative forms of transportation fuel. The cellulose,
hemicellulose, and lignin structural elements of lignocellulosic biomass are presented,
together with the technological unit stages of pre-treatment, enzymatic hydrolysis, fer-
mentation, distillation, and dehydration. The goal of the pre-treatment step is to reduce
the amount of inhibitors present and increase the amount of carbohydrate surface area
available for enzymatic saccharification. Enzymatic hydrolysis yields fermentable sugars,
which are then transformed into ethanol by microbial catalysts. Lignocellulose-derived
carbohydrates (hemicellulose and cellulose) pave a sustainable platform for the production
of not only bio-fuel but also bulk and specialty chemicals in addition to functional oligosac-
charides, eventually benefitting lignocellulose bio-refineries [44,45]. Energy demand rises
because of population increase and expanding industrialization, yet conventional fossil
fuels, especially petroleum, are limited resources that release GHG when burned. Future
global energy demands must be met using environmentally responsible and sustainable
energy sources.
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Researchers, business partners, and governments are consequently very interested in
bio-fuels, specifically cellulosic bioethanol, butanol, and biodiesel. Particularly, bioethanol
is seen as a possible drop-in fuel that could serve as a substitute for gasoline in the trans-
portation industry [46]. Many people have characterized the growth of bio-fuels as essential
for addressing two sides of such an “energy trilemma”—by lowering greenhouse gases
through the development of diesel substitutes, and also (especially in the USA) by permit-
ting countries to break their improved energy security by reducing reliance on the global
trade of fossil fuels. Only the first generation of bio-fuels has so far seen broad acceptance.
Bio-fuels are typically divided into each of two (or rarely up to four) decades or phases of
development. The majority of first-generation bio-fuels come from plants that are converted
into ethanol, such as sugar cane, corn, or soybeans. Second-generation bio-fuels, which
have not yet been extensively accepted commercially, convert lignocellulosic biomass—
typically, “deciduous tree” agricultural waste, but sometimes specifically grown plants
like switch grass or Miscanthus—into fuels via a range of physical, biological, or chemical
methods (and other useful chemicals) [47].

11. Highlights from COP26 Agenda towards Net Zero Emissions through
Bio-Fuels Implementation

The Conference of the Parties (COP) to the UN Framework Convention of climate
change, alternatively known as the climate summit event, brings together governments to
unanimously discuss and review how climate change and global warming can be managed.
The 26th meeting called COP26 was held at Glasgow, Scotland. The following are the four
goals of COP26 that need to be achieved [48]:

Goal 1: “Secure global net zero by mid-century and keep 1.5 degrees within reach”.
Carbon neutrality or zero carbon emission is to be reached by 2050 and the global warming
temperature should be below +1.5 degree centigrade. To achieve this deliverable, countries
are required to fast-track the phase-out of coal and encourage investments in renewable
energy. This can be done by restricting deforestation and gearing up to electric vehicles.

Goal 2: “Adapt to protect communities and natural habitats”. The climate is changing
due to human behavior and deforestation. It will continue to change even if there is carbon
emission reduction. COP26 aimsto encourage countries affected by climate change to
protect and restore the ecosystem. It encourages building defenses and installing warning
systems in areas, helping infrastructure and agriculture to be more resilient to avoid loss of
homes, lives, and livelihood.

Goal 3: “Mobilize finance”. To achieve the first two agendas, approximately $100 billion
is required per year. As a helping hand, international financial institutions must play their
role and work towards the releasing of funds in private and public sector finance. This step
is essential to secure global net zero.

Goal 4: “Working together to deliver”. COP26 looks forward to achieving the chal-
lenges discussed only when countries work together. It urges to turn ambitions into action
by speeding up collaboration between governments, businesses, and civil society to deliver
goals faster than stipulated time.

Concisely, COP26 urges every country to come forward and help hand-in-hand with
the vision of net zero carbon emission, low deforestation, and renewable economy.

12. Sustainability Assessment of Bio-Fuels

Sustainability is showing a growing trend in terms of paper publications, which reflects
the fact that people are interested in improving the environment. Nevertheless, COP26
also demonstrates that not all nations are eager to assist this transformation, and that it
will ultimately be difficult to do so given the stark inequalities in growth, emission levels,
economic production factors, efficiency, and social repercussions [49].

• Bio economy: A bio economy is defined by the European Commision as an economy
which uses renewable biological resources [50]. A bio-economy involves several
sectors like agriculture, forestry, fishing and aquaculture, and the manufacture of food,
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beverages, and tobacco, etc. It is categorized under three main standpoints: (i) the
bioecology vision; (ii) the biotechnology vision, and (iii) the bioresource vision [51].

Bioeconomy sectors and sub-sectors investigated in some countries showed vast
variations in their objectives and strategies. Table 4 summarizes the objectives and priorities
of different countries.

Table 4. Objectives and priorities of some countries for their bioeconomic growth.

Name of Country Priorities/Objectives Reference

Argentina
Bio economy is seen as tool for sustainable development [52]

Recognized as a positive substitute for new behavior generation [53]
Source of employment to face the stern challenge of climate change

Germany

Country has primacy for progressing towards a knowledge-based bio economy [52]
The priorities include: the creation of a reliable supply of high-quality food;

the conversion of an economy based on fossil fuels to one that is more resource-
and raw-material-efficient while preserving biodiversity and soil fertility

[54]

Malaysia
Significant donor to economic growth, that provide benefit to society via

innovations in agricultural productivity, inventions in healthcare and
implementation of sustainable industrial processes.

[52]

Netherlands
The utilization of renewable natural resources and wastes offers Dutch

enterprises economic opportunity, as do CO2 emissions, the circular economy,
and knowledge of the limited nature of fossil fuels.

[52,55]

South Africa
Objective is to make the country economically sound using renewable

feedstock, particularly in industrial and agriculture sectors [56]

The goal is to have a low-carbon economy [52]

• Environment: The pollution caused by petroleum hydrocarbons, oil, and heavy metals
is becoming an increasingly significant problem because of the increased demand for
crude oil and products related to crude oil in many fields of application. Due to the
ecological harm it causes to terrestrial, aquatic, and marine ecosystems, this pollution
has attracted a great deal of attention. Recently, biosurfactant compounds have drawn
a lot of attention since they are seen as a viable solution and environmentally friendly
material for remediation technology. The unique trait of biosurfactants is that they
minimize and lower the interfacial tension of liquids. These qualities make it possible
for biosurfactants to be used in a range of industrial situations, including emulsifica-
tion, de-emulsification, biodegradability, foam generation, cleaning efficiency, surface
activity, and detergent composition [57].

• Surfactants’ primary job is to reduce interfacial tension; emulsifiers, on the other hand,
progressively bind to the surface of the droplet and provide longer-term stability.
Many synthetic surfactants and emulsifiers have significant levels of toxicity and
ecological effect, which has sparked interest in more natural compounds like bio-
surfactants and bio-emulsifiers. The primary sectors connected to human health,
including pharmaceuticals, food, and cosmetics, are interested in these bio-based
surface-active compounds, many of which have previously been discovered and used
extensively [58].

• Bio-fuel productions offer several employment opportunities at various levels. Beside
job creation, this sector offers unique economic support to farmers, in turn strength-
ening the rural economy [59]. A bio-fuel driven economy will give a big impetus
to the circular economy, eventually developing a renewable economy. Microalgae
have the potential to deliver a value-based product using waste from dairy indus-
tries. Microalgae cultivation using dairy waste can provide biolipids, carotenoids,
aminoacids, enzymes, and other high value products. Recently, Gramegna et al. [60]
obtained lipids (12% to 21% (w/w)) from Auxenochlorella protothecoides cultivated on
dairy-wastes, showing a high lipid productivity of ~0.16 g/L/d.

309



Sustainability 2023, 15, 7578

• The governmental sector along with the private sector should make concerted efforts
to develop the circular economy globally, offering large-scale employment for the
development of a better society and finally addressing the UN-SDG goals of poverty
alleviation, employment, and climate change.

13. Limitations

The production of bio-fuel is a complex process involving many process configurations.
First-generation (1G) ethanol production is a well-established process. It is produced
directly from sugars from sugarcane molasses, corn grains, and other starchy and sugar
feedstock. Brazil and USA are global leaders in production of 1G ethanol from sugarcane
molasses and corn grains, respectively. Blending of 1G ethanol in petroleum is being
employed in many countries. However, 2G ethanol production needs diversified process
configurations involving pretreatment, enzymatic hydrolysis, and fermentation, making
the process costly and time consuming. Agricultural residues such as sugarcane biomass
(bagasse and straw), rice straw, and corn stover, among others are principal feedstock for
2G ethanol production. However, technical maturity and economic viability of the 2G
ethanol process are two major hindrances for the successful deployment of lignocellulosic
bio refineries [61,62].

Another promising bio-fuel is biodiesel, which also has significant momentum in
world. Vegetable oil, oil from seed yielding crops, and microalgae are principal feedstock
explored for biodiesel production. However, the cost of production and regular availability
of feedstock with affordable price, and food preference over to bio-fuel production, are
the major limitations to making biodiesel a successful renewable fuel alternative. Beside
the technical maturity and cost of the production process, the use of sugars and oil as
raw material for bioethanol and biodiesel has an important role in the success of bio-fuel
production. More research towards the development of a robust and simplified process
employing low-cost feedstock, preferably grown on marginal land proven at an industrial
scale, is required for bio-fuel production at commercial scale.

14. Future Prospects

To assure the creation of effective forest-based bio-energy systems, a variety of groups
of research and development for the bio-energy area are needed:

(a) Creating strategies for forest-based bio-energy that are tailored to: (a) regional energy
needs; (b) socioeconomic and environmental factors to support successful implemen-
tation; and (c) delivering advantageous groupings of renewable energy kinds (e.g.,
bioenergy, water energy, etc.).

(b) Creating straightforward evaluation tools to facilitate the creation of strategies for
the production of sustainable and financially viable forest-based bio-energy (cover-
ing biomass manufacture, bio-energy technologies, efficient recycle of deposits and
effective policies).

(c) Evaluating forest community-based bio-energy methods for their socioeconomic and
environmental effects as solutions to advance energy security and alleviate poverty in
emerging nations.

(d) Inspiring administrations to create laws and guidelines that encourage the growth of
forestry-based bio-energy in training, economic incentives, and the advancement of
bio-energy activities.

With increasing pollution and global warming, icebergs are melting at an alarming
rate. Scientists fear that if the current condition persists, the water body of the globe, which
covers 70% of the planet, will increase to a far greater extent, which will be a matter of
concern for the human race. Therefore, it is high time that people should be aware and take
care of the environment. Deforestation is another concern for increasing global warming.
With phytoremediation being a solution, people should plant more trees and decrease the
use of fossil fuels to reduce air pollution.
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15. Conclusions

Bio-fuels area promising renewable and sustainable energy alternatives that can help
in addressing the issues of environmental pollution. There are different types of bio-fuels
that are used, the production of first-generation bio-fuels has significant constraints, and
second-generation bio-fuel methods have been developed. These issues can be resolved,
and second-generation bio-fuels can produce a higher percentage of ethanol sustainably
and inexpensively with greater environmental advantages. In order to increase the quantity
of bio-fuel that can be produced sustainably utilizing biomass, second-generation bio-
fuel methods are used. Numerous techniques exist to generate renewable energy from
organic and inorganic environmental assets (such as sunlight, air, water, tides, waves, and
convective energy), as well as a number of technologies that do the same with biomass with
various characteristics and derived from various sources (e.g., food industry, agriculture,
forestry). However, the manufacture of bio-fuels is difficult and controversial in many
regions of the world since it competes for soil with the availability of crops, and could
harm the ecosystem. As a result, wildlife management practices are required to generate
sustainable bio-energy while preserving or even enhancing crucial ecosystem processes.
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Abstract: Academic research on bioeconomy sectors in Latin American and Caribbean countries has
developed exponentially over the last few years. Based on the Web of Science (WOS) database and
statistical analysis of more than 18.9 thousand documents, the current article offers a bibliometric
analysis of these datasets. The main bioeconomy sector identified in the results was biofuel production
and all the background terms related to the primary processes of bioenergy. The other segments
of the bioeconomy in the Latin America and Caribbean (LAC) region have not yet been studied
with the same relevance as biofuels. Since 2008, researchers from Latin American and Caribbean
countries have participated significantly in the scientific production of the field studied. However,
the most relevant scientific journals belong to European countries or the United States. Journals
from Latin American and Caribbean countries have very low representation, although the search
topics are directly related to this region. Based on the co-occurrence of keywords, eight clusters with
different levels of importance can be distinguished: (1) agriculture; (2) climate change; (3) biodiversity;
(4) bioremediation; (5) bioenergy; (6) biofuels; (7) energy efficiency; and (8) bioeconomy. The above
results highlight the significant research gap between biofuels and other types of bioeconomy sectors
in the region. This is despite the immense biodiversity potential of the LAC countries, which can
generate innovative products with bioeconomic added value that can stimulate scientific research in
the sustainable bioeconomy.

Keywords: bioeconomy; LAC region; bibliometric analysis; biofuels; sustainability; R software

1. Introduction

According to the Global Bioeconomy Summit in 2018, bioeconomy refers to “the pro-
duction, utilization, and conservation of biological resources, including related knowledge,
science, technology, and innovation, to provide information, products, processes, and
services across all economic sectors aiming towards a sustainable economy [1]”.

One of the main goals of the bioeconomy is the reduction of non-renewable fossil
energy use and its replacement by renewable resources [2–4]. Nevertheless, other objectives
include linking all economic and industrial sectors that use biological resources and process
them to produce food, feed, bio-based products, and services [5] or, in some cases, the
optimization of the life cycle of the products and the creation of secondary markets for
bio-based products [6].

According to Linser, S. (2020), many bioeconomy strategies are relevant to several
SDGs (14 out of 17), making it a sustainable pathway to achieving the UN Sustainable De-
velopment Goals [7,8]. Furthermore, bioeconomy can be seen as a response to at least four
emerging and converging global challenges: (a) growing global population; (b) increasing
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global demand for biomass (at least 60% above current rates), exacerbating the scarcity
of natural resources; (c) growing evidence that the era of oil and cheap energy is coming
to an end; and (d) concerns about climate change [4,8]. In summary, the relationship of
the bioeconomy to SDGs and the global challenges can be grouped into three dimensions:
socio-economic, environmental, industrial, and economic drivers [9,10].

These drivers are directly related to the sustainability aspects of the bioeconomy, to-
wards which progress can be made when certain conditions are met [11]: “(i) sustainability
of the resource base; (ii) sustainability of processes and products; and (iii) circular processes
of material flows” [12]. In addition, the environmental and production components of
bioeconomy development approaches need to be closely linked to how bio-resources are
supplied, produced, and consumed [13].

The potential of the bioeconomy needs to be steered in the right direction to ensure
that it works for people, food and nutrition security, and sustainable economic growth
while preventing climate change and not harming the environment [14,15]. Therefore,
some countries around the world contributed with significant knowledge, policy, and
institutional efforts to develop bioeconomy strategies.

According to the German Bioeconomy Council [1], the bioeconomy has gained strength
worldwide and is a certainty in many developed countries such as Germany, France,
Finland, the Netherlands, Russia, and Japan [16]. At the beginning of 2018, nearly fifty
countries have included a defined bioeconomy policy or strategy in their development
plans or in their sub-regional procedures.

Nowadays, the bioeconomy has also been adopted by many low and middle-income
countries as a new development concept and as part of their commitments to the Paris
Climate Agreement [17]. In the case of Latin America and the Caribbean, a sustainable bioe-
conomy could open up new opportunities for economic development and industrialization
and support economic and social goals [8,18].

Latin American and Caribbean countries have the most significant global endowments
of natural capital because of their great diversity and natural resources, which are primarily
the basis of their economies [19]. The region possesses the highest biomass production
related to the availability of soil, water, and land [20]. Due to its high level of biodiversity,
it tends to make a more significant contribution to the quality of life of people on average
than other regions of the world [21,22].

In this context, the bioeconomy in Latin America and Caribbean countries has two
main sets of objectives. On a global level, the region plays a critical role in contributing
to global food, fiber, and energy balances, while improving environmental sustainability.
Within the region’s boundaries, the bioeconomy is a new source of opportunities for
equitable growth through improved agricultural and biomass production [23,24].

Considering the comparative advantages and experiences in the countries of the
Latin America and Caribbean region, Trigo et al. identified six distinct pathways that
offer a holistic approach to the bioeconomy initiatives in the region. These six path-
ways include “(a) biodiversity resources exploitation; (b) eco intensification of agriculture,
(c) biotechnology applications; (d) bio-refineries and bio-products, (e) value chain efficiency
improvement; and (f) ecosystem services” [23].

The aim of this paper is to present a bibliometric analysis of the bioeconomy sectors
developed in Latin American and Caribbean countries in recent years, based on the au-
thors’ evaluation criteria to determine the final products obtained from biomass processing,
which in this study are biofuels, bioenergy, biotextiles, biocosmetics, and biopharmaceu-
ticals. The countries considered in the analysis are those that have relevant bioeconomic
approaches according to the revised bibliography (in the case of South America, Brazil,
Argentina, Uruguay, Colombia, and Chile and in the case of the Caribbean, Mexico, Cuba,
and Costa Rica).
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2. Materials and Methods

In the present research, we applied the traditional bibliometric analysis. Figure 1
presents the workflow of the essential steps used in the dataset.

 
Figure 1. Flowchart of the research.

2.1. Data Sources and Collection

The bibliometric research has been carried out on the basis of the Web of Science
database. A total of 18,971 documents were the subject of the analysis, and the time span of
the publications under consideration was between 1977 and 2021.

To determine the most suitable keyword combination, the authors applied the parti
pris concept [25]. In the first phase, we downloaded 50 articles using the simplest keyword
combinations and then analyzed the distribution of relevant keywords using text mining
methods. Subsequently, we set up a preliminary dictionary of potential keywords, which
was carried out separately by each of the two co-authors. In the second phase, we deter-
mined the standard set of dictionaries and analyses the proportion of such words in the
lexicon of each of the authors. At the end of this phase, we applied “Roget’s Thesaurus” [26]
to determine the potential synonyms of the research terms. After all these stages, we con-
sider that we have achieved the type of keyword combination, which proved to be quite
solid and robust, and which includes the main sectors of the bioeconomy developed in
Latin American and Caribbean countries, with relevant bioeconomic initiatives related to
the final products obtained from biomass.

The present research had the most reliable and interpretable results with the following
keyword combination: TS = (((“bioet*”) OR (“bioenergy*”) OR (“biodies*”) OR (“biogas*”)
OR (“short rotation crop*”) OR (“biofuel”) OR (“energytree*”) OR (“energygaps”) OR
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(“energyplantation”) OR (“energy plantation”) OR (“energy forest*”) OR (“biomass*”)
OR (“biocosmetic*”) OR (“bio-cosmetic*”) OR (“biopharma*”) OR (“biofiber*”) OR (“biofi-
brer*”)) AND (((“Brazil*”) OR (“Brasil*”)) OR (“Argentin*”) OR (“Chile*”) OR (“Uruguay*”)
OR (“Mexic*”) OR (“Cuba*”) OR (“Colombia*”) OR (“Costa Rica*”))).

Given the large size of the corpus to be analyzed, it was decided to apply structural
breaks according to the number of publications that had changed over time for the bioe-
conomy sectors developed in Latin America and the Caribbean. The structural breaks in
the time series were determined using the algorithms of the Strucchange R-package [27],
the specialist estimation Z.L, and the econometric time-series analysis carried out by the
econometric software Gretl (ver. 2022.c-64) [28]. On this basis, four periods were identi-
fied: 2000, 2001, and 2007, 2008 and 2014, and from 2015 to 2021. The interpretation and
justification of these four periods are based on the milestone years in various historical
datasets that have been researched for this purpose (Table 1), in addition to the results
of the mathematical and statistical methods carried out using R and Gretl software. The
mentioned sources provide statistical data regarding the established breakpoints and the
period variance (Appendix A, Figures A1–A3).

Table 1. Historical records of three different variables which support the breakpoints established in
the study.

Milestones
Years

Public Investment in
Bioenergy Sector
(Million Dollars)

Renewable Share
(Modern Renewables) in

Final Energy
Consumption
(Percentage)

Primary Energy Supply
from Clean Renewable
Sources in LAC and the

Caribbean (Thousands of
Barrels of Oil Equivalent)

Up to 2000 13.24 6.86 431,710.1

2001–2007 126.52 7.48 551,923.1

2008–2014 7682 9.04 650,628.1

2015–2021 4046.48 10.88 740,115.5

Prior to the year 2000, the bioeconomy sectors in the world were taking their first steps
towards development, in particular in regions such as Latin America and the Caribbean.
According to the International Renewable Agency [29], public investment in the bioenergy
sector did not exceed 13.6 million. This indicator is also related to the consumption of
final energy from renewable sources, which was 0.62% lower than the next established
breakpoint [30,31]. Since 2001, there has been evidence of significant changes in the level of
consumption of biofuels at the global level and in the clean supply of renewable sources in
the countries of Latin America and the Caribbean [32,33]. Finally, a significant increase in
bioeconomy sectors worldwide occurred between 2008 and 2014; this could also be directly
related to the policies and strategies proposed in EEUU, Canada, Germany, Austria, and
Finland [34,35].

2.2. Data Analysis

In order to analyze and visualize the corpus data, a detailed bibliometric analysis was
carried out using the Bibliometrix R-package. This program provides a wide variety of
statistical functions (linear and non-linear modeling, classical statistical tests, time-series
analysis, classification, clustering) and graphical techniques [36,37]. To complement the
statistical analysis of the research, we also used the VOSviewer 1.6.18 software [38–40].
Table 2 shows the statistical indicators applied in the present research.

It is important to emphasize that the data obtained are the result of a global search for
scientific production in the periods indicated and follow the keywords defined as the most
appropriate for this research.
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Table 2. Software tools applied to the corpus for statistical analysis.

Type of Software Type of Statistical Analysis

Gretl econometric software
• Econometric analysis of the structural break points of

the main dataset base based on the article’s years
of production

Bibliometric (biblioshiny)

• Yearly academic production.
• Most relevant sources in the field of Bioeconomy in

relation to the Latin America and Caribbean region.
• Evolution of authors’ keywords in the bioeconomy

literature [41].

VOSviewer
• Co-occurrence of different keywords and expressions

applying a combination of clusters in the four
periods to analyze [42].

2.3. Limitations

During the keyword search process, after following the guidelines in Figure 1, we
noted that we had achieved the type of keyword combinations that were robust and firm
enough to achieve the results to be displayed. The previous statement indicates that
subtracting or adding a less relevant keyword could not considerably influence the number
of results.

It is important to note that, as described in the methodology, the definition of the
search terms was based on the previous review of 50 scientific articles that showed a priority
focus on one of the most technologically and economically developed sectors in the region,
i.e., biofuels. A few initiatives related to other biomass-derived products could also be
considered relevant sectors. Therefore, only those initiatives identified in the keyword
search were included.

However, as authors, we are aware that our research only covers some sectors currently
considered part of the bioeconomy, which may have been further developed and researched.
Similarly, we know this research only covers some relevant articles on the subject, as it is
extensive and has grown exponentially in recent years.

3. Results

3.1. General Characteristics of the Corpus

The corpus of this research contains 18,971 documents. It represents a global search of
scientific production in the four periods indicated, according to the keywords used. The
published documents are analyzed according to the authors, the institutions linked to the
corresponding countries, and the average number of citations of the articles at the world
level [43]. In this set of data, the average number of citations per article per year is relatively
high (2.068).

Figure 2 shows the global scientific publications between 1977 and 2021 in relation to
the bioeconomy sectors developed in the LAC region. The high level of interest is reflected
between the years 2000 and 2021, with 91% of the scientific production concentrated within
the evaluation period of 44 years. This interest is also directly related to the investments
made in LAC countries in the final products derived from biomass processing, such as
biofuels and others. According to the International Renewable Energy Agency [41], there
has been an 11 percentage point increase in investment in renewable energy in LAC
since 2004, compared to a 6 percentage point increase worldwide. Countries such as
Brazil, Argentina, Mexico, and Chile have joined the list of the world’s top 10 renewable
energy markets.

Table 3 shows an analysis of the cumulative share of publications in the corpus, based
on the global search of scientific output in the analyzed period. This cumulative share is a
measure constructed from the publication frequency of the corresponding authors (intra-
and inter-CCP country) during the four periods analyzed. In the early years of bioeconomy
development in LAC, it was dominated by the United States and four representative South
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American countries: Brazil, Mexico, Argentina, and Chile. The European countries of
Germany and the United Kingdom appear in sixth and seventh place among the producing
countries in the following period analyzed. From 2008 onwards, there is a rapid increase
in the participation of other South American countries, such as Colombia and Cuba, and
the appearance of major Asian countries, such as China and India. In recent years, the
share of Latin American countries has grown even faster: five countries are among the 20
most productive.

Figure 2. Scientific publications between 1977 and 2021 related to bioeconomy sectors developed in
Latin America and Caribbean region.

Table 3. The cumulative share of the top 15 countries in publications with corresponding authors’
contribution to bioeconomy sectors (countries indicated by 3-digit ISO codes).

1977–2000 2001–2007 2008–2014 2015–2021

Country
Cum. Share of

Publications (%)
Country

Cum. Share of
Publications (%)

Country
Cum. Share of

Publications (%)
Country

Cum. Share of
Publications (%)

USA 0.28 USA 0.24 BRA 0.37 BRA 0.42

BRA 0.44 BRA 0.46 USA 0.52 MEX 0.54

MEX 0.57 MEX 0.57 MEX 0.61 USA 0.63

ARG 0.68 ARG 0.68 ARG 0.70 ARG 0.69

CHL 0.74 CHL 0.74 CHL 0.76 CHL 0.74

DEU 0.78 DEU 0.79 COL 0.79 COL 0.79

GBR 0.81 GBR 0.80 DEU 0.81 DEU 0.81

FRA 0.84 CAN 0.82 GBR 0.82 CHN 0.83

CAN 0.85 CUB 0.83 ESP 0.84 GBR 0.84

CRI 0.86 FRA 0.85 FRA 0.85 ESP 0.86

COL 0.88 ESP 0.86 CHN 0.87 CRI 0.87

NLD 0.89 COL 0.88 CAN 0.88 IND 0.88

ESP 0.90 AUT 0.89 NTD 0.89 NTD 0.89

IND 0.91 CRI 0.90 IND 0.90 URY 0.90

AUT 0.92 ITA 0.90 CRI 0.91 CUB 0.91

The above data are consistent with González, C. et al., (2016) findings. They show that
developing countries are narrowing their science gap, with R&D investment and scientific
impact growing at more than twice the rate of the developed world. However, among the
countries assessed, the scientific output and impact are relative to their level of investment
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and the resources available to them and are not necessarily being carried out in an efficient
manner [44].

Figure 3 shows the temporal changes during the four implementation periods of the
bioeconomy sectors in Latin America and the Caribbean. It is based on the frequency of
publications per country over time and interpreted in the territorial maps. In all the periods
analyzed, Brazil and the United States were in the lead in terms of scientific production,
followed by Central and South American countries such as Mexico and Argentina. The
main difference lies in the frequency fluctuation of publications (expressed as a percentage
on the map) among these key countries. Another interesting process observed in the last ten
years is the active role of countries such as Brazil, which is the leading producer, accounting
for almost 42% of the total number of publications, followed by the United States (17%),
Mexico (13%), Argentina (9%), and Chile (7%). All these data highlight the global nature of
bioeconomy sectors and the importance of Latin American countries in scientific production
on this subject.

a) 1st Period: 1977-2000 b) 2nd Period: 2001-2007

c) 3rd Period: 2008-2014 d) 4th Period:2015-2021

Figure 3. Temporal changes in the spatial distribution of bioeconomy-related publications measured
by countries’ production percentage (Map created in R with base map courtesy of OpenStreetMap).

Based on the number of scientific articles published per journal, Table 4 shows the
most relevant academic journals. For the purposes of this analysis, the descendant rank of
the journal and the country of origin are taken into account accordingly. It is interesting
to note that developed countries account for a higher proportion of top scientific research
articles and have a robust research impact in this field. European countries such as the
Netherlands, the United Kingdom, and Germany, together with the United States, are in the
top 10 of the journal spectrums. Contrary to the previous analysis of country production,
in the case of top journals, only a few belong to South American countries, such as Brazil,
with the highest participation, followed by Chile and Costa Rica.
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Table 4. The 14 most relevant academic journals in the 4 periods evaluated in the field of bioeconomy
sectors in the Latin America and Caribbean region.

1977–2000 2001–2007 2008–2014 2015–2021

Name Journal Country Name Journal Country Name Journal Country Name Journal Country

Journal of
Geophysical

Research-
Atmospheres

USA Forest Ecology and
Management NLD Forest Ecology and

Management NLD Journal of Cleaner
Production UK

Hydrobiologia NLD

Journal of
Geophysical

Research-
Atmospheres

USA
Atmospheric

Chemistry and
Physics

DEU Forest Ecology and
Management NLD

Marine Ecology
Progress Series DEU Hydrobiologia NLD Revista Brasileira

de Ciencia do Solo BRA Plos One USA

Revista de Biologia
Tropical CRI Marine Ecology

Progress Series DEU Biomass and
Bioenergy UK

Renewable and
Sustainable Energy

Reviews
UK

Forest Ecology and
Management NLD Revista de Biologia

Tropical CRI Energy Policy UK Science of the Total
Environment NLD

Pesquisa
Agropecuaria

Brasileira
BRA Revista Brasileira

de Ciencia do Solo BRA Plos One USA Biomass and
Bioenergy UK

Biotropica USA Atmospheric
Environment UK Revista de Biologia

Tropical CRI Industrial Crops
and Products NLD

Oecologia USA Ecological
Applications USA

Renewable and
Sustainable Energy

Reviews
UK Renewable Energy UK

Revista Chilena de
Historia Natural CHL Biotropica USA Hydrobiologia NLD Remote Sensing USA

Plant And Soil NDL Ecological
Modeling NLD Brazilian Journal of

Biology BRA Sustainability CHE

Journal of Range
Management USA Plant And Soil NLD

Latin American
Journal of Aquatic

Research
CHI

Environmental
Science and

Pollution Research
DEU

Journal of Tropical
Ecology UK Field Crops

Research NLD Atmospheric
Environment UK Forests CHE

Field Crops
Research NDL Journal ff Arid

Environments USA
Pesquisa

Agropecuaria
Brasileira

BRA Revista de Biologia
Tropical CRI

Soil Biology and
Biochemistry UK Global Change

Biology UK Plant And Soil NLD Fuel NLD

This phenomenon can also be explained in terms of the gross domestic expenditure
on R&D that countries invest on an annual basis. In 2018, North America and Western
Europe invested around 2.5% of their GDP, while Latin America and the Caribbean invested
only 0.7%, according to the Unesco Global R&D Investment Report [45]. If we analyze
the countries of Latin America and the Caribbean, Brazil is the country that invests the
most, with 1.7% of GDP, and is ranked 9th among the top 10 countries in the world for
investing in R&D. Several studies show that there is a strong positive correlation between
R&D expenditure and scientific production [46,47]. Melo et al. conclude that countries
that spend more on R&D have more universities and ISI-indexed journals and produce a
significant volume of research papers.

3.2. Analysis of Keywords and Co-Keywords

Figure 4 shows the frequency of the different keywords over time. Aspects related to
“biomass” and its different variants and concepts such as “biodiversity” reflect permanent
growth. Terms related to climate change factors, such as land use change, deforestation,
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and degradation, are another group of terms identified in the corpus. Keywords associated
with renewable fuels reflect their growth in importance over the last 15 years. Finally, terms
such as “sustainability” and “life cycle assessment” show less growth. However, these
latter terms have a direct cross-cutting relationship with most of the topics analyzed and
are fundamental concepts for compliance with Sustainable Development Goals.

Figure 4. Frequency of occurrences of keywords on the corpus “−1”.

The analysis of the second body is based on the frequency of the relevant words used
by the authors during the period described (Figure 5). These words are directly related to
the bioeconomy sectors developed in Latin America and the Caribbean. Some keywords
appear exponentially as “biofuels” or “biogas”, which shows the growing sensitivity of
the academic environment towards renewable energy as the most important bioeconomy
sector that has been established in this region.

For the purposes of this study, “biomass production” includes other sectors of the
bioeconomy (e.g., biocosmetics, biopharmaceuticals) which do not have the same relevance
and scientific production compared with biofuels.

Interestingly, terms such as “bioethics” appear with greater frequency from 2006 to
2016 as part of the glossary used by the authors, demonstrating the importance of including
moral principles and values in all scientific research. It emphasizes the balance to be struck
between ethical principles, technological possibilities, and several conflicting human needs,
such as producing food and, in particular, renewable energy based on first-generation
biofuels [48].

Finally, the term “REDD” appears with minority participation, although it is a relevant
concept for the sustainable management of ecosystems, especially for developing countries
such as those in the Latin America and Caribbean region.

3.3. Clustering of Research Topics Based on Co-Occurrence of Keywords

As mentioned in the previous sections, there have been significant changes in the
research area in recent years. For this reason, a co-occurrence-based analysis was carried
out in the VOSviewer software between the years 2015 and 2020. Figure 6 shows a summary
of the results obtained.

The analysis performed makes it possible to differentiate eight-dimensional coordinate
clusters. These clusters are interconnected and have different levels of importance according
to the number of items they contain.

The largest cluster in terms of word number includes Agriculture and Soil Research
(No. 1, shown by red color). In this cluster, soil management and soil properties are key
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factors for agriculture productivity. The same applies to biomass production systems, which
deal with the use of agricultural land for bioenergy production. In terms of the relationship
between sustainability and agriculture, the cluster contains important keywords such as
conservative, sustainable, and functional diversity.

Figure 5. Frequency of occurrences of specific authors’ keywords relevant to the corpus “ −2”.

Figure 6. Key clusters of bioeconomy sectors developed in Latin America and the Caribbean.

The second cluster, indicated by green color (No. 2) consists of 37 items, most of which
are related to factors that affect climate change. This cluster highlights the relationship
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between biomass production strategies, particularly in the context of bioenergy and the
impact of climate change.

The third cluster (No. 3, colored blue) deals with diversity and conservation aspects,
including important ecosystems located in Latin America and the Caribbean, where high
biodiversity indicators are one of the main features. The fourth cluster, shown in yellow,
represents the different aspects of bioremediation, highlighting the current techniques used
and how they are linked to sustainable agriculture and ecological restoration.

The fifth and sixth clusters are the highest in terms of word frequency and group the
most related bioeconomy keywords. Containing a total of 64 words, these items focus on
bioenergy and biofuel production as the most important bioeconomy sector developed in
Latin American and Caribbean countries. The fifth cluster highlights the environmental
impact and the life cycle assessment as evaluation methodologies for this type of model.
Bioethics, food security, and COVID-19 appear in cluster six as relevant and topical issues.

The seventh cluster, marked in orange, refers to energy efficiency, the production of
oilseeds, and concepts related to the sustainable development of the bioeconomy in Latin
America and the Caribbean.

Finally, the eighth cluster brings together in a single word (“bioeconomy”) a holistic
approach to the previous clusters and summarizes, in a few keywords, the concepts of
biomass production (such as biofuels), which is considered the most important sector
identified in the region in this study.

In conclusion, it can be said that the bioeconomic sectors developed in Latin Amer-
ica, according to the scientific articles evaluated in this research, are concentrated in the
production of bioenergy. The backbone of the field studied is the production of various
biofuels, with leading countries such as Brazil and Argentina, which are considered the
largest producers in the region. Although other types of biomass production in LAC were
included in the keyword search, no words or clusters were found in the results.

3.4. Mapping of Topic-Evolution

Figure 7 examines the evolution of the topic map of the main research directions in
recent years. Among the motor themes, three basic directions can be observed: firstly, the
growing importance of bioenergy as a general category, including biofuels and other types
of renewable energy; secondly, biomass as a primary source for bioenergy production; and
thirdly, climate change as a cross-cutting theme of the previous ones since it is directly
related to the production of biofuels as a strategy to mitigate the climate impact of fossil
fuels. No basic topics are reported in this period of the research.

According to Plaza-Delgado E. et al., an alternative to reduce the consumption of
fossil fuels is the use of biomass as a source of energy, especially in the Latin American
and Caribbean region, which has great potential due to its diverse sources of biomass [49].
The study by Bailis R. et al. points out that this region is a world leader in the production
of biofuels, accounting for 27% of the world’s supply [50]. However, it is important to
consider that the production of biofuels could mean an expansion of the production frontier,
which poses a serious challenge to the region’s environment and biodiversity [51].

Finally, bioethics is still present as an emerging theme in the analysis; according
to Gutierrez-Prieto, Hin the last thirty years, Bioethics, as a developing discipline, has
obtained gradual and increasing worldwide recognition, not only for its novelty but also for
the connection with the future research topics [39]. In the same vein, the Nuffield Council
on Bioethics highlighted the ethical issues raised by current and future approaches to
biofuel development, as global biofuel production indirectly has serious negative impacts
on agricultural and food sustainability [52].

In conclusion, scientific research on the region’s bioeconomic sectors in the period
2015 to 2021 has focused on bioenergy as a fundamental strategy in both ways, on the one
hand in relation to the production of biofuels as an energy source, and on the other as a
transitional energy model for some Latin American and Caribbean countries.
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Figure 7. Science map of research topics from 2015 to 2021.

4. Discussion

The results of the bibliometric analysis have highlighted the importance of biofuels
as the most important sector of the bioeconomy developed in the Latin America and
Caribbean countries evaluated. This finding is in support of the fact that the number of
relevant publications in this area has been growing exponentially. Aydogan H. et al. pointed
out that biofuels have been rapidly gaining prominence due to their continuous increase in
economic value and, at the same time, less harmful effects on the environment [6,30,53].

According to the IICA study, by 2020 Brazil will be the world’s second-largest producer
of liquid biofuels, with a 23 percent share, behind the United States [54]. On the other hand,
Argentina has a significant share in world biodiesel production, with around 7 percent,
followed by Thailand, Colombia, and Paraguay [55,56].

Our research has also highlighted the relationship between biofuels and land use,
particularly the crops used as feedstock for their production, and their transversal link
to the region’s ongoing concerns about food security and the sustainable development of
such products. The World Bank’s 2008 Development Report of Agriculture Development
notes that the major challenge for governments in developing countries, such as those in
Latin America and the Caribbean, is to “implement regulations and to develop certification
systems that reduce the environmental and food security risks of biofuel production” [57].

The sustainability of agricultural land use for biofuel production is one of the priority
issues to be discussed in the future, given the importance of biofuels as a major sector in
the region. According to UNCTAD, biofuels compete directly with existing arable and
grazing land for food production [58]. Moreover, bioenergy crops can lead to agricultural
expansion, competition for water, and threats to biodiversity, especially in rural LAC areas
with high ecological and social vulnerability [59].

Climate change was another cluster identified within the keyword analysis that is
directly related to biofuels. Jeswani H et al. [60] point out that biofuels do not exist in
isolation and, like other production systems, have an impact on various ecosystem services
such as land, water, and food. In addition, authors such as Prasad, S. et al. [61] point out
that producing biofuels from biomass has the potential to promote sustainable development
and mitigate climate change while providing socio-economic benefits.
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In terms of scientific publications, Latin American and Caribbean countries such
as Brazil, Argentina, Mexico, and Chile are among the top twenty countries in terms
of scientific production over the last period. This reflects a positive evolution in the
concentration of developing countries as producers of scientific publications, compared
to previous years when developed countries such as the United States had a significant
and majority participation. However, the research shows that in terms of the most relevant
scientific journals, the majority of them are from European countries or the United States.
The representativeness of journals from Latin American and Caribbean countries is very
low, even though the topics covered are directly related to this region.

With regard to the other types of bioeconomy sectors based on the final products
obtained from biomass, we did not find any significant scientific publications in the Latin
American and Caribbean countries evaluated during the period under review. However,
the region has a wide and diverse range of renewable natural resources that could provide
the essential basis for the development of a competitive bioeconomy [62] and the production
of innovative products with added bioeconomic value [63].

Within the clustering of research topics, we could identify important keywords such as
‘bioethics’, ‘food security’, and ‘COVID’, which are transversally related to the bioeconomy
sectors and also represent current topics in the scientific fields. According to Woźniak
E et al., the “COVID crisis may be the driving force for the global integration related
to bioeconomy, especially in implementing the SGD goals, development of national and
regional bioeconomy strategies, ensuring food security and protecting biodiversity” [64].
Regarding bioethics as an emerging term, several bibliographical references indicate its
importance over time and its close relationship with bioeconomy sectors, especially those
environmental and sustainable aspects that seek social agreements to support human
well-being while preserving the natural environment [65].

Finally, the structural breakpoints in the research database have been able to indicate
the importance of bioeconomy sectors over time. It is noteworthy that since 2013, several
European countries, including Germany, Spain, and Finland, proposed major policies to
develop their bioeconomy, followed by several public policy documents and research
papers covering different aspects of bioeconomy in developing countries at local and
national levels [66].

5. Conclusions

The study highlights the importance of biofuels as the most important bioeconomy
sector developed in the Latin American and Caribbean countries evaluated. Brazil and
Argentina are the region’s main producers and rank first in the world. Even though the
region has a wide and diverse range of renewable natural resources, we were not able to
find any significant scientific publications on other types of bioeconomy sectors that are
based on the final products obtained from biomass.

Based on the co-occurrence keywords, our research has also shown the relationship
between the eight identified clusters: (1) agriculture; (2) climate change; (3) diversity;
(4) bioremediation; (5) bioenergy; (6) biofuels; (7) energy efficiency; and (8) bioeconomy.
The first seven are linked to the region’s current concerns for food security and the sustain-
able development of bioenergy production, while the eighth relates to the holistic approach
of the research. In terms of scientific production in recent years, Brazil, Argentina, Mexico,
and Chile are at the top positions. However, the research shows that the most relevant
scientific journals belong to developed European countries or the United States.

In conclusion, in the LAC countries under review, there has been a significant increase
in scientific production in relation to bioeconomy sectors over the last 15 years, with
the main focus of research on biofuel production as the main source of bioenergy. The
above results highlight the significant research gap on other types of innovative products
with bioeconomic added value that could be generated in the region, given its immense
biodiversity potential.
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Appendix A

Statistical analysis completed by using “Gretl software” to corroborate the structural
breakpoints established by the R-package of the main dataset and the historical records
mentioned in Table 1.

Figure A1. Article year’s production of the main dataset (***: p ≤ 0.001).
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Figure A2. Primary energy supply from renewable sources in Latin American and Caribbean
countries. (***: p ≤ 0.001).

Figure A3. Renewable share (modern renewables) in final energy consumption, word wide
(***: p ≤ 0.001).
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Abstract: The core objective of this analysis is to implement a combination of alkaline (NaOH)
and sonication pretreatment techniques to produce energy-efficient biohydrogen from the marine
macroalgae Chaetomorpha antennina. Anaerobic fermentation was implemented in control, sonic
solubilization (SS) and sonic alkali solubilization (SAS) pretreatment for 15 days. In control, a
biohydrogen production of 40 mL H2/gCOD was obtained. The sonicator intensities varied from
10% to 90% for a period of 1 h during SS pretreatment. About 2650 mg/L SCOD release with a COD
solubilization of 21% was obtained at an optimum intensity of 50% in a 30 min duration, in which
119 mL H2/gCOD biohydrogen was produced in the anaerobic fermentation. SAS pretreatment was
performed by varying the pH from 8 to 12 with the optimum conditions of SS where a SCOD release
of 3400 mg/L, COD solubilization efficiency of 26% and a maximum biohydrogen production of
150 mL H2/gCOD was obtained at a high pH range of 11 in the fermentation. The specific energy
required by SS (9000 kJ/kgTS) was comparatively higher than SAS (4500 kJ/kg TS). SAS reduced
half of the energy consumption when compared to SS. Overall, SAS pretreatment was found to be
energetically favorable in a field application.

Keywords: COD solubilization; chemo sonic pretreatment; biohydrogen; specific energy

1. Introduction

Recently, a lot of environmental issues have been raised owing to the usage of fossil
fuels. It motivates researchers and scientists to predict prompt remedial action to create a
proper substitute for fossil fuels [1]. Furthermore, most countries extract energy from many
natural resources such as wind, hydropower and solar power. Biomass is a significant
potential source of energy among these energy resources [2]. As a photosynthetic organism,
marine macroalgae has the promising potential to act as a bioresource for biofuel production.
Since it is associated with the green color type of marine macroalgae autotrophs, it is a rich
source of biopolymers such as protein, carbohydrates and lipids, which are responsible
for more biofuel production [3]. Furthermore, the lack of lignin content makes the marine
macroalgae even more appropriate for an effective anaerobic fermentation process [4].
Marine macroalgae is a collection of rapidly growing plant organisms that can grow to
substantial sizes in marine environments such as rock surfaces. The median photosynthetic
activity of this marine macroalgae was 6–8%, much higher than that of earthbound biomass
(1.8–2.2%) [5].

The circular economy involves energy recovery from trash and residues, which can
fulfil the material and energy cycle. A very promising pathway toward sustainability is
the biogas–biohydrogen chain. It can be transmitted into the natural gas grid, used as a
vehicle fuel, or transformed into electricity-generating units. It is produced from a variety
of different substrates, such as crop leftovers, algae, animal wastes, organic portion of
municipal solid wastes and sludge [6,7]. Anaerobic fermentation is the sustainable way of
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extracting or generating bioenergy from macroalgae since it is adaptable to this process [8].
Hydrogen (H2) is one of the various fuel sources that evolved from igniting hydrogen-
holding elements such as natural gas, oil and coal. However, with regards to excessive
energy content, hydrogen has an enormous energy density than other surviving sources of
fuels such as methane and ethanol [9]. Figure 1 shows the global hydrogen production in
the last ten years and its market value based on the report of GHR, 2021 [10].

Figure 1. Global hydrogen production in last ten years and its market value.

Additionally, hydrogen is a high potential energy supplier for various utilities such
as an ignition engine fuel for vehicles, rocket propellant, fuel cells for power supply and
reactor coolant [11]. Furthermore, hydrogen generation makes way for the ecological crisis
in the surrounding environment, such as global warming, melting glaciers and icebergs,
rising ocean water levels and air pollution. Therefore, the bio-based hydrogen generation
method is considered more appropriate than the standard fuel generation source. Moreover,
the output of biohydrogen using substrate biomass has quite a few benefits such as uncom-
plicated performance, outspread accessibility of energy resources such as residues of food,
vegetables, fruits, fauna manure such as cow chip, unbiased carbon source and cost worthy
in its functions [12]. When specific requirements are met, the bioeconomy can advance
toward sustainability: (i) the resource base is sustainable; (ii) processes and products are
sustainable and (iii) transport of materials is viable [13]. Furthermore, customer satisfaction
with bio-based products is also necessary to assess the influence of green premiums and
the significance of sustainability certification [14]. However, these factors affect various
industries because they are essential when considering sustainability as a factor that facili-
tates market success and a competitive advantage source [15]. In this perspective, the use
of biological resources to replace non-renewable resources, escalating the use of biomass
and reducing biowaste are excellent examples of a circular bioeconomy, which can be
crucial in achieving sustainable development goals (SDGs) [16]. Marine macroalgae and
biohydrogen satisfy all the mentioned criteria of the bioeconomy. Therefore, both marine
macroalgae and biohydrogen are bio-economically feasible. Hydrolysis is the primary step
of the anaerobic fermentation at which the cell cleavage occurs, a rate-limiting factor of the
fermentation process. It is a difficult stage in anaerobic fermentation since the cell wall of
the biomass may be more vital to rupture [17]. To augment the hydrolysis phase, the struc-
tural integrity of the biomass can be degraded through various pretreatment techniques
and biopolymers such as proteins, carbohydrates, lipids and starch present in the biomass
come out for the oxygen-free fermentation process [18]. Therefore, for this purpose, various
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pretreatment techniques, such as physical, chemical, mechanical and biological ones, are
incorporated [19]. Ultrasonication is a method of generating acoustic waves used to disrupt
the cell wall of the biomass [20]. The sonicator gives rise to high-intensity ultrasound
waves through a probe over the substrate kept in a beaker with water inside the apparatus.
These high-intensity sonic waves are generated with the help of an intensity generator
during the sonication process. These high-intensity sonic waves initiate the pressure wave
formation and due to these pressure waves, cavitation develops. This cavitation collapses
the cell wall of marine macroalgae species and disrupts it [21]. Energy exhaustion is a
primary concern because the mechanical (sonication) pretreatment consumes much energy
(electric current) to disrupt the biomass cell wall [22]. In order to overcome this prob-
lem, additives such as alkali and surfactants can be added, making the operation process
of sonication energetically feasible [23]. Microwave–surfactant, microwave–acidic and
disperser–ozone were the combinative pretreatment techniques used to solubilize marine
macroalgae until now [24]. However, there are no published studies on marine macroalgae
(Chaetomorpha antennina) solubilization using the sonication and alkali (NaOH) combination.
Therefore, the marine macroalgae were solubilized in this study using a novel technique
called alkali-assisted sonication. The objectives of this research are (1) to optimize the
solubilization conditions for SAS for energy-effective performance; (2) to perform kinetic
analysis for SS and to analyze its efficiency; (3) to assess the beneficial impact of this
SAS pretreatment; (4) to evaluate the effect of this SAS pretreatment on the production of
biohydrogen; (5) to perform an energy analysis of SAS in terms of field applicability.

2. Materials and Methods

2.1. Marine Macroalgae Sample

The marine macroalgae biomass species Chaetomorpha antennina was collected from
ennore, a marine area of chennai (13◦12′23.4864′′ N, 80◦19′38.0100′′ E), Tamil Nadu, India.
The marine macroalgae were entirely washed with water to detach the residue particles.
The cleaned sample was shade-dried and sliced into pieces of less than 2 cm in size for the
convenience of pretreatment. This biomass was kept in a refrigerator for the subsequent
study [24].

2.2. Biomass Pretreatment
2.2.1. Sonic Solubilization (SS)

SS pretreatment was implemented to rupture the cell wall of the biomass. The oper-
ation mechanism utilized a sonicator (Model VCX130, New Town, CT, USA) instrument
with a frequency of 20 kHz and a maximum power input of 130W. A beaker of 1L capac-
ity volume filled with water and substrate sample was taken for this pretreatment. The
substrate and water ratio taken for pretreatment was 1:50. The sonication power intensity
and the time duration varied from 10 to 90% and from 1 to 60 min, respectively. The sonic
probe produces the combined effect of pressure waves and cavitation. This effect results in
the marine macroalgae cell wall weakening for enhanced solubilization and biopolymers
release. The only drawback of this SS pretreatment was that it consumed more electrical
energy to solubilize the marine macroalgae. The samples were taken and examined for a
regular period.

2.2.2. Sonic Alkali Solubilization (SAS)

The solubilization of the substrate by SAS was carried out by adding alkali “sodium
hydroxide (NaOH)” with an optimum condition obtained from SS pretreatment. The pH of
the sample varied from 8 to 12. SAS pretreatment is appropriate for the following reasons:
(1) the mechanical (sonication) pretreatment gives high and efficient output within a quick
session compared to physical and biological pretreatment methods. (2) Alkali (NaOH),
when added to sonication, are divided into cations (Na+) and anions (OH-). Cations
transform into bubbles, clash with the cell wall of marine macroalgae and break it. Anions
settle over the marine macroalgae cell wall surface and weaken it. This phenomenon
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accelerates the solubilization process of marine macroalgae and more biopolymers are
released in a short duration. The samples are taken at a regular time interval and subjected
to analysis.

2.3. Anaerobic Fermentation Study

Anaerobic fermentation was performed for control, SS and SAS, into which anaero-
bically digested sludge (inoculum) taken from a wastewater treatment plant was added
at a ratio of 9:1 in serum bottles of 250 mL volume capacity for three days. To suppress
the fermentation within the acetogenic phase and to compute the volatile fatty acids (VFA)
produced, a methanogenic phase obstructor 50 mM of 2- Bromo ethane sulphonic acid
(BESA) was added to each bottle. The computation of VFA was performed to substantiate
the pretreatment and biohydrogen production efficiency [25]. To remove O2, nitrogen
gas was introduced into all serum bottles. The bottles were firmly sealed by stoppers
and positioned in an orbital shaker under agitation at a speed and temperature of about
150 rpm and 35 ◦C [26]. VFA analysis was performed through the distillation method [27].

2.4. Biohydrogen Potential Assessment (BPA)

BPA analysis was applied for control, SS and SAS to evaluate the biohydrogen pro-
duction capability under moderate temperatures. The process of BPA was performed in
serum bottles with a functioning volume of 150 mL. In all three serum bottles, the marine
macroalgae sample (70%), inoculum (25%) and the nourishment food (5%) were taken [28].
As a point of expelling methanogens in the inoculum and enriching the microbes for hydro-
gen production, the inoculum was subjected to calefaction for 30 mins at 100 ◦C [29]. To
maintain an oxygen-free environment, nitrogen (N2) gas was filled in the remaining bottle
area for 10 mins [30]. Rubber stoppers were used to seal the bottles. Finally, the bottles
were kept in a shaker and incubated at 37 ◦C at 130 rpm. A gas chromatograph with a
thermal conductivity detector and stainless column packed with Porapak Q (3.25 mm di-
ameter, 2 cm length and 80/100 mesh) was used to calculate hydrogen production [31]. The
experiments were triplicated. To estimate the cumulative H2 yield, the modified Gompertz
Equation (1) was used.

AH = Hl ∗ exp (−exp (−pr(Hc − Hfb))) (1)

where:
AH—Increased H2 production (mL);
Hl—H2 production (mL H2/g COD);
pr—Peak H2 generation rate (mL H2/g COD d);
Hc—Commencing phase of hydrogen production (days);
Hfb—Lag phase of hydrogen production (days).

2.5. Analytical Methods

The biopolymers proteins, carbohydrates and lipids released as a result of pretreatment
were measured based on the method prescribed by Kavitha et al. (2016) [32]. In addition,
total chemical oxygen demand (TCOD), soluble chemical oxygen demand (SCOD), and
VFA were analyzed with the help of standard methods as per APHA (2005) [33].

2.6. Statistical Analysis

One way analysis of variance (ANOVA) (α = 0.05) approach was made to assess the
deliverables of the experiment. The differences between experimental deliverables during
the pretreatment could be subjected to statistical significance analysis if the p-values were
less than 0.05. To be precise, for p-values < 0.05, the difference between SCOD release
averages was statistically significant. On the contrary, for p-values > 0.05, the difference
between SCOD release averages was not statistically significant [34].
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2.7. Specific Energy for Sonication (SES)

Specific energy (SE) is considered for the measure of vital energy required by the
sonicator to solubilize the cell wall of marine macroalgae. The SE was calculated using the
subsequent Equation (2):

SES (kJ/kg TS) = (PD × ST)/(Vs × TS) (2)

where:
SES—Specific energy for sonication;
PD—Power used for disruption of the biomass cell wall (kW);
ST—Sonication treatment time (s);
VS—Volume of the sample (L);
TS—Total solids (kg).

2.8. Energy Analysis

One prominent contemplation in the massive scale biofuel production is the energy
employed in the entire process. From an economic angle, minimum input energy should
exhibit the uttermost output energy, which will be profitable [35]. This investigation studied
the energy required to treat 1 kilogram of marine macroalgae biomass sample to produce
H2 gas. The total net energy that has been dominated was calculated using Equation (3).

NE = OE − IE (3)

where:
NE—Net energy (kWh);
OE—Output energy (kWh);
IE—Input energy (kWh).
The solubilization energy taken by the sonicator is the input energy as shown in

Equation (4).
IE = PS ∗ TS ∗ VR ∗ B (4)

where:
IE—Input energy (kWh);
PS—Power utilized for the sonication process (kW/kg);
TS—Time consumed for solubilization (h);
VR—Reactor volume (m3);
B—Biomass (kg/m3).
The output energy was calculated based on various parameters such as biomass

biodegradability, organic load, the volume of the reactor and hydrogen yield, as mentioned
in Equation (5).

OE = BSB ∗ LCOD ∗ HY ∗ VR ∗ BCF (5)

where:
OE—Output energy (kWh);
BSB—Biodegradability of marine macroalgae biomass (g COD/g COD);
LCOD—COD load (g COD/m3);
HY—Hydrogen yield (m3 /g COD);
VR—Reactor volume (m3);
BCF—Biohydrogen conversion factor.
By determining the optimistic and pessimistic amount of net energy, the profit and

loss in the energy are confirmed in the SS and SAS processes.
The energy ratio is given in Equation (6),

Er = OE/IE (6)

337



Sustainability 2022, 14, 12849

where:
Er—Energy ratio;
OE—Output energy (kWh);
IE—Input energy (kWh).

3. Results and Discussion

3.1. Sequel of SS in the Liberation of Soluble Organics Release

Solubilization potential was estimated by the release of soluble organics during the
SS process. Figure 2 shows the release of the soluble organics for sonication intensity and
period. The sonicator was operated by varying its power intensities from 10% to 90%
for 1 h. During SS operation, the marine macroalgae that had to be solubilized was kept
under the sonicator probe. It was subjected to the impact of high-power ultrasonic waves,
which resulted in the emergence of pressure waves and cavity bubbles. This simultaneous
evolution of cavity bubbles and pressure waves weakened the marine macroalgae cell
wall. At each intensity, the solubilized marine macroalgae sample was taken and analyzed.
In Figure 2, it was observed that the release of the soluble organics was classified into
two phases, namely, the faster phase (1–30 min) and the slower phase (30–60 min). The
figure shows that when the sonication pretreatment time increases, there is an increment
found in the soluble organics release. In the faster phase, 1–30 min, the release of soluble
organics was high up to 30 mins, but in the slower phase, beyond 30 min, the minor release
was found. A steady trend was spotted in the slower phase after 30 min. This trend
indicates that most of the soluble organics got unleashed within 30 min in the faster phase.
For a sonication process, the pretreatment time was recognized as an ideal parameter [36].
Hence, the sonication pretreatment time of 30 min was acknowledged as an optimum
pretreatment time for SS. Furthermore, the sonication intensity for pretreatment also plays
an indispensable part in SS. When the release of the soluble organics was reasoned against
the intensity of SS, an extraneous behavior was noticed in the release of the soluble organics.
In the intensity range (10–40%), there was a minimum release found in soluble organics
and the release range was 1750–2320 mg/L. This provided authentic evidence that the
marine macroalgae were partially solubilized [37]. When the intensity is further increased
to 50%, drastic enhancement in the soluble organics release of 2650 mg/L was obtained
due to the combined effort of high-power ultrasonic waves, pressure waves and increased
formation of cavity bubbles. This caused the marine macroalgae cell wall to smash and
become solubilized. Increasing the intensity beyond 50%, there was no excess improvement
obtained. The soluble organics release found between 50–90% was in the SCOD release
range of only 2819–3010 mg/L. This marginal release was found because most of the soluble
organics got released at up to 50% intensity. Hence, 50% was considered to be optimum
for SS. For the soluble organics released during SS, statistical analyses were carried out
via ANOVA. Table 1 represents the one-way ANOVA of variance for various intensities
of sonicator on the SCOD release basis. When the intensity varied from 10% to 40%, the
probability value was found to be 0.46, which was greater than 0.05. This signifies that
there is no statistical difference. For intensities between 40% and 50%, the probability value
of 0.013 obtained was less than 0.05. This shows that there was a considerable difference
found between 40% and 50%. The mean values of SCOD release from 50% to 90% imply a
lack of significant difference between them, with a probability value of 0.84, which was
greater than 0.05. Therefore, considering all these outcomes, a power intensity of 50% with
a duration of 30 min was considered as optimum.

3.2. Response of SE over COD Solubilization

Significant attention is given to SE regarding the economy of the process for enormous
biofuel production. Figure 3 represents the solubilization of SS concerning SE. It was
noticed that the solubilization trend increases with an increase in SE input for all sonic
intensities. The solubilization tendency can be divided into three phases: X, Y and Z. Slower
solubilization was represented by phase X, which corresponds to intensities of 10% to 40%.
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Phase Y represents a faster solubilization rate, ranging from 40% to 50%. Finally, phase Z
extends from 60% to 90%. At a sonicator, SE input of around 1800–7200 kJ/kg TS, solubi-
lization of about 13.46–17.84% was achieved during phase X. The amount of solubilization
obtained was insignificant and can be ignored for further analysis. An effective rise in
solubilization was observed in phase Y, with a maximum of 21% reached at a sonicator SE
input of about 9000 kJ/kg TS for an intensity 50%. Even though the sonicator intensity and
SE were increased from 60% to 90% and 9000 kJ/kg TS to 10,800 kJ/kg TS in phase Z, there
was no significant increase in solubilization. To increase solubilization from 21% to 22%,
for example, a sonicator SE input of 10,800 kJ/kg TS was required. As a result, it can be
concluded that simply raising sonicator intensities during the SS process may waste energy.
Instead, SS was found to benefit from an optimum sonicator SE input of 9000 kJ/kg TS.

Figure 2. Soluble organics release with respect to sonication intensity.

Table 1. One-way analysis of variance for various intensities of sonicator on the SCOD release basis.

Variation
Source

Sum of Squares
Degrees of
Freedom

Mean Square F Value p-Value Prob > F Results

10–40% 56,512 3 977,011 0.5 0.46 Not significant

40–50% 52,040,402 1 6,900,710 7.5 0.013 Significant

50–90% 40,951 3 1,052,333 0.031 0.84 Not significant

3.3. Impact of SAS in the Discharge of Organic Biopolymers

Sodium hydroxide (NaOH), as an alkaline solution, has the massive potential to
fracture the cell wall’s ester bond, resulting in increased cellulose decrystallization [38].
During SAS, alkali, when added to the sample, gets split into cations (Na+) and anions
(OH-). Due to saponification, the cations get transmuted into bubble form, clash with the
marine macroalgae cell wall and break it; and due to solvation, it settles in the bottom of
the beaker as salts. On the other hand, the anions settle over the cell wall and make it
squashy, which makes the sonication process even more rapid and comfortable. This results
in the reduction of energy consumption by the sonicator. Thus, the alkali (NaOH) acts as
an excellent energy-saving additive and intensifies the sonication pretreatment even more
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effectively [39]. In the present study, alkaline (NaOH) was combined with the SS process
to enhance the solubilization capability of the previous certainties. Figure 4 signifies the
soluble organics and biopolymer release at various pH levels. The alkali was added by
differing its pH from 8 to 12. The sonicator was operated at 50% of power intensity and
30 min of duration, which was optimized in SS, and the sample’s pH was varied. During
the operational time of SAS, for every 5 min, the solubilized biomass sample was taken and
examined for each pH from 8 to 12. From the figure, it was understood that the patterns
of soluble organics (SCOD) and biopolymers (protein, carbohydrates and lipids) show
two divergent phases: an accelerated and a slow phase. The accelerated phase occurs
from pH 8 to pH 11, where a soluble organics release (2900–3400 mg/L) was obtained.
This proves that the combinative pretreatment was very effective as more SCOD were
released in SAS (3400 mg/L) compared to SS (2650 mg/L), as presented in Figure 2. This
massive increase in the release of soluble organics during the accelerated phase could be
due to the combined action of SAS, which prompts the fracturing of marine macroalgae
cell walls and the release of intercellular components. It is similar to the work of Kumar
et al. (2017) [40], where the SCOD release of 1603 mg/L was obtained from microalgae via
combined pretreatment of sonication and electrolysis. The slow phase lies from pH 11 to
pH 12, where a soluble organics release (3400–3450 mg/L) was obtained. A significant hike
was found in the release of soluble organics between pH 8 and 11, but in the slow phase
beyond pH 11, a minimum rise was noted in the release of soluble organics. This makes it
evident that almost all the soluble organics got released within pH 11 and it was adequate
to solubilize the marine macroalgae cell wall. Therefore, increasing the pH level beyond 11
will increase chemical cost rather than marine macroalgae solubilization. From Figure 4,
it is evident that at optimum solubilization of 21%, SAS consumed less SE (4500 KJ/kg
TS) compared to SS (9000 kJ/kg TS), which shows that SAS is more energetically feasible
than SS.

Figure 3. Solubilization efficiency of SS with respect to specific energy.
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Figure 4. Soluble organics and biopolymers release in SAS.

The biopolymer’s existence in marine macroalgae boosts hydrogen generation.
Figure 4 elucidates the biopolymer release from pH 8 to pH 12. Indisputably, the biopoly-
mers trend is similar to the SCOD trend and could be grouped into two phases: active and
inactive. The active phase begins at pH 8 and ends at pH 11. A moderate increase in the
biopolymers release was observed in this active phase up to a pH of 11, where a protein,
carbohydrate and lipid release of 1637, 957 and 390 mg/L was obtained. The inactive
phase begins beyond 11 where a protein, carbohydrate and lipid release of 1660, 978 and
402 mg/L, respectively, were obtained and there is no sturdy increase in biopolymers
release after that, which signifies that the majority of the biopolymers got released in the
pH 11. The collaborative effect of chemo sonic pretreatment makes way for effective solubi-
lization of marine macroalgae cell wall and the liberation of biopolymers into the liquid
phase of marine macroalgae. Hence from the facts mentioned earlier, it was concluded that
SAS is more effective in solubilization and biopolymers release.

3.4. VFA Production in SS and SAS

The VFA investigation done for control, SS and SAS pretreated samples during anaer-
obic fermentation was analyzed and conveyed in Figure 5. In the commencing hydrolysis
stage, the complicated hydrolytic components released during pretreatment got converted
into sugars, amino acids and fatty acids. In the peripheral stage of acetogenesis, the simple
monomers got transmuted into VFA [41]. Due to the biological action of microbes in the
inoculum, the biopolymers got transformed into VFA [42]. Anaerobic fermentation was
carried out for 72 h. At the end of 72 h, as predicted, SAS showed an enormous decrement
in protein, and carbohydrate concentration from 1637, 957 mg/L to 623, 364 mg/L, which
denotes the hydrolysis competence. On the other hand, SS showed a slight protein and
carbohydrate concentration reduction from 1300, 760 mg/L to 498, 289 mg/L. The depletion
in the concentration of biopolymers was found to be a lot less in SS compared to SAS. This
made authentic evidence that highly solubilized biopolymers are easily accessible by fer-
mentative microbes, which defines the effectiveness of combinative pretreatment [43]. It is
similar to the combinative pretreatment strategy suggested by Tamilarasan et al. (2017) [44].
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In contrast, the untreated control sample did not manifest a major decrement; instead,
a build-up was spotted in the biopolymer’s concentration. In control protein, the carbo-
hydrate concentration was increased from 160,110 mg/L to 180,130 mg/L respectively.
The reason behind this is that the biopolymers are not solubilized since there was no
pretreatment in control; hence, the microbes try to break the marine macroalgae cell wall
and release the biopolymers. This release was found only using disintegration instead of
fermentation. The increased VFA production should have a higher hydrogen yield at the
end of fermentation process. The VFA production analysis was performed to validate the
effectiveness of biohydrogen production in the fermentation process. The utmost liberation
of VFA during fermentation intensifies biohydrogen production [45]. Figure 5 clearly states
that among control (110 mg/L), SS (860 mg/L) and SAS (1800 mg/L) after 72 h of anaerobic
fermentation, SAS showed higher VFA production compared to SS and control due to the
alkali sonication impact and effective utilization of pretreated and hydrolyzed biopolymers
by acetogenic microbes. From the findings, SAS presents effectiveness in VFA production,
hence proving that SAS will yield more hydrogen at the end of the fermentation process.

 
Figure 5. VFA production in control, SS and SAS.

3.5. Biohydrogen Potential Assay (BPA)

Figure 6 signifies the biohydrogen production in control, SS and SAS. From
Figure 6, it was unquestionably understood that the biohydrogen generation got varied
with control, SS and SAS. Biohydrogen analysis was done for 15 days. Regardless of aug-
mentation in biohydrogen generation concerning increasing days of fermentation, the gen-
eration rate of biohydrogen was less in control (40 mL H2/g COD) in comparison with SS
(119 mL H2/g COD) and SAS (150 mL H2/g COD) on the eighth day of fermentation. This
is due to the certainty that the microbes in inoculum are more comfortable in the biological
degradation of marine macroalgae to generate hydrogen when the biomass is in soluble
form than solid form. SAS sample has more effectiveness in biohydrogen production
than control and SS because the alkali and sonication gave an impressive hydrolysis effect.
Hydrogen-producing microbes’ subsequent utilization of acetogenic elements enhances
biohydrogen generation [46]. Owing to the combined pretreatment method imposed over
the marine macroalgae, the anaerobic culture media had a very suitable approach to lib-
erating biohydrogen. At the same time, depending upon the composition, solubilization
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efficiency and pretreatment conditions, the biohydrogen production potential may vary
for different substrates. In this condition, the released solubilized compounds, especially
proteins and carbohydrates, declined as there was a rise in VFA and biohydrogen produc-
tion due to the effective hydrolysis and consumption of biopolymers by the microbes. The
commencement of biohydrogen fermentation starts with the biopolymer’s biodegradation.
The proceedings of biopolymers degradation by the fermentative and hydrogen-producing
microbes resulted in the emergence of biohydrogen. The biopolymers which were solu-
bilized got exploited by fermentative microbes as a source of energy and electrons [47].
Then, the hydrogen-generating microbes use these compounds and transmute them into
biohydrogen. Anaerobic microbes in the inoculum can easily access the biopolymers in the
marine macroalgae via this combinative pretreatment. The inoculum (anaerobic sludge)
comprises microbes that effectively utilize the solubilized biopolymers and convert them
into monosaccharides, thus escalating biohydrogen production [48]. In the preliminary
stage, the third day of the operation, the biohydrogen production was low for all samples.
This may be due to the instantaneously unadaptable condition of the microbes in the
environment. After the third day in the augmented stage, there was a steady increase in
the biohydrogen generation where control, SS and SAS showed a biohydrogen production
of 5, 75 and 106 mL H2/g COD, respectively. This rising scenario of biohydrogen in the
augmented stage guarantees an effective proliferation and fermentative action of microbes.
The eighth day of fermentation begins with the sound stage where control, SS and SAS
showed a biohydrogen production of 40, 119 and 150 mL H2/g COD respectively, beyond
which there was no rise in biohydrogen production since a stable range was observed. The
summary of this stable stage shown in Figure 6 shows that the biohydrogen producers
have unreservedly exploited the solubilized substrates. A maximum biohydrogen yield
of 150 mL H2/g COD was obtained in SAS than SS 119 mL H2/g COD and control 40 mL
H2/g COD. This is due to the chemo sonic pretreatment that makes the biopolymers in the
marine macroalgae easily approachable to the anaerobic microbes in the inoculum sludge,
which is essential for biohydrogen production. Table 2 signifies the kinetics constants
accomplished through Gompertz modeling of control, SS and SAS samples. SAS shows an
uttermost hydrogen production potential and rate (150 mL H2/g COD and 0.91 mL/d) in
correlation with SS (119 mL H2/g COD and 0.67 mL/d) and control (40 mL H2/g COD
and 0.47 mL/d) expressing the combinative potency of sonication and alkali [49]. It is
witnessed that the SAS has a very short preliminary stage (1.5 days) in comparison with
control (3.7 days) and SS (2.6 days). An excellent fit was observed in exploratory data as
the correlation coefficient of 0.995 was obtained. A similar range of fit was obtained in
the work of Tamilarasan et al. (2018) [50]. Based on the above points, it was proved that
SAS is more effective in biohydrogen generation than control and SS. Table 3 shows biohy-
drogen production from different species of marine macroalgae with various combinative
pretreatments. From a sustainability point of view, marine macroalgae have emerged as
prospective sources for biobased products and biofuel.

3.6. Energy Interpretation

The overall energy consumed for the operation of the marine macroalgae (1 kg)
accounted for energy interpretation. Figure 7 depicts the overall energy interpretation
between SS and SAS, which includes optimum condition, total energy spent, energy gained
through biohydrogen production, net energy, and energy ratio [28,45,51,52]. For effective
pretreatment accomplishment, the exhausted input energy should be compensated by the
output biohydrogen production. In the evaluation aspect, the output biohydrogen and
input sonication energy of SS and SAS observed at an optimum setup were considered.
Solubilization efficiency of 21% was kept as an indicator to derive the energy constants for
the appraisal of SS and SAS pretreatment energy efficiency [51,52]. The energy consumed
by SS (0.1 kWh/kg solids) and SAS (0.05 kWh/kg solids) was determined based on all
these specifications. The output biohydrogen production energy of (0.09 kWh/kg solids)
was obtained for both SS and SAS since the SCOD solubilization efficiency was taken as
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21% to derive the energy parameters. Net energy and energy ratio are the two fundamental
factors that conclude the energy competence and pretreatment efficiency [2,45,53,54]. The
net energy (−0.01 kWh) and energy ratio (0.8) for SS were less compared to SAS, where
the net energy (0.04 kWh) and an energy ratio of (1.8) were obtained. It is proclaimed that
the SAS pretreatment process would benefit when there is an energy ratio greater than 1.
This is similar to the work of Rajesh Banu et al. (2020) [55]. This certifies that combinative
pretreatment of SAS was a more energy valuable pretreatment than SS.

Figure 6. Biohydrogen production in control, SS and SAS.

Table 2. Kinetic analysis for various solubilized samples through Gompertz modelling.

S. No. Samples
K

(mL/d)
HP

(mL)
Hl

(days)
R2

1 SAS 0.99 150.1 1.5 0.995
2 SS 0.67 119 2.6 0.986
3 Control 0.47 40 3.7 0.983

Table 3. Biohydrogen production from different species of marine macroalgae with various combina-
tive pretreatments.

S.no
Marine Macroalgae

Species Pretreatment Operational Parameters Hydrogen Yield Reference

1 Ulva reticulata

Surfactant coupled
with disperser
pretreatment

Disperser—10,000 rpm,
time—30 min,

Surfactant—80 dosage
(21.6 mg/L)

ΔY: 63 mL H2/g COD [30]

Acidic-hydrogen
peroxide coupled
with microwave

pretreatment

Microwave power—40%,
time—10 min, pH—5,

H2O2
concentration—0.024 g/g

TS,

ΔY: 63 mL H2/g COD [28]
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Table 3. Cont.

S.no
Marine Macroalgae

Species Pretreatment Operational Parameters Hydrogen Yield Reference

2 Laminania Japonica

Heat pretreatment
using autoclave

Temperature—121 ◦C,
Duration—30 min ΔY: 83.45 ± 96 mL/g [51]

Sonication
pretreatment Frequency—20Khz ΔY: 23.56 ± 4.56 mL/g [51]

Thermal
pretreatment

Temperature—170 ◦C
Duration—20 min ΔY: 109.6 mL/g [52]

Microwave
combined with

acidic pretreatment

Temperature—140 ◦C,
Duration—15 min,

H2SO4—1%
ΔY: 28 mL/g [45]

3 Padina tetrastromatica Acidic
pretreatment

Sulphuric acid—
1% v/v of H2SO4

ΔY: 78 ± 2.9 mL/
0.05 gVS [53]

4 Chaetomorpha antennina
Surfactant coupled

with microwave
pretreatment

Microwave power-
0.36 KW,

Duration—15 min,
Surfactant dosage—

0.0035 g /g TS

ΔY: 74.5 mL H2/g
COD [2]

Alkali (NaOH)
combined with

sonication
pretreatment

Sonication intensity—50%,
Duration—30 min,

pH—11
ΔY: 150 mL H2/g COD This

study

Figure 7. Energy interpretation in SS and SAS.

4. Conclusions and Future Areas of Research

An exploration was made to generate energy-efficient biohydrogen from marine
macroalgae by utilizing chemo sonic pretreatment. SS liberated a SCOD release of 2650 mg/L
and COD solubilization of 21%, which was lesser than SAS in which a SCOD release of

345



Sustainability 2022, 14, 12849

3400 mg/L and COD solubilization of about 26% was obtained. In comparison with con-
trol (40 mL H2/gCOD) and SS (119 mL H2/gCOD), SAS (150 mL H2/gCOD) showed
maximum biohydrogen production. pH 11 was the appropriate range for alkali with 50%
sonication intensity and 30 min duration for energy-efficient biohydrogen production. VFA
production was higher in SAS (1800 mg/L) when compared to SS (860 mg/L) and control
(110 mg/L). SAS stated net energy of 0.04 kWh/kg of marine macroalgae biomass and
an energy ratio of 1.8, which was effective when compared to SS, in which net energy of
−0.01 kWh/kg and an energy ratio of 0.8 was obtained. Hence, chemo sonic pretreatment
was regarded as a promising pretreatment approach for biohydrogen generation from
marine macroalgae.

Marine macroalgae have emerged as prospective sources for biobased products and
biofuel, making them the most viable and desirable biofuel sources. The development of
commercial bio-refinery technologies, which primarily utilize marine macroalgae as feed,
may be restricted by a distinct lack of practical concepts that must be addressed before its
prototype can be successfully sold. Numerous lab-scale experiments are currently being
performed, however, it is uncertain whether these technologies could be implemented in
the near future. The efficacy of the bioprocess and output of the bioproduct should be
reviewed as a result of the scale-up process in order to keep records of losses that happened.
Other challenges include species selection as well as conventional microorganisms’ role
in hydrolysis, conversion and utilization of particular polysaccharides. The development
of marine macroalgal biorefineries may be limited by its inability to scale up the biotech-
nologies which is now being used to conduct ongoing research. Freshwater utilization
rises as the biorefinery process progresses, which leads to a freshwater shortage worldwide.
The feasibility of using saltwater in a specific biorefinery process has been demonstrated
in some research, but it has not yet been verified in a comprehensive marine macroalgal
biorefinery process, which entails a number of interrelated processes and activities.

It is essential to identify the spectrum of potential bioproducts and biofuels for each
marine macroalgae variety that may be grown sustainably, as well as the best, most compre-
hensive and unified bioprocessing methods. This information can depend on the long-term
sustainability and financial benefit of the green economy. The marine macroalgal sector
develops if all bioprocessing steps and the range of potential bioproducts are maintained
in a centralized system that can be accessed globally. A strong collaboration between
academics and industries which comprises environmental engineers, marine scientists,
skillful laborers and economists should yield effective methods for biofuel production
from marine macroalgae. The organization of the bioeconomy in a particular nation could
undergo a dramatic change in the following decades due to the effects of global warming.
As a result of the rising temperatures brought on by climate change, research has revealed
potential changes in the geographical distribution of marine macroalgae in diverse coastal
environments. Shifts in marine macroalgal distribution affect the infrastructure, locations,
employment opportunities and overall viability of marine macroalgal biorefineries in the
bioeconomy. Therefore, it is essential to model and predict the transformation of the com-
mercially significant marine macroalgal species under climate change. Better macroalgae
collection techniques to have a high yield of biofuels via genetic alteration will be the future
of algal biology. The marine macroalgae chosen for biofuel production should suit all the
environmental requirements so that they can be considered as a sustainable feedstock. The
bioprocessing characteristics of each marine macroalgal species, such as life cycle evalu-
ation, energy and energy-based modeling, should be accurately examined using various
eco-friendly techniques. This could help for better sustainable biorefinery development.
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Abstract: In an increasingly complex global economic scenario, sustainability represents a funda-
mental compass aimed to guide actions of institutions and individuals. A nondissipative use of
Earth’s resources is feasible through a common effort that reconsiders the actual development system
according to the key principles of the bioeconomy. It is vital to start from local contexts to reach
the global dimension by exploiting the opportunities available in each territory. Starting from these
assumptions, the participatory process activated in the Apulia region has represented the first step
towards an intervention strategy in the panorama of the bioeconomy, and has made it possible to
increase the awareness of a development based on the adoption of bioeconomy models and, therefore,
circular economy ones through an effective inclusion process. A process has given rise to a project
allowing all involved actors to reflect on the double economy–environment system, to share good
practices and promote the adoption of lifestyles and consumption styles more compatible with the
principles of the bioeconomy and to elaborate a proposal for a participatory regional law for the
bioeconomy in the Apulia region as an expression of the collaboration between different bodies and
institutions (universities, Confindustria and the council of the Puglia region).

Keywords: bioeconomy; sustainable development; 2030 Agenda; natural resources; participation

1. Introduction

In line with the communication to the European parliament, the council, the European
economic and social committee and the committee of the regions of 11 March 2020 [1], the
European commission has defined a new action plan for the circular economy, entitled
“For a cleaner and more competitive Europe”, establishing a future-oriented program to
reach the cited objective in cocreation with different actors [2]. Furthermore, the plan
aims to accelerate the profound changes required by the European Green Deal, based on
actions to the circular economy implemented since 2015. This plan aims to rationalize the
regulatory framework, making it suitable for a sustainable future, ensuring the optimization
of new opportunities arising from the transition and minimizing the burden on people
and businesses. The same plan embeds a series of interconnected initiatives designed to
establish a strategic framework for sustainable products, services and business models
with the goal to help transform consumption patterns so as to avoid, in the first place,
waste generation. In fact, the new regulatory framework has the potential to allow for
the achievement of the objectives set out by the new directives on waste prevention,
recycling and reduction in landfill disposal. At the same time, the same framework needs
to support the transition to the circular economy by removing those administrative and
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procedural criticalities that too often hinder and slow down its development, aiming to
overcome the strong territorial inhomogeneities currently existing in the management
of the waste cycle in Italy as a whole, as well as through the construction of necessary
systems and infrastructures. As a consequence, it appears necessary that the process of
drafting legislative decrees be accompanied by extensive discussions with stakeholders
and that the deadline set for the transposition of the new directives into national law is
respected. In this scenario, the bioeconomy [3–6] represents the answer to a large part of the
current global challenges, from global warming to all the issues related to climate change, to
smart agriculture limiting the adoption of pesticides. The bioeconomy [7–10], including the
mentioned principles of the circular economy, fosters the adoption of a model of sustainable
development, not only devoted to mere profits and profitability, but also to social progress,
considered the driving force for achieving the objectives of the 2015 Paris Agreement, as well
as the United Nations 2030 Agenda for Sustainable Development [11–13]. By virtue of this,
Europe, as well as Italy, recognizing its key role, and has strived to implementing a sound
strategy for the bioeconomy. As far as Italy is concerned, in May 2019, the update of the
“National Bioeconomy Strategy” [14–17] was presented, with the related implementation
program in view of the new “European Bioeconomy Strategy”, strongly emphasizing
the need to orient all sectors of the bioeconomy towards circularity and environmental,
economic and social sustainability.

As for Italy, the European Green Deal [18,19] plays an extraordinary role and consti-
tutes a precious opportunity towards development along a path of ecological transition;
this necessarily requires that Italy be able to define its own coherent strategic framework
and develop actions to effectively increase and use the financial resources made available
by the European plan. The start of the process for a National Green Deal constitutes an
essential reference from the point of view of the transition to a circular economy. However,
this project needs to be significantly strengthened both from the point of view of public
and private investments and from the point of view of a more comprehensive and coherent
reorientation of all public policies towards the ecological transition and the circular econ-
omy, all within the framework of the European Green Deal. The different regions can play
a decisive strategic role in the transition to a circular economy, as they have the necessary
regulatory skills and responsibilities, in addition to the knowledge and experience on the
different territories, capable of defining realistic objectives, to be pursued on a local territo-
rial and differentiated scale, as “the regions are large enough to make a difference and small
enough to make it happen”. The OECD [12], through “The Bioeconomy to 2030: designing
a policy agenda”, defines a true industrial revolution capable of innovating mature sectors,
such as those of raw materials, waste, energy production and of guaranteeing long-term
environmental, economic and social sustainability within the global economic system.
Taking into account the territorial processes included in the annual “Program for the partic-
ipation of the Puglia Region pursuant to LR N.28/2017—Law on Participation” [20], into
which the Manifesto for the Bioeconomy in Puglia (MaBiP) project [21] was inserted, it is
vital to highlight, with regard to the issue at stake, the importance of participation from
all stakeholders vital to combine innovation and environmental protection. Change is a
collective action: the public expresses the needs and governs; the private sector provides
skills and financial resources. Without collaboration and partnership, sustainability cannot
be achieved (Goal 17, Agenda 2030) [11]. In order for the bioeconomy to win the challenge
of “re-integrating economy, society and the environment”, it is not enough to simply use
biomass for industrial applications or to use renewable raw materials instead of fossil ones.
It cannot all be considered a mere question of integrating biological knowledge into existing
technology; to overcome the described challenge, the transition must also take place at a
social level, stimulating awareness and dialogue, as well as supporting innovation in social
structures in order to promote more conscious and aware behaviours.

It is, moreover, fundamental to enhance knowledge related to what is consumed (in
particular food products and related processes) to favour the improvement of people’s
health and lifestyle, thus, stimulating a demand that pushes companies towards sustain-
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able innovation. This process of transition in the economy and society, in order to truly
benefit from it, requires a systemic approach according to which citizens must become
the real protagonists of the social transformation that the bioeconomy can produce [9,10].
Social dialogue and an understanding of the challenges and opportunities related to the
bioeconomy both play a decisive role in the level of demand for new products and services,
and in the innovations and technological developments associated with them. Activities
such as public procurement should be placed in the context of participatory processes, so
as to foster involvement, understanding and the potential for replication. Consequently,
the bioeconomy also represents a challenging playground for reconnecting with the envi-
ronment, economy and society, generating economic value together with new social values
and a new cultural approach [22–24].

This takes renewed skills in building consensus for both the public and private sectors,
and the opening of a social dialogue.

The challenge at stake requires the following:

• For private economic actors to provide business models that involve customers, work-
ers, users and subjects interested in their activities (primarily citizens) in a common
vision of sustainability; while new products, services and investments connected to
the bioeconomy are created, new economic value, employment, relationships and
interactions are created, thus, making it clear that the bioeconomy is able to meet social
needs and improve the wellbeing of the community by also enhancing individual
participation and involvement;

• On a public level, the widespread adoption of both a participatory approach to lo-
cal development and of a new concept of territory, understood as a localized set of
tangible and intangible assets and relationships between different public and private
entities present in each region. Being aware of the territorial distribution of renewable
resources, of the strengths and weaknesses, of the needs and of the barriers to devel-
opment allows to recompose fragmented skills and knowledge into new stocks and
flows of productive knowledge, forming an innovation matrix for the bioeconomy
and contributing to creating a new territorial identity.

Starting from the above-described issues, the present contribution aims at deepening
the analysis of the participatory process that led to the involvement, in a context such as
the south of Italy, of various actors in sharing good practices in line with the principles
of the bioeconomy; the final objective, through the same process that is detailed in the
following paragraphs, consists of elaborating a proposal for a participatory regional law
for the bioeconomy in the Apulia region.

2. Materials and Methods

2.1. Preliminary Considerations and Scenario Analysis: The “MaBiP” Project

As part of the public notice for the selection of participatory processes to be admitted
to provide regional support within the annual program of participation of the Puglia
region, pursuant to LR N.28/2017—Law on Participation-AD n.28 of 21.11.2018 [20]—the
University Centre of Excellence for Sustainability of the University of Bari Aldo Moro, in
partnership with the University Centre of Excellence for Innovation and Creativity and
Confindustria Puglia presented the “Manifesto for the Bioeconomy in Puglia (MaBiP)”
proposal [21,25], the winning result with resolution no. 238 of 16 December 2019 of
the head of the special institutional communication structure. The MaBiP project was
conceived as a continuation of the subscription on 20 March 2019 of the Manifesto for
the Bioeconomy in Puglia by the presidency of the Puglia region, research bodies of the
territory (including the University of Bari) and Confindustria, thus, involving all business
world, a partnership extended to all stakeholders interested in what the OECD [12], through
“The Bioeconomy to 2030: designing a policy agenda”, defines a true industrial revolution
capable of innovating mature sectors, such as raw materials, waste and energy, ensuring
long-term environmental, economic and social sustainability within the economic system.
As to the analysis conducted up to this point, it is fundamental, in order to increase
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awareness of the importance to promote the definition of a new economic model based
on the principles of the bioeconomy, especially in industrial areas that have a strong
impact on the territory, to favour the promotion, transition, creation and adoption of
bioeconomy models, and, therefore, the circular economy. All regional stakeholders need
to be involved at various levels in order to: facilitate connection and dialogue between
stakeholders belonging to different value chains; promote and disseminate the principles
of the bioeconomy at all levels; frame the regional context in the field of bioeconomy for
subsequent mapping; draw up a roadmap for the strategic development of the bioeconomy;
promote the drafting of a regional law proposal on the bioeconomy [26].

2.2. Phases of the Process and Activities Carried Out

The entire participation process consisted of four main steps and took a total of six
months, from June to December 2020. The activities of the participatory process were
carried out in a mixed way: in presence and remotely. Despite the obvious difficulties in
carrying out most of the activities foreseen by the project in person, due to the concomitant
pandemic caused by the SARS-CoV-2 virus [27], the technological and multimedia support
and the various video-calling applications managed to ensure that all the activities foreseen
from the project could be realized. The expected methodology for reaching the objectives
was to achieve learning content, the effectiveness of the interventions with an integrated
assessment system and the active and participatory assessment of learning. The laboratories
were carried out with a small group mode with support from expert facilitators.

The working method used was design thinking (DT). The DT approach is characterized
by tools and methodologies that support the generation of ideas, such as the “How Might
We”, in which prototyping plays a very important role. The method is not limited to a mere
definition of the steps aimed at conceiving an idea, a solution, but also allows for the work
team to reach its realization by drafting a prototype (Table 1).

Table 1. Design thinking.

Steps Activities Thematic Working Groups N.04
Target

Categories

1◦ Exploration

OBSERVE, UNDERSTAND, DEFINE
(Open innovation design thinking)
Set a track for the interview

• The person (target category)
• The map

PLENARY
Each group, through its representative,
talks about the group’s output

What they do:
Each working group designs its own interview track using

target categories.
One facilitator for each group.

Citizens
Enterprises
Third sector

Public institutions

2◦ Definition

DESIGNING

• Identifying the opportunities
• Benchmarking with other ideas and

experiences, similar and distant
• Brainstorming on possible solutions

PLENARY
Each group, through its representative,
tells the group’s outputs

What they do:
Benchmarking
Brainstorming

3◦ Ideation and creation

PROTOTYPE and TEST
The question “How can we . . . ” to answer
to meet the needs of our target
PLENARY
Each group, through its representative,
tells the group’s outputs

What they do:
Define the “How Might We” question (HMW)

Each work group designs and manufactures at least
3 prototypes to solve needs. The prototype can be composed

of any means (real drawing, software, web, etc.)

4◦ Sharing and validation

TEST AND
ORGANIZATIONAL CHANGE
PLENARY
Each group, through its representative,
tells the group’s outputs

What to do:
They share the prototype in plenary

Acquire feedback with a shared word file, with chat and with
direct intervention

OUTPUT: Each group produces a work report

2.3. The Hackathon

The “Circular Economy Action” [28] Hackathon, a “rally call” to map the best practices
of the bioeconomy in Apulia, has represented a positive example of an effective methodol-
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ogy. It aimed at searching through different actions resulting from start-up or company
initiatives, from associations or individual citizens, with the objective of narrating the
practices capable of generating experiences of new production and consumption models.
The process envisaged the following phases: a launch of call; registration on the platform;
evaluation; identification of models and mapping of best practices; drafting and processing
of documents.

Private and public actors were not mere spectators of the process but, indeed, pro-
tagonists within the entire project through moments of discussion, sharing of ideas and
good practices already present in the region, with a particular view of innovation and
highlighting the essential dimensions of circularity. The training activity, developed in a
modular way for a total of 72 h, had the purpose of providing participants with in-depth
knowledge related to the bioeconomy with the ultimate goal of activating specialized offices
of Confindustria dedicated to the bioeconomy. The awarded operators were granted a free
participation in the training course in management systems for sustainable development in
the communities, a specialized module of the ISO 37101:2019 standard [29]. Thirty-four
organizations participated in the “Circular Economy Action” [28] Hackathon award cer-
emony; despite the restrictions imposed by the COVID-19 pandemic situation [27], over
three hundred people could participate and fruitfully share the experience.

2.4. Participating Laboratories

The workshops (4), led by expert facilitators, were delivered online through webinars;
approximately two hundred people actively took part in them. In the course of the four
participatory workshops, four themes considered as fundamental were addressed:

• Circularity, waste and climate change; circularity, food, health and lifestyles; circularity
and new business models; circularity and the sustainable development of the territory;

• Each of the workshops, lasting four hours, included the following moments:

1. Opening plenary, during which the organizers presented the methodology to
conduct each workshop;

2. Working groups divided by categories around the target themes in four virtual
rooms, one for each of the themes in which the bioeconomy in Apulia had
declined;

3. Output: in this phase, each working group was asked to draw up a report
embedding the main results that emerged;

4. Closing plenary, during which each of the four working groups gave feedback
on what was discussed and defined within the same working group.

The detailed reports for each laboratory were uploaded to the Puglia Partecipa platform.

3. Results

3.1. Results of the Participating Laboratories

The participants in the described workshops totalled 202; out of these, 52% were
female and had an average age of forty-six. As shown in Figure 1, more than 50% of the
participants were between thirty-six and fifty-five years old. Rather marginal was the
presence of young people under the age of twenty-five (only 1.2%). However, the youth
segment of the Apulian population was still represented, taking into account that almost
18% of the participants were under the age of thirty-five.

Although the participants born in the province of Bari constituted 44% of the total
participants, the data collected showed a representativeness of all the Apulian provinces
(Figure 2).

The educational level of participants in the workshops was particularly high (Figure 3),
with 86% having at least a bachelor’s degree; it is worth noting the data related to those
who declared to have the title of PhD (22%). Only 14% of participants declared that they
held a high school diploma.
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Almost 36% of those enrolled in the participatory process took part in all four work-
shops included in the course. Approximately one point higher was the percentage of those
who enrolled in a single laboratory. In total, 17.8% of the participants enrolled in two
laboratories, and 9.5% in three laboratories (Figure 4).

Regarding the preference for the themes of each workshop (Figure 5), the recorded
data showed that the percentage of those who enrolled in the workshop “Circularity and
sustainable development” was slightly higher (29%). However, there was no particularly
high percentage difference between this last topic and that of the other laboratories, namely,
“Circularity, food, health and lifestyles”, “Circularity, waste and climate change” (both at
24%) and “Circularity and new business models” (23%).
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Participants in the workshops reflected a clear expression of the great variety of
organizational structures present in the Apulia region. In addition to the 33% composed

357



Sustainability 2023, 15, 7192

of citizens involved in the process, the rest was represented by the following: almost 24%
came from the business world, 13.2% represented the world of associations and 10.7%
belonged to public research bodies (in particular the ENEA [17] and CNR). Furthermore,
albeit in a more limited percentage, the presence of cooperatives with a percentage of 5.9%
and public bodies, at 2.4% (representing the Environment Council of the Municipality of
Bari) was noted. On the other hand, 1.2% belonged to voluntary organizations.

3.2. Results of the Hackathon

As above-described, after the Hackathon, the award ceremony was attended by
34 organizations from the region, distributed at a prevalence of those based in Bari or
the cities and towns of the same province (53%), followed in percentage by the organiza-
tions located in Taranto (17%) and Lecce (16%). Less than 10 was the percentage of the
organizations coming from Foggia (9%) and from Brindisi and BAT (3% in both cases)
(Figure 6).
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Figure 6. Province of residence.

The legal form of the organizations that took part in the Hackathon also varied
(Figure 7). Companies with limited liability were obviously the most common legal forms
among the participants, with a percentage that stood at 41%. Percentages greater than or
equal to 15% were reported for cooperative enterprises (17%) or for associations (15%).
Within the record “Other”, including 18% of participants, social promotion associations,
general partnerships and sole proprietorships in less significant percentages were included.
In total, 9% of Hackathon participants declared they represented a natural person.

The data collected related to the sectors in which the organizations operated showed
the great vivacity of the Apulia region in the field of the bioeconomy. The most represented
sector was that of “Recovery, reuse and recycling”, with a percentage of participating
organizations equal to 32%. This was followed by the sectors of “Culture, Education
and Information”, with a percentage of organizations equal to 23%, that of “Technologies
and solutions for the environment and the territory”, with a percentage of 15%, and
that of companies in the “Agrifood sector”, with a percentage of 12%. Less than 10%
were organizations belonging to sectors such as “Fashion and design” and “Food and
fight against food waste”, both at 6%, and “Sustainable mobility” and “Research and
innovation”, with a percentage of 3%.
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3.3. Outcomes of the Participatory Process

With regard to the outcomes of the participatory process, it emerged that during the
participated workshops, each of the participants in the different working groups, divided
into the cited four thematic areas, highlighted the requests/needs that the regional law on
bioeconomy should possess, as summarized in Table 2.

The “Circularity, Waste and Climate Change” group carried out a reflection on how
it would be possible to overcome the culture of waste, highlighting the need to define a
new economic model capable of combining both the health of the environment and that of
citizens, to focus on renewable energy and on the circularity of production, especially in
the agrifood sector, one of the strengths of the Apulian economic system.

The “Circularity, Food, Health and Lifestyles” group sought to reflect on the promo-
tion of a culture capable of generating new lifestyles aimed at improving the health and
wellbeing of citizens, as well as through the enhancement of small production chains.

The “Circularity and New Business Models” group reflected on the need to encourage
the transition to a new model of production and sustainable management of businesses,
enhancing their role in reaching an effective growth of the territory.

The “Circularity and Sustainable Development of the Territory” group wanted to
reflect on the need to promote a widespread and shared awareness of sustainable develop-
ment, highlighting the complexity of the issue and the need to address it in a multidimen-
sional and multidisciplinary way.

The presentation of the results of the project with the delivery of the participatory
proposal document, embedding the law proposal, which took place on 27 November
2020 [11], during the final workshop. A proposal for a participatory regional law on the
bioeconomy that was presented during the final meeting was the result of a development
vision that should permeate the regional political strategy in order to fully achieve all the
described objectives.
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Table 2. Results of participating laboratories.

Target Thematic Groups

Circularity, Waste
and Climate Change

Circularity, Food, Health
and Lifestyles

Circularity and New
Business Models

Circularity and Sustainable
Development of the Territory

Citizens

Enhancement through reward
systems of recycling and reuse
practices; greater control in the
management of waste services;

widespread training and
involvement of citizens as a

vehicle for the improvement of
products and processes.

Introduction of control
mechanisms that can limit food
waste and other unsustainable

behaviours; definition and
implementation of information

and training courses also in view
of the recovery of the sense of

active and sustainable citizenship.

Involvement and information
of citizens for the definition of
sustainability problems and
solutions, as well as through

the design of apps for
measuring the impacts of

behaviour; implementation of
training courses for schools of

all types and levels in the
field of circular economy.

Promotion of the use of participation
tools (consultations, forums and
civic networks) focusing on the

bioeconomy by recovering the sense
of active citizenship and belonging

to the community; providing
incentives, including economic ones,

that favour a change in mentality
and the adoption of new lifestyles;

implementation of information and
training courses on the bioeconomy

from primary school.

Companies

Improvement in research and
technological developments in
the sector, as well as through

specific funding and the
regeneration of regional

production districts; economic
support for the development of

MOCAs (mitigation of
obsolescence cost analyses) for a

reduction in production costs;
creation of supply chains for the

recovery and enhancement of
waste and reduction in energy
use, favouring a transition in

line with the Green Deal.

Improvement in research and
developments in the sector, with a

particular focus on packaging;
recovery of the ethical sense and

CSR, applying the logic of fair
trade to indigenous productions
and limiting the use of natural

capital as much as possible;
promoting dialogue between

small local businesses and large
retailers in order to promote the

visibility of the former by making
them protagonists of the regional

economy; attention to waste
reduction by promoting the

redistribution of leftovers and
reusable waste.

Improvement in research and
developments in the sector to

anticipate the market;
promoting corporate social

responsibility and increasing
the social return on

investment (SROI) by
collaborating with local

associations and creating
synergy with the nonprofit

sector; to provide the
presence of a resource

manager in each company.

Improvement in research and
technological and managerial

innovations for the definition of a
new economic model; to encourage
the creation of business networks
that collaborate with universities

and research institutions; promotion
of tax incentives for companies that

provide for the presence of green
jobs (reconversion such as reskilling,

upskilling and/or new hires);
introduction of ad hoc managerial
figures, for example, sustainability

managers; promoting dialogue
between small and large companies,

including through the creation of
environmental consultancy services

by the business confederations
in support of small- and

medium-sized enterprises.

Third sector

Promotion of the culture of
sustainable consumption
through information and

communication campaigns,
with particular attention paid to

the issue of reducing plastics
and waste disposed.

Creation of networks and
associations between

organizations and associations of
the third sector and to promote

greater awareness of citizens
regarding the logic of the economy

and the market; to support the
fight against food waste
and to promote sharing

economy initiatives.

Promotion of dialogue
between businesses and the
third sector so that there is a

mutual and territorial
improvement;

implementation of
information, training and

education courses for schools
and citizens.

Improvement in the relationship and
communication between citizens

and institutions by providing greater
opportunities for participation and
the creation of bodies that favour

and guarantee the above.

Public
institutions

Investment in research and
innovation, as well as by
financing the creation of
innovative start-ups and

encouraging the intervention of
business accelerators that make
large investments possible, and

the creation of “shared
technology halls” in order to

allow investments that would
otherwise be impractical;

adjustment in the reference
regulatory framework in order

to guarantee a “new
life” to the greatest possible

number of waste.

Establishment of reward systems
rather than sanctions to promote

waste disposal, the use of
renewable resources,
improvement in CO2

compensation mechanisms;
creation, involvement and

enhancement of organic and local
production chains, especially if
attentive to reuse and recycling;
promotion of information and

training courses on the issues in
question that also involve schools

of all levels; identification of
certifiable rating protocols on

sustainable production models,
identifiable with a logo that can be

used on the labels.

Encouraging the forms and
practices of a sharing

economy; financial support
for businesses to become
sustainable and aim for

continuous improvements;
facilitation from a regulatory

point of view of reuse and
recycling by small, medium

and large enterprises,
simplifying the bureaucracy

as much as possible.

Establishment of a control room to
connect the human resources of

companies, universities and research
bodies to involve different skills in
the management of circularity to

create a new regulatory framework
for sustainability; definition and
calling of ad hoc calls to promote

and encourage the green conversion
of businesses; for the conception of

tax relief tools (to de-tax
citizens and businesses

that implement actions with reduced
environmental impacts).

In order to achieve a circular and sustainable bioeconomy, it is vital that each political
and strategic structure absorbs its principles and declines them in its own activities. The
joint commitment of politics and citizenship prompted to elaborate, as part of the “Mani-
festo for the Bioeconomy” project in Apulia (MaBiP) [21], the following recommendations
to the presidency of the Puglia region:

• The creation of a regional observatory on the bioeconomy under the guidance of the
presidency of the Puglia region, through the participation office, with the objective to
take care of relations and dialogue with the various departments and sectors involved
in bioeconomy processes;
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• Hinge the aforementioned observatory within the structures of the presidency and, in
particular, of the participation office;

• The creation of a dedicated office on the bioeconomy to support companies;
• The activation of a participatory process that leads to the definition of a regional

strategy for the bioeconomy that integrates with the regional forum for sustainable
development and with the regional strategy for sustainable development;

• Promote the drafting of a roadmap that identifies regional models and best practices
in the field of the bioeconomy.

Starting from the principles of evidence-based policy and participation, the proposed
law aims at defining the regulatory principles for the establishment of a place of synergy
and institutional capacity capable of facilitating the sustainable development of Apulia,
structuring the collaboration between stakeholders. The participatory process produced
the draft text entitled “Participatory Proposal Document”, containing the proposal for a
participatory regional law on the bioeconomy.

4. Conclusions

Through the described participatory process, it was possible to initiate a path of
shared reflection on the double economy–environment system, with related intersections
and implications. Economic systems always require positive growth rates and shun both
stabilization and immobility; the environment, instead, requires balance and stability. Since
there was no spontaneous convergence between the needs of the two systems, the real issue
at stake was which of the two should give way to the other, whereas economy and nature
should recognize the need for common subsistence and the necessary balance between
themselves. A sound answer must be sought in the different degrees of modifiability in
order to reach the objective to create an equilibrium in which both experience life and good
health. The economy, as a human product, is, by its nature, modifiable through cultural,
social, technological and design innovations, including possible changes in lifestyles to
such an extent that it is possible to rely on an elasticity factor that is not only economic–
technological, but also cultural–behavioural.

As to the case of the environment, it is worth noting that it is different, as natural
balances have their own rules (including limits in the carrying capacity of each system)
that cannot be modified or neglected by human activities. The natural equilibrium can
“endure” up to a certain point, and the permitted threshold level cannot be shifted. There
is no elasticity in natural balances with respect to human actions. This implies having to
put aside prejudices, interpretations and absolute values, and devote time and energy to
the critical and positive rediscovery of the distinctive characteristics that animate the two
systems. For these reasons, recognizing the need and the potential that participation can
have in the dynamics of sustainability, also in light of the contents of the United Nations
2030 Agenda (in particular Goals 4, 16 and 17) [11], the described process aimed at being
innovative and multidisciplinary in order to promote the definition and enhancement of
the economic and cultural model of the bioeconomy that was launched.

The participatory process retraced a creative path and a local, collective and inclusive
reflection in the different contexts that experienced the same reflection. The “map” created
was at the same time a participatory census, a business plan, a self-portrait and a collective
biography. As a consequence, a participatory, innovative, inclusive and multidisciplinary
methodological process was launched, designed to build the participation path around the
four previously analysed themes.

This approach made it possible to favour the identification and sharing of development
policies at a territorial level and disseminate success stories that constitute a fundamental
example of how to activate bioeconomy processes, starting from existing good practices and
outlining new horizons and projects that could contribute to the sustainable development
of both the territory of belonging and of the entire regional area, respecting the vocations
and specificities of the territories themselves.
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The participated events and workshops involved companies, organizations, institu-
tions and representative associations of all the six Apulian provinces, starting from the
analysis of the different elements that contributed to the cited process.

The proposed participatory process promoted throughout the Apulian territory [26]
the engagement of the main stakeholders and privileged observers in a path with particu-
larly innovative effects; the result of the identification and sharing of new local production
and consumption models strongly oriented towards sustainability in order to promote a
business model that puts different and complementary sectors of the economy into a mu-
tual dialogue, also in the context of urban policies. Not surprisingly, there was a growing
consensus on the idea that to implement sustainable development paths, learning through
experience and community-centred approaches is necessary.

By focusing on participation, it was possible to encourage the promotion and identifi-
cation of effective and replicable bioeconomy models in the entrepreneurial and cooperative
institutions that took part in the project, and in view of the setting of a regional strategic
development model linked to the bioeconomy.

From an environmental point of view, the bioeconomy contributes both opportunities
and challenges. Opportunities are connected to the gradual transition in the context of pro-
duction processes, from the use of nonrenewable resources to renewable ones, so as to limit
the environmental pressure on ecosystems and enhance their value for the purpose of their
conservation, not merely considering their intrinsic value or the connection with ecosystem
services that are “natural” solutions to combat climate change and hydrogeological risk, but
also as a source of relevant services for the whole economy. Furthermore, the bioeconomy
implies the possibility of reducing dependence on resources scarcely available in Italy. The
strengthening of production activities deriving from renewable sources holds the potential
to facilitate waste management, as these sources can be more easily assimilated.

However, the bioeconomy can also amplify a series of challenges as well as highlight
the numerous examples of unsustainable management for the environment and human
health, particularly in the food and fish industries. Furthermore, it is evident that it is often
not necessary to increase the production of raw materials, but rather to increase their added
value to society, improving the quality of products (e.g., in agriculture) and processes in
response to the requirements of Objective 12 of the 2030 Agenda [11].

As a consequence, it is vital to proceed towards a sustainable economic system that
assumes economic growth limited conditionally to the sustainability of material resources
and leading to the valorisation of the new economic and cultural model of the bioeconomy
in Apulia [26].

This “new” economy, despite being an interconnected whole on a conceptual level,
can be divided into two parts. The first, measurable in material and energetic terms, is
necessarily limited in its expansion within the natural carrying capacity, which is constant.
The second component, on the other hand, being immaterial, keeps its virtually “unlimited”
peculiarity. It is based on information in the availability of services in the required times
and methods, as well as in the quality, in particular of relationships, both on a global level
and on a territorial one.

It necessarily requires institutional and regulatory interventions with respect to the
current market. Accelerating the transition towards the bioeconomy is fundamental to in-
crease not only the competitiveness of regional industry, research and training to strengthen
the position Apulia deserves in the national and international context, but above all to
safeguard the environmental and sociocultural heritage of the territories. Through the
dynamics of debate and comparison, the participatory process aimed at simplifying re-
lations between regional actors on the subject of the bioeconomy, favouring transversal
connections and allowing for the dissemination and use of good practices and ready-to-use
technologies on the territory in order to reach a sound exploitation of the resources that the
Apulian context offers.

The described participatory process enabled us to obtain a strategic vision on how to
intervene in the main macroareas of the bioeconomy in Apulia (the environment, economic
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development and agrifood chain) with an approach devoted to effective sustainability
and based on a circular logic, one that does not subtract resources from the territory, but
maximizes the opportunities for reuse through technological innovation.

The fundamental objective is to generate a change in the mindset and generate a value
of all the actors involved, from companies to institutions to individual citizens to such an
extent that it is possible, through the participatory process, to implement a shared strategy
of the development of the territory not connected to profit but, instead, to the protection
of the Apulian context from an environmental and social point of view. A real industrial
revolution that, from below, contribution by contribution, had as its objective the drafting
of a law on the bioeconomy through a participatory process [13].

As a result, following the participatory process on 20th May at the headquarters of the
Puglia regional council, the draft law “Provisions on the Bioeconomy” was presented; a
proposal, originating from the described process carried out by the Centres of Excellence
for Sustainability of the University of Bari Aldo Moro, in collaboration with Confindustria
Puglia, had the aim of recognizing, for the Apulia region, the importance of fostering
a territorial development inspired by the principles of the bioeconomy, in line with the
objectives of the 2030 Agenda and the NRRP (National Recovery and Resilience Plan) [11].

Europe and Italy, recognizing their key roles, have proceeded to implement a strategy
for the bioeconomy. However, being the achievement of global challenges necessarily based
on the active involvement of territories and strategic levers for a sustainable revolution, it is
fundamental to commit to create an alliance between institutions, research and the industry.
A partnership extended to all stakeholders interested in what the OECD, “The Bioeconomy
to 2030: designing a policy agenda” [11], defines a true industrial revolution capable
of innovating mature sectors such as raw materials, waste, energy ensuring long-term
environmental, economic and social sustainability within the economic system.

A participatory process linked to the bioeconomy [30–32], in view of its enormous
innovative potential, can be a response to most of the regional and global challenges to
be faced in the coming years, from environmental remediation to the problems of climate
change, to the invention of new medicines, to the need to feed a world in which food
needs are predicted increase by 70% between now and 2050, reconciling the economy, the
environment and society.

The “transversal” nature of the bioeconomy offers a unique opportunity to face,
in a comprehensive and systemic way, the mentioned cogent social challenges [33,34], as
envisaged by the EU The communication “Innovation for sustainable growth: a Bioeconomy
for Europe” [35,36].

In the described scenario, it is of particular interest to carry on a reflection on how
bioeconomy intertwines with EU policies related to actual cogent challenges.

Among them, it is important to mention climate change; as a matter of fact, the council
and the European Parliament set specific goals as to the climate for the near future. In line
with these goals, the fit for 55% relates to the objective of cutting down net greenhouse gas
emissions by at least 55% by 2030. As a consequence, the fit for the 55% package contains
a whole set of legislative proposals to ensure that EU legislation are in line with the cited
2030 reduction goal.

As the described package deals with a comprehensive series of sectors, from agri-
culture to industry and the energy sector, in the framework of the present contribution,
it is of particular relevance, as it addresses all aspects at the core of bioeconomy and,
moreover, represents a crucial witness of how participation (at the core of this article)
plays a vital role in reaching a sound and effective legislation at different levels, including
the regional one [37].

Furthermore, the actual global scenario has been deeply affected by the Russia–Ukraine
conflict; consequent challenges relate, as easily understood, to the supplies of gas being
weaponised from Russia. The manipulation of energy markets has led to skyrocketing
energy prices in the EU. In addition, unpredictable events and connected risks of the
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discontinuation or even the interruption of supply holds the potential to create additional
pressure on energy markets.

The alternative option proposed by the renewable energy technology field has been
strongly supported by means of a series of recent policies in other regions, leading to a weak
outlook on the competitiveness of the European renewable energy technology industries
and value chains.

In the described context, it is vital to address the exposure of consumers and businesses
within the EU to increasing and volatile energy prices; this objective could be achieved by
means of fostering supplies from renewable sources, thus, as well, increasing the security
of the supply itself.

As a matter of fact, regulation 2022/2577 aims at accelerating the deployment of
renewable energy sources through the adoption of ad hoc urgent measures mostly effective
in the short term. The time frame is connected to the importance of allowing member states
to adopt these same measures rapidly and to ease the permit-granting process applicable
to renewable energy projects without requiring burdensome changes to their national
procedures and legal systems, and ensuring a positive acceleration of the deployment of
renewables in the short term. This reflects the important role that renewable energy can
play in the decarbonisation of the European Union’s energy system, by offering immediate
solutions to replace fossil-fuel-based energy and by addressing the aggravated situation in
the market [38].

The issue of sustainability is, of course, a huge challenge; it is difficult to promote
sustainability, as it implies a broad vision, a strong determination and a great balance.
These three characteristics of vision, determination and balance are necessary, and the
open challenges appear epochal and require deeper, faster and more ambitious responses
and integrated solutions, to initiate the social and economic transformation necessary to
achieve the Sustainable Development Goals (SDGs) of the 2030 Agenda [11]. The present
contribution, through the described process, carried out a comprehensive analysis of the
participatory process that led to the development of a proposal for a participatory regional
law for the bioeconomy in the Apulia region through the involvement, in a context such as
the south of Italy, of various actors in sharing reflections and good practices. The outlined
path represents an important case study both in the local described context and with a
broader perspective.
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Abstract: Agri-food waste biomass (AWB) is consolidating as a relevant bioresource for supplying
material products and energy in a circular bioeconomy. However, its recovery and sustainable
processing present trade-offs that must be understood. The integration of multi-criteria decision
analysis (MCDA) into life-cycle assessment (LCA) tools has emerged as a novel way to address
this challenge. This paper aims to conduct a systematic literature review to critically synthesize
how MCDA has been integrated into LCA in an assessment framework and how helpful it is in
AWB’s circular bioeconomy transition. The literature shows that the most studied AWBs are rice
husk, sugarcane bagasse, and household food waste. These are processed through the technologies
of composting, anaerobic digestion, and pyrolysis for applications such as biofuels, bioenergy, and
soil amendment. Environmental LCA (E-LCA) is the most widely used LCA tool, while both the
analytical hierarchy process (AHP) and the technique for ordering preference by similarity to the ideal
solution (TOPSIS) are the most applied techniques for MCDA. The current trend of integrating MCDA
into LCA does not fully cover the LCA phases, favoring solely the impact assessment phase and
indicating that the other phases are overlooked. The potential and involvement of the stakeholders
are partially explored. Although there are holistic sustainability assessments, the social implications
are rarely considered. The number of MCDA/LCA studies is expected to increase, assessments at the
micro-, meso-, and macro-scales to become more articulated, and the impact of the results to become
more aligned with government and company goals.

Keywords: circular economy; sustainable agriculture; multi-criteria decision making; TOPSIS;
stakeholders; social LCA; life-cycle costing; bioenergy; biorefinery

1. Introduction

The circular bioeconomy is an emerging field that is booming in the scholarly and
political communities. The most widely accepted definition of circular bioeconomy stems
from the intersection of bioeconomy and circular economy [1,2]. The circular bioeconomy
focuses on the sustainable and efficient recovery of biomass and biowaste resources in
integrated, multi-output production chains, optimizing their value over time and taking
the three sustainability pillars into account [3]. The term “circular bioeconomy” appeared
around 2015 and has been the focus of many scientific publications since 2016 [1]. The
European Commission’s 2018 updated bioeconomy strategy emphasized that the “European
Bioeconomy needs to have sustainability and circularity at its heart” [4]. The circular bioeconomy
is envisioned as one of the approaches that will make the greatest contribution to addressing
sustainability challenges.

Properly providing biomass-based feedstock is a multipurpose objective of the circular
bioeconomy [5]. Agri-food waste biomass (AWB), a type of biomass, is produced and used
in large quantities around the world, with the amount increasing more than threefold in
the last 50 years [6]. The AWB amounts are inputs for the development of biorefineries and
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367



Sustainability 2023, 15, 5026

biotechnologies that are part of the circular bioeconomy. Nevertheless, they are affecting
the sustainability of the planet by emitting greenhouse gases and causing inefficient water
use. AWB management is a widespread issue that poses a challenge for food safety,
environmental pollution, and economic stability [7].

Several circular-bioeconomy-based strategies for recovering AWB and producing food
in a less-polluting manner have been proposed. While findings with immediate applications
of AWB have been abundantly studied, the sustainable implications of the technologies
have been questioned [8,9]. Some circular bioeconomy strategies and research consider
the circular bioeconomy to be inherently sustainable [10]. Yet, there is emerging evidence
that highlights potential obstacles and trade-offs [11,12]. Therefore, a sustainability check
should not be overlooked in this research context.

Analyzing the sustainability of AWB management framed in a circular bioeconomy
is pivotal for the definition and implementation of economic activities and investments,
technological development plans, and policies. This action requires a robust measurement
and interpretation of indicators associated with decision-making processes that impact
society [13]. To fulfill this purpose, methodological tools that integrate the social, economic,
and environmental dimensions as pillars of sustainability are necessary [14].

Environmental life-cycle assessment (E-LCA) is a well-known and widely applied
method in AWB [15]. E-LCA is a tool focused on the environmental impacts of a product,
service, or process based on the life-cycle perspective [16]. This perspective represents the
processes that converge from raw materials to waste management [17]. The E-LCA has been
used not only in AWB but also in other economic sectors, translating environmental science
into useful knowledge in business and regulatory areas [18,19]. However, the E-LCA by
itself does not cover sustainability as a whole [20]. Over time, efforts have been made
to broaden the approach to the economic and social spheres, thus developing life-cycle
costing (LCC) and social life-cycle analysis (S-LCA). The integration of these three tools
later constituted the life-cycle sustainability assessment (LCSA) [21].

Multiple-criteria decision analysis (MCDA) is a recognized approach to complex
decision making that has also been applied to AWB management issues [22]. It offers
a systematic way for selecting, ordering, assigning, and weighting various indicators
via processes that can involve a diverse range of stakeholders [23]. Some of the most
popular MCDA techniques are analytical network processing (ANP), analytical hierarchical
processing (AHP), technique for order performance by similarity to the ideal solution
(TOPSIS), and multi-criteria optimization and compromise solution (VIKOR) [24].

Combining LCA and MCDA as a holistic sustainability assessment framework is a
prominent stream of research. Its origins are not recent, but its popularity is growing. The
purpose of this synergistic framework is to achieve more complete and conclusive results
for decision makers. Research efforts have been reported in renewable energy systems, the
automotive industry, and agricultural practices [25–27]. However, what is the current state
of the MCDA/LCA framework’s application in AWB’s circular bioeconomy transition? A
synthesis of previous research on this study context in the literature is currently lacking.
This paper is an attempt to close this gap by conducting a systematic review on the
usefulness and operability of the MCDA/LCA framework in assessing sustainability in
the transition to AWB’s circular bioeconomy. Trends and intrinsic aspects of biomass,
technologies, applications, spatial scales, stakeholder participation, tools, and impact
categories used are identified and discussed. Additionally, strengths and weaknesses of the
methodological interaction and crucial issues for future work are examined.

The rest of this paper is structured as follows: The second and third sections represent
the theoretical background of AWB as well as the rationale for integrating MCDA and
LCA. The fourth section is about the methodology used. The fifth section deals with the
MCDA/LCA research landscape in AWB evaluation, while the sixth section discusses the
synergies and trade-offs of combining the two tools. The seventh section shows possible
steps forward to improve the impact of the MCDA/LCA framework. The eighth section
provides the conclusions.
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2. AWB Characteristics in the Circular Bioeconomy

Biomass is the term used to describe all organic materials that represent an alterna-
tive feedstock to crude oil and natural gas. Biomass is used in a variety of applications,
including wood-based materials, pulp and paper production, biomass-derived fibers, and
biofuels [28]. Biomass sources can be classified as animal waste, municipal waste, forest
waste, industrial waste, and AWB (Figure 1A). AWB is divided into two main types: agri-
cultural waste and food-processing waste. Agricultural waste is cropping field waste that
remains in the fields as a by-product of post-harvesting activities, whereas food-processing
waste is solid or liquid waste from the industrial processing of agricultural products [29].

Figure 1. Features of AWB’s transition to a circular bioeconomy. Classification of biomass sources and
AWB types (A). A circular bioeconomy conceptual model for AWB (B). Benefits and challenges of AWB
development in the circular bioeconomy (C). (Own elaboration with modifications from [3,29–32].)

It was estimated that more than 9 billion tons of crops were produced in 2017, with
1.3 billion tons of food wasted [33]. Roughly 1000 tons of food are wasted every minute,
and 50% of food is lost at the production stage alone. By 2025, the agri-food sector could
generate approximately 44% of global waste. AWB varies greatly between developed and
developing countries, not only in quantity but also in location. North America, Oceania,
Europe, and East Asia waste the most food in terms of volume [7]. AWB occurs primarily
at the consumer level in developed countries, whereas food waste occurs at the production
level in developing countries [34]. There are three major stages of AWB: agricultural
production (33%), post-harvest and storage (54%), and processing, consumption, and
distribution (46%). The primary AWB sources are beverages (26%), fruits and vegetables
(14.8%), cereals and seeds (12.9%), and edible oils (3.9%), among others [35].
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Accumulation and non-recovery of AWB have a negative impact on sustainability.
In the social dimension, food waste is facing world hunger. A quarter of the world’s
total food waste could be used to feed the hungry. In terms of economics, developed
countries waste USD 680 billion in food each year, while developing countries waste USD
310 billion [7]. The environmental impact of AWB is largely ignored. Every year, AWBs
emit approximately 3.3 billion tons of carbon dioxide into the atmosphere, or approximately
1000 tons of carbon dioxide per minute [36]. AWBs strain water resources by consuming
250 square kilometers of fresh water; in other words, a quarter of the world’s fresh water
is wasted. In land use, approximately 1.4 billion hectares of arable land, or the size of the
United States, India, and Egypt combined, has been designated for AWB [37].

A circular bioeconomy requires the use of sustainable biomass to ensure that the
restoration cycle is completed and continues. As illustrated in Figure 1B, integrated and
multi-output production chains can extend the life of biobased production to become a
source of biomass and bioenergy [38]. The pillars of the circular bioeconomy are resource
efficiency, optimizing the value of biomass over time, and sustainability, which push
practitioners toward an energy-efficient and renewable management of AWB [3]. Some of
the technologies highlighted in AWB to generate applications in bioenergy, biomaterials for
construction, soil amendments, animal feed, and biopolymer production are composting,
anaerobic digestion, transesterification, pyrolysis, and gasification [38,39].

AWB’s transition to a circular bioeconomy has the potential to deliver several benefits,
for example, the consolidation of a biobased economy to produce goods, services, or energy
through the promotion of incentives, taxes, and subsidies. Other benefits include improving
waste management, promoting rural development, and promoting sustainable and healthy
food systems [27,32]. However, several impediments to achieving these benefits remain,
such as immature technological development; competition for land use; soil, air, and water
pollution; and indirect toxicity to humans. Furthermore, there are no legal guidelines in
most countries for the disposal of unrecoverable AWB [27,36] (Figure 1C).

3. The Need to Integrate MCDA into LCA

LCA is based on the collection of inputs and outputs associated with the environ-
mental, economic, and social impacts of a system of products and services throughout its
life cycle [17]. LCA results are often difficult to interpret due to trade-offs between the
impact category results of the scenarios under consideration [19]. These findings may even
contradict one another, making decision making difficult. In response to this issue, two
actions have been reported. The first action is to weight and add the LCA results from each
impact category to produce a single scoring indicator. The second is to use a small number
of impact categories to make interpretation of the results easier. These two decisions are
contentious issues among LCA practitioners [40,41].

MCDA is based on mathematical protocols that are applied to inputs in structure
analysis and interpretation processes that lead to decision making in numerous fields of
knowledge [24]. However, there is a remarkable limitation in how the impact criteria are
measured, as decision makers typically use qualitative scales [42]. Although qualitative
scales are more practical for social aspects, it has been demonstrated that they are not always
an accurate and precise way of representing the environmental and economic performance
of the alternatives under consideration [43]. It is critical to achieve sustainability by using
structured tools to assess the performance of alternatives in terms of multiple criteria [42].

LCA is composed of four phases, and MCDA generally has three, but their operation
follows the same logical sequence (Figure 2). LCA is objective, reproducible, and standard-
ized. MCDA is subjective on many occasions and can capture various perspectives that
provide a broader view of the study context [44].

According to the descriptions above, LCA and MCDA are decision support tools that
present different approaches [45]. LCA quantifies impact indicators that must be properly
interpreted, while MCDA interprets real-world contexts for decision making that must
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be effectively based on indicators [44]. Furthermore, the two tools have complementary
properties. Therefore, LCA and MCDA can be used in tandem.

Figure 2. Complementary features between LCA and MCDA—own elaboration with modifications
from [44,46].

The first applications of the MCDA/LCA framework emerged between the 1990s and
2000s. The work of Miettinen et al. [47] is an example of this, where they combined the use
of E-LCA and the hierarchical analysis of processes (AHP) to weigh the impact categories
of industrial beverage packaging systems. Hence, the methodological association of MCDA
and LCA has been applied and discussed for more than 25 years.

The joint use of MCDA and LCA can be carried out in two ways: by integrating LCA
into MCDA or by integrating MCDA into LCA [40]. The first is for LCA to provide indica-
tors for the MCDA process. The second seeks for the robust interpretation of MCDA to be
included in the life-cycle perspective. This review focuses on the second way: integration
of MCDA into LCA. It is necessary to mention that the acronym LCA can be used as an
umbrella concept encompassing life-cycle-based tools (i.e., E-LCA, S-LCA, LCC, and LCSA,
among others), which is used in this paper.

4. Materials and Methods

This review article was structured as a systematic literature review to make the research
replicable in other study areas or even updating the findings shown here in the future. The
procedures described by Tranfield et al. [48] were adopted as follows:

• Step 1: Identify the opportunity for research.
• Step 2: Define the steps to consolidate the reported literature.
• Step 3: Select the aspects that will be analyzed to extract the information.

The first step, identifying the research opportunity, was already justified in this paper’s
introduction and background. The relevance of multi-criteria and life-cycle tools for AWB’s
transition to a circular bioeconomy was emphasized, as was the lack of state-of-the-art on
the integration of these two tools in the scholarly literature.

The second step was carried out using the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) protocol [49]. This protocol establishes the following
four phases: identification, screening, eligibility, and inclusion (Table 1). The identification
phase consists of defining the parameters for the literature search in the databases and thus
identifying the set of publications. The search required the definition of associated key-
words using Boolean operators (“ ”, OR, AND, *) (Table S1). Keywords were meticulously
selected from the reported bibliometric analysis [23,40,50]. The search was not limited to
a period to cover the evidence published to date and was carried out in a single day to
avoid bias caused by daily database updates. The search query was applied to the SCOPUS

371



Sustainability 2023, 15, 5026

and Web of Science databases. These databases have a high incidence of access in research
fields and contain peer-reviewed academic publications [51].

Table 1. Phases of the PRISMA protocol applied to obtain the set of publications to be reviewed.

Steps Criterion Effect

Identification

Search query in Tittle, Abs, Key
Time horizon No limit
Search date 9 January 2023

Database Scopus and ISI Web of Science

Finding publications by
searching databases

Scopus: n = 43
ISI WOS: n = 117

Screening

Inclusion criteria: Records included

1. Research articles Scopus: n = 41
ISI WOS: n = 109

2. English publications Scopus: n = 41
ISI WOS: n = 109

3. No duplicate publications Full-text publications
consolidated: n = 120

Eligibility
Inclusion criteria:

Full-text publications included:
n = 40

Publications related to the topic
(Review of the first reading)

Included Review of the second reading,
critical reading, and scrutiny

Final sample of reviewed
publications: n = 23

The screening phase entailed developing criteria such as the type and language of
publications required to conduct the review process as thoroughly as possible. The types
of publications included were research articles; non-English publications were excluded.
Moreover, duplicate publications between the two databases were eliminated to consolidate
a single set of papers. The eligibility phase represented an exhaustive review of the content
of the publications to confirm their intrinsic association with the research context. Since the
scope of this paper is the integration of MCDA into LCA, only publications that applied
both tools in this integration way were considered. In the included phase, the final sample
of publications was established as an input for the next step.

The third step involved a critical reading, scrutiny, and detailed synthesis of the pub-
lications from two analytical perspectives that define the scope of this review. The first
was based on the general characteristics of this field of research, such as biomass type,
recovery technologies and applications, stakeholder contribution, spatial scales, and the
techniques and indicators implemented (Table S2). The categories of these aspects were
based on reported works and were defined iteratively, i.e., the reviews of the publications
allowed the categories to be confirmed, added, or reconsidered [52,53]. The second per-
spective was a more in-depth interpretation that focused on neglected aspects of technique
development, synergies and trade-offs in methodological association, and key issues for
future sustainability assessments in AWB recovery.

5. Overview of MCDA/LCA Studies in AWB Recovery

MCDA/LCA studies on AWB are a relatively new but increasingly common approach
as a sustainability assessment framework. Evidence collected and explored in this review
paper covers several sectors (i.e., agri-food, construction, manufacturing, and energy) and
geographic contexts (i.e., North America, South America, Europe, West Africa, and Eastern
Asia).

5.1. Biomass, Technologies, Applications, and Spatial Scales Used

The MCDA/LCA framework implementation has been useful for a variety of applica-
tions involving conversion and processing technologies utilizing different AWBs (Table 2).
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The production of biofuels from rapeseed, sugarcane bagasse, rice straw, wheat straw,
moringa, maize, and triticale has been the most notable application.

Rapeseed (Brassica napus) research has sought to propose feasible scenarios for produc-
ing second-generation biofuels. Comparisons of biodiesel chains with different geographic
feedstock origins have been conducted [54]. Locally produced feedstocks were chosen over
imported feedstocks based on job creation and gross value added [55]. The establishment
of environmental impact assessment processes has identified aspects that are affected but
are not contemplated in the LCA standard, such as biodiversity [56].

Sugarcane bagasse research has pursued multiple purposes, including investigating
value-added product processing routes and selecting feedstock sources. Joglekar et al. [57]
studied the influence of six sugarcane bagasse processing routes, highlighting that the
first- and second-generation ethanol-based routes with biogas promote both environmental
preservation and productivity. Ramesh et al. [58] compared five lignocellulosic biomasses
for second-generation bioethanol production and found that vetiver grass favors sustain-
ability, followed by moringa, rice straw, wheat straw, and sugarcane bagasse. Vetiver
zizanioides is cultivated in many countries, such as India, China, and Brazil, for its essen-
tial oil. This grass is drawing attention for exhibiting biorefinery potential, growing in
conditions of drought, flood, high temperature, and contaminated soil [59].

Biofuels derived from maize have been used to standardize methodologies for evalu-
ating the sustainability performance of fossil and renewable fuel chains. Ekener et al. [60]
developed a life-cycle sustainability assessment methodology by applying value-based
sustainability weights. These authors have shown that the maize-based biofuel chain leads
to sustainable benefits compared to fossil fuels.

Table 2. Overview of all studies reviewed in terms of applications, recovery, and processing technolo-
gies, AWB, and spatial scales.

Applications Recovery/Processing Technologies AWB Spatial Scales Reference

Biofuel
(Transportation)

Pre-treatment, saccharification,
fermentation, and purification

Sugarcane bagasse, rice
straw, wheat straw,

moringa, and vetiver
Nation [58]

Extraction and transesterification Rapeseed (Brassica
napus) Supply chain [54]

pre-treatment, saccharification,
fermentation, and purification Sugarcane bagasse Process [57]

Extraction and transesterification Rapeseed (Brassica
napus) and soybean Nation [55]

Husky process, gasification,
pre-treatment with lime,

saccharification, co-fermentation, dry
milling, extrusion, and pelletizing

Triticale (X Triticosecale
Wittmack) Process [61]

Mechanical compressing, purifying,
and refinement of biodiesel

Rapeseed (Brassica
napus) and oil palm Supply chain [56]

Pyrolysis, gasification, and methanol
synthesis Rice straw Supply chain [62]

Biofuel production processes Sugarcane and maize Supply chain and
farm-based [60]
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Table 2. Cont.

Applications Recovery/Processing Technologies AWB Spatial Scales Reference

Bioenergy
(Bioelectricity and

bioheating)

Collection, incineration, centralized
composting, anaerobic digestion,

biogas upgrading, and
post-composting

Household food waste City [63]

Anaerobic digestion, in-vessel
composting, incineration, and

landfilling
Household food waste World regions [64]

Anaerobic digestion A mixture of grape
marc and cow manure World regions [65]

Direct-combustion power generation,
gasification power generation, and

briquette fuel
Urban food waste Resources [66]

Bioenergy systems based mainly on
combustion, gasification, and

pyrolysis
Lignocellulosic biomass Resources [67]

Soil amendments

Fertilizer production Oil palm Product and
Farm-based [68]

Composting Coffee residue Farm-based [69]
Planting, pre-harvesting, harvesting,

straw recovery Sugarcane straw Farm-based [70]

Anaerobic digestion Household food waste City [41]

Construction
biomaterials

Manufacturing, construction, and
demolition

Rice husk ash and
carbon nanotubes Product and process [71]

Manufacturing processes Rice husk ash and
cotton mill waste Product and process [72]

Food waste recovery
manufacturing

strategy
Extraction and anaerobic digestion Urban food waste Process [73]

Biopolymers
Anaerobic digestion, booster

technology, polyhydroxybutyrate
technology

Sugarcane straw,
sugarcane bagasse, rice

straw, rice husk ash

World regions,
nation, city [74]

Biochemicals Polyphenol extraction methods Red wine pomace Process [75]

Animal feed Landfilling, incineration, and
production process Urban food waste Nation [76]

Triticale (X Triticosecale Wittmack) has been cataloged as a preferred non-food energy
crop for biorefineries. The advantages of triticale lie in its ability to grow on marginal land
and its higher yields compared to cereal crops [77]. These properties have driven decade-
long research on triticale-based biorefinery processes from the MCDA/LCA perspective.
For example, Liard et al. [61] analyzed the technical, economic, and environmental risks of
three triticale-based biorefinery platforms incorporating two technological options. The
platforms were ethanol, polylactic acid, and a mixture of thermoplastic starch and polylactic
acid, while the technologies were ultrafiltration and cogeneration. These researchers noted
that ultrafiltration technology substantially mitigates the environmental effects of the
polylactic acid platform.

MCDA/LCA studies with AWB highlight bioenergy generation in terms of bioelectric-
ity and bioheating. Here, the main source has been household food waste. Quantifications
of the environmental and socioeconomic impacts of household food waste management
in the Amsterdam Metropolitan Area for biogas production have been consolidated [65].
Findings by Wang et al. [66] have pointed out that direct-combustion power generation,
gasification power generation, and briquette fuel are recognized as sustainable bioenergy
technologies for household food waste. Slorach et al. [64] present a methodology to assess
environmental performance in the food–energy–water–health nexus using four treatment
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options: anaerobic digestion, in-vessel composting, incineration, and landfill. They found
that anaerobic digestion is the most environmentally sustainable option with the lowest
overall impact on the nexus and that in-vessel composting is the worst option, even though
it dominates circular economy waste hierarchies.

The production of biogas and the co-production of polyhydroxyalkanoates and biogas
from grape pomace and cow manure have been investigated. Vega et al. [65] determined
that the environmental performance of a biorefinery with polyhydroxyalkanoates and
biogas co-production is preferable to a biorefinery only producing biogas at the territorial
level, both in southern France and the western United States. Lignocellulosic biomass has
also been associated with bioelectricity and bioheating. Von Doderer and Kleynhans [67]
studied 37 plausible lignocellulosic bioenergy systems based on economic-financial, socioe-
conomic, and environmental indicators. These researchers indicated that a feller buncher
for harvesting, a forwarder for biomass extraction, mobile comminution at the roadside,
secondary transport in truck–container–trailer combinations, and an integrated gasification
system for conversion to electricity are feasible and sustainable options.

To achieve sustainable production in a circular bioeconomy, bioenergy management
faces challenges such as decreasing competition with food production that supports food
security, mitigating the environmental impact of crop production, increasing feedstock op-
tions, incentivizing the use of AWB, and reducing production costs [78,79]. AWB represents
a renewable energy source with a high growth potential for the circular bioeconomy.

Oil palm, coffee residue, and sugarcane straw are AWBs that have aroused research
interest as soil amendments. The strategy of converting AWB to organic fertilizer is a
common practice that has been applied to oil palm. In that vein, Lim et al. [68] carried
out a fertilizer formulation process that incorporated organic and chemical compounds
based on sustainability indices. The formulation obtained consisted of 0.96 wt% urea,
1.14 wt% monoammonium phosphate, 0.10 wt% kieserite, and 97.81 wt% palm-based
organic fertilizer for oil palm. The circulation of resources that recovers biowaste has also
been applied in horticulture systems, with promising results that are making another goal
possible: replacing substrates obtained from processes under the perspective of the linear
economy [80].

Composting coffee residues was used as a circular practice to propose the LCA4CSA
method, which promotes climate-smart agriculture at the farm and cropping system levels.
This work quantified the climate change mitigation potential of the use of compost, which
ranged between 22% and 41%, by considering operations that occur on and upstream of
the farm [69]. They also noted contamination transfers between impact categories such
as climate change indicators, acidification, and terrestrial eutrophication. One emerging
biotechnological strategy is the combination of AWB and microbial biostimulants to reduce
contamination transfer, improve plant growth, reduce fossil fertilizer doses, and mitigate
abiotic stress [39,81].

Sugarcane straw has been studied for the economic, social, and environmental impacts
caused by manual and mechanical technologies for its recovery, as well as for the planting
and harvesting of sugarcane. Cardoso et al. [70] showed that there are clear differences in
the sustainable performance of manual and mechanized technologies. Manual technologies
encourage job creation but negatively affect internal rates of return, ethanol production
costs, and the environmental effect. By contrast, mechanized technologies present lower
ethanol production costs, higher internal rates of return, and better environmental impact,
confirming that mechanized scenarios are more sustainable.

The MCDA/LCA literature on soil amendments as biofertilizers for agricultural
management practices so far is industrially focused for commercialization. However,
no studies were found that sought to strengthen the economy of rural areas through
the valorization of AWB. An investigation that promoted this social purpose is the one
carried out by Juanpera et al. [82]. This work deduced that vermifiltration is a feasible
alternative for the post-treatment of digestates from low-tech digesters implemented in
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small-scale farms. Vermifiltration produces a high-quality biofertilizer, is easy to use, and
is implemented with local materials.

Biobased building materials are gaining ground in this research context. The circularity
strategy to produce construction biomaterials is to combine virgin materials and materials
recovered from AWB. For example, partially replacing the cement in the green concrete mix
with rice hull ash nanowaste particles has been shown to be a promising alternative [71]. Its
use reduces carbon emissions and requires less energy during the cement manufacturing
phase. Cotton mill waste is another AWB used as an input for alternative building materials.
Joglekar et al. [72] suggest that bricks based on this waste use fewer natural resources and
use moderate conditions in the manufacturing process compared to burnt clay bricks used
for masonry. Their study underlines that the serious handling and disposal problems of
this waste are converted into an opportunity for green construction.

There are applications in food waste recovery manufacturing strategy, biopolymer
production, biochemical synthesis, and animal feed with less dominance. The implemen-
tation of the MCDA/LCA framework, combined with the cost–benefit analysis has shed
light on optimal strategies for citrus waste management by companies [73]. Strategies
identified included the wholesale of imperfect but still edible waste as well as investments
in facilities to extract higher-value pectin using a microwave-assisted pectin extraction
process. Technological scenarios associated with the production of bioplastics have been
evaluated to determine the benefits that they produce at territorial scales [74]. The environ-
mental and economic performance at both laboratory and industrial scales of the extraction
of polyphenols from red wine pomace has been crucial for making decisions on process
standardization [75]. Lastly, some authors have indicated that using urban food waste as
animal feed is environmentally feasible if the safe recovery rate exceeds 48% compared to
the use of sanitary landfills and incineration [76].

The reported findings reveal that the macro-, meso-, and micro-scales have been
addressed. Most of the case studies have been conducted at the meso-scale (i.e., supply
chain and farm base), followed by the micro-scale (i.e., resources, processes, products),
and the macro-scale (i.e., national, regional, and world). The integration of studies at the
three scales would provide a complete picture of the circular bioeconomy debate in AWB.
Following this direction, research can strongly contribute to larger-scale policymaking to
foster circular and sustainable production patterns [83].

Three approaches must be promoted to move the circular bioeconomy toward sus-
tainability: sustainability of the bioresource base, sustainability of processes and products,
and sustainability of circular processes of material flows [84]. All the research summarized
above indicated that the use of the MCDA/LCA framework has been aligned with these
three approaches, mainly the second and third, suggesting that it has contributed to the
sustainable advancement of the circular bioeconomy. Although the prevailing narrative
in the literature is optimistic, there are critical positions on the barriers and limits, even
suggesting that “circular” does not necessarily mean “environmentally friendly”. The
rationale of this statement is associated with the rebound effect, the risk of greenwashing
strategies, and the development of new technologies without sufficient knowledge of their
consequences [85,86]. These aspects must be addressed on a case-by-case basis to guide the
academic community and determine the real benefits.

5.2. Stakeholder Engagement

The role, worldview, and values held by stakeholders strongly influence sustainability
motivation and performance [60]. The relevance of communication and cooperation be-
tween governments, organizations, and actors are essential elements for decision making
on sustainability [87]. The AWB literature associated with the MCDA/LCA framework
revealed that stakeholders are not considered in most studies. In fact, less than half of the
investigations included them (Figure 3A).
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Figure 3. Role of stakeholders in the joint use of MCDA and LCA for AWB’s circular bioeconomy
transition. (A) Typology of stakeholders. (B) Stakeholder engagement method—own elaboration.

The stakeholders included in the studies consisted mainly of researchers and supply
chain actors. Neighboring communities, workers, legislators, and farmers were less promi-
nent. Some works underline the involvement of researchers for their ability to objectively
compare sustainability impacts rather than relying on subjective opinions [57,58]. The fre-
quently observed reason for choosing stakeholders is experience and knowledge. However,
few studies have clearly documented a systematic selection of stakeholders, which could
affect fully encompassing the multifaceted connotation of AWB management.

The selection of stakeholders may be based on their legitimate participation. Although
there are divergent answers on how to define legitimate participation, Kruetli et al. [88]
suggest addressing the following two questions: Does the stakeholder affect or are they affected
by the decision? And what participatory approach does the stakeholder play? Brandt et al. [89]
contribute to this debate by proposing four degrees of intensity of legitimate stakeholder
engagement: information, consultation, collaboration, and empowerment. These grades are
distinguished according to the attitudes of the stakeholders toward the evaluation process.

The reviewed studies elicited that various stakeholder engagement methods have
been implemented. The popularly used method is to integrate the stakeholders into the
development of the MCDA technique, which is performed with face-to-face questionnaires
or via email (Figure 3B). Other methods used are interviews, focus groups, and surveys.
These methods are carried out when the role of the stakeholders is multifunctional and
independent of MCDA, thus contributing to various actions throughout LCA. De Luca
et al. [27] suggest that stakeholder engagement methods need to be carefully elucidated as
they determine the intensity of stakeholder engagement. Unfortunately, few studies have
reflected a comprehensive understanding of the significance of the participatory method
for stakeholders.

The literature showed that stakeholders have participated in all four phases of LCA
(Figure 4). The impact assessment phase is the most impacted, followed by the inventory
analysis phase. The interpretation phase is approached lightly, and the goal and scope
definition phases are substantially overlooked.

The most common reason for involving stakeholders is to weigh indicators during
the impact assessment phase. This trend, which was noted in AWB’s circular bioeconomy
transition, has also been seen in research promoting sustainable agriculture and renewable
energy technologies [42,43]. The major benefit of this practice is ranking impacts measured
by capturing multiple perspectives provided by stakeholders. Consequently, decision
making is less complex in the interpretative phase and is based on the real interests
of society.
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Figure 4. Contribution of stakeholders by LCA phases in the joint use of MCDA and LCA for AWB’s
circular bioeconomy transition. The percentage of use corresponds to the total number of publications
consolidated for this review—own elaboration.

As mentioned above, there are authors of studies that did not involve stakeholders.
They argue that the decision makers’ analysis is time- and resource-intensive, which may
hinder their application in practice [90]. They also expose that it is preferable to use
stochastic methods that avoid subjective value judgments about which indicators are most
important. Under this approach, different types of weighting, such as equal weights for all
criteria evaluated and higher criteria values, and methodologies to define weighting are
used [18]. Dias et al. [54] propose an analysis strategy based on stochastic multi-criteria
acceptability analysis and variable interdependent parameter analysis to provide an exact
limit of how much better each alternative is compared to another, from a perspective of
pairwise comparison.

While these studies are methodologically sound, Thokala and Madhavan [91] take a
different stance. They claim that the outputs will not be translated into tangible actions
because decision makers do not trust them due to their limited or no involvement in
the process. Iofrida et al. [92] describe that the consideration of stakeholder values is
challenging but should not be a scientific weakness to interpretivism to the point that it is
avoided. This review emphasizes that a methodological synergy can be achieved between
these two approaches. Scientific validity must be promoted and can strongly support
both the reconciliation of different objectives and the resolution of conflicting ambitions in
social contexts.

The grouping of indicators is the second action carried out by stakeholders during the
impact assessment phase, for which MCDA served as a methodological bridge. The two
most common options are grouping by sustainable dimension and grouping by relevance
to the identified problem. Both options lead to a decrease in the number of indicators that
favor the following actions in LCA; yet, grouping by sustainability dimension has been
recommended to encourage balanced approaches to sustainability [45].

Stakeholders have supported the inventory phase. The action preferably carried out
by them has been the selection of impact categories. This observation possibly responds to
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previously reported suggestions to mitigate the bias of the research authors themselves [93].
Stakeholder selection of impact categories reflected alignment with the LCA goal but not
the adoption of holistic sustainability perspectives. In line with this observation, Wang
et al. [94] suggest using the Sustainable Development Goals as a guide to choose and
structure the impact categories.

Stakeholders also perform actions such as interpreting aspects of the inventory and
assisting with data collection and processing. While several theoretical frameworks have
been proposed at a theoretical level, few works have documented comprehensive data col-
lection with stakeholders. Contrasting studies illustrating the specific benefits of including
stakeholders in the establishment of inputs have not been reported, but their influence may
promote a more accurate analysis of the study object. Regarding data management, stake-
holders have been reported to have contributed to the measurement of semi-quantitative
indicators, mainly in the social dimension [76].

Stakeholders have been involved in the interpretation phase to address uncertainties
and gain insights. A less considerate action for stakeholders is to propose recommendations
for future work. Interestingly, living stakeholder labs have been created to follow up on
the implementation of the findings obtained and thus establish a roadmap [63]. Living
laboratories, known as living labs, are open innovation ecosystems in real-life settings
whose main goal is to solve societal challenges through iterative feedback processes between
stakeholders for collective ideation and collaboration [95].

Stakeholders have been weakly linked to the scope and objective definition phase.
The sole action carried out by them is the establishment of alternatives and scenarios to be
evaluated through the MCDA/LCA framework. Stakeholders have not been considered
to identify the problem, establish the scope, and formulate the goal. Huttunen et al. [96]
reported that stakeholders can improve the definition of system boundary elements, goal
orientation, and the scope of the social dimension in the first phase of LCA. Stakeholders
can even be empowered by learning about the consequences of their decisions and actions.

In the scope and objective definition phase, it is key to make sure that the set of
stakeholders is comprehensively composed and that they represent all types of stakeholders.
It is relevant to consider whether there are any value chain stakeholders who are indirectly
dependent on the AWB. Garcia-Garcia et al. [73] exemplify this issue by asking the following
question: if local farmers are collecting waste for use as free animal feed, what would they do if this
supply became unavailable?

Taken together, stakeholder engagement reflected a routine development. The degree
of integration of the stakeholders was not at the process level but at the level of the final
findings. Their potential and development are partially exploited and detailed in AWB’s
circular bioeconomy transition when the MCDA/LCA framework is applied. The need for
inter- and transdisciplinary approaches that combine, interpret, and communicate scientific
and local knowledge is still increasing [97]. The processes of selection and involvement
of the stakeholders depend on the study context, but being aware of the different ways of
carrying out these processes contributes to the design of more meaningful, effective, and
practical processes in the MCDA/LCA framework.

5.3. Techniques Applied

In promoting AWB’s circular bioeconomy, the MCDA/LCA framework has shown the
integration of various multi-criteria techniques and life-cycle tools. As expected, the E-LCA
is the predominant tool in LCA; however, S-LCA and LCSA have rarely been applied, and
LCC is not reported (Figure 5A). This pattern has been described in both the standalone
implementation of LCA and its combination use with other tools [98–100]. Therefore, it is
not due to an incompatibility of LCA and MCDA.
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Figure 5. Use of tools in the MCDA/LCA framework for the transition to AWB’s circular bioeconomy.
(A) LCA tools. (B) MCDA tools. The frequency of LCSA use was not included in the S-LCA and LCC
tools. In other words, the percentage of application of S-LCA and LCC was based on their individual
use and was independent of LCSA—own elaboration.

The observed trend is to use the E-LCA and, at the same time, quantify various
economic and social parameters independently. The authors do not expose reasons to avoid
the implementation of S-LCA and LCC. However, three issues have been identified: (i) The
comprehensive sustainable assessment method based on life-cycle theory for AWB circular
management is still immature [6]; (ii) the E-LCA, LCC, and S-LCA analyses do not have
the same level of maturity [101]; and (iii) there is a lack of harmonization of LCA tools that
makes comparative analyses difficult [102].

E-LCA is a method that ISO 14044 standardized in 2006 and is widely used to investi-
gate the environmental impacts of products and processes [16]. LCC is not yet standardized,
but it considers all the costs and revenues attributable to cost objects from invention to
abandonment [103]. S-LCA is a methodology that has shown a lack of consensus, but it
has recently received standardization guidelines [104]. It evaluates the social impacts of
stakeholder groups throughout the product life cycle [105].

LCSA can be extremely useful when used in conjunction with MCDA, contributing to a
more comprehensive assessment and ensuring that all stakeholder concerns are included in
the analyses [44]. Despite these virtues, LCSA is rarely used. Its application has consisted of
the three life-cycle tools’ results evaluated separately, concluding the fence of sustainability
in a comparative way. This LCSA development path is due to the complex synergy of many
of the existing methods in LCA tools [106]. As an alternative option to LCSA, triple-bottom-
line evaluation has been used. The environmental bottom line has been calculated using
LCA, the economic bottom line has been determined using net present value, and the social
bottom line has been evaluated using SWOT analysis [76].

A study that is outside the context of this review but that represents a relevant refer-
ence for the use of LCSA is the one published by Hildebrandt et al. [107]. They assessed
three scenarios involving existing and future wood-based value-added networks in Ger-
many. The framework implemented in this work includes a set of 55 calibrated categories
to sustainably monitor regional bioeconomy clusters. According to Visentin et al. [18],
future research on LCSA should concentrate on three directions: standardizing analytical
methodologies, establishing and measuring indicators, and applying LCSA in case studies.
These priorities must be considered in the MCDA/LCA framework.
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The territorial metabolism–life-cycle assessment (TM-LCA) framework is booming for
circular AWB management. Its use allows for the study of the environmental and economic
consequences of AWB management chains on a macro-scale, addressing their complexity,
seasonality, and regionality [108]. Interestingly, the joint use of the multi-criteria approach
to TM-LCA has been highlighted for the simulation and prediction of the environmental
performance of future systems [109]. Its integration further extends the approach with
scenario analysis, including regional and seasonal aspects, several product life cycles, and
comparing these across a wide range of impact categories simultaneously [110].

The substantially used MCDA tools are AHP, TOPSIS, PROMETHEE-II, and MIVES
(Figure 5B). Other tools, less commonly reported, are ELECTRE II, EDAS, SMAA, VIKOR,
COPRAS, SMART, and MAVT. This trend indicated that the MCDA techniques used are
aligned with two typologies: the theory of multi-attribute value and the prioritization
and classification method, where the former is more prevalent. It is noteworthy that some
researchers stated that they were using a multi-criteria approach but did not refer to any
specific MCDA technique [27,111]. Some researchers describe the pros and cons of MCDA
models regarding the system and objective under study to determine the most feasible
model [41].

AHP is a hierarchical MCDA with levels of objectives, criteria, possible sub-criteria,
and alternatives. This method compares the criteria pairwise to determine a preference
ranking [112]. AHP has presented a broad area of application spanning the social, natural,
and economic sciences [113,114]. AHP is used in the LCA/MCDA framework to establish
the weight and ranking of the categories. The AHP method was applied either individually
or in combination with other MCDAs (i.e., AHP + TOPSIS + Entropy and AHP + VIKOR).
The most frequent application of AHP in the reviewed literature was to select AWB, the
conversion and processing technology, and the supply chain scenario that would lead to the
best sustainable beneficial impacts. The benefits of integrating AHP with LCA are that it is
a robust, flexible, and well-known method that clearly illustrates the pillars of sustainability,
measures the consistency of decision makers’ judgments, can be easily combined with
other methods, and presents an algorithmic structure that facilitates the communication of
results to decision makers [42,115].

The TOPSIS method is based on the idea that the chosen alternative should be the
shortest geometric distance from the best solution and the furthest away from the worst
solution [116]. It requires little input data and produces results that are both understand-
able and reliable. TOPSIS’s benefits include its simplicity, ability to measure the relative
performance of each alternative, and high computational efficiency [117].

PROMETHEE is a method that classifies and selects a finite set of alternative actions
between criteria that are often contradictory [118]. MIVES is a tool especially aligned to
sustainability that combines features of multi-level requirement aggregation, inclusion of a
weighting process, and indicator value utility functions [119]. MCDA technique compar-
isons have been reported to support appropriate selection based on study context [120,121].
Lastly, a potential strategy is to implement different MCDA techniques to compare the
weights obtained and consolidate them into a final ranking of the study alternatives. This
alternative provides a broader picture for decision making.

5.4. Impact Categories Assessed

AWB’s circular bioeconomy transition has been measured using 57 impact categories
spanning six dimensions via the MCDA/LCA association. Environmental categories
account for 39% of the total, followed by social categories (26%), economic categories
(18%), and technical categories (7%). Both the business strategy and government categories
received 5% (Table S3).

In many cases, the impact categories were established without regard for selection
criteria. Some studies base their impact criteria on previous studies conducted with similar
conditions [57]. In macro-scale studies, selection criteria such as reliability, measurability,
and relevance to the territory’s situation have been used [122].
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Global warming potential is the most measured indicator in the environmental area,
to the point that all studies included it (Figure 6). However, few authors measure it
in more specific terms, such as sulfur dioxide mitigation, nitrous oxide mitigation, and
chemical oxygen demand discharge, to provide a more detailed environmental description.
Overall, the findings showed global warming potential decreases through circular strategies,
indicating that it is possible to improve the current response to the global climate crisis [123].
Acidification showed a measurement frequency of 65%, while eutrophication showed a
frequency of 57%. These three indicators have been vital to studying the implications of
circular AWB flows. Contamination transfers from AWB to the system have been found in
them [41].

 

Figure 6. Impact categories most reported in the literature on the use of the MCDA/LCA frame-
work in AWB’s circular bioeconomy transition. The other categories are found in Table S3—own
elaboration.

Fossil depletion was the fourth most reported indicator, covering 48% of the literature.
This is a highly discussed impact category in LCA as it is a problem crossing the economy–
environment system boundary [124]. Water use and ozone layer depletion registered 43%
each. Moderately frequent environmental indicators in the studies are ecotoxicity potential,
land use, photochemical oxidation, and particulate matter. The above impact categories are
addressed in nearly every E-LCA. Rarely measured environmental indicators are residual
waste, macronutrient (N, P, and K) content recovery, recycled contents, and undesirable
substances.

Several authors have mentioned two limitations concerning environmental indicators.
The first is that the estimates of LCA impacts were limited to impact categories for which
inventory data were available [125]. The second is linked to the inaccurate interpretations
that can occur when the databases are not regionalized [126]. In response to these barri-
ers, computational frameworks have been proposed to strengthen the efficiency of data
collection in LCA, and government efforts to promote and finance this goal have been
highlighted on global agendas [127,128].
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Studying the social dimension to measure its feasibility in the circular bioeconomy has
always been a challenge [105]. The social indicators outnumber the economic indicators
when compared to the total number of indicators; however, there is considerable variation
in the number of indicators between studies. Consequently, current studies usually capture
indicators of environmental impact, economic indicators, and, on occasion, social indicators.

The most contemplated social indicator is human health, with its presence in more
than half of the literature. Previous works have emphasized the relevance of this indicator,
which is a long-lasting endeavor of mankind [129]. This category implies the evaluation
and comparison of both positive and negative human health impacts along product life
cycles [130]. Job creation is included in a third of the publications, and it is an indicator that
has received considerable research attention. Methodologies aimed at characterizing the
social dimension through the evaluation of potential job creation have been reported [131].
Social acceptance stands out with 26% usage. The focus that has predominated in the
categories of social impact is health and socioeconomic repercussions.

The participation of the workforce in each sector, occupational accident levels, educa-
tion levels, skilled labor, safety, odor generation, noise creation, participation of associations,
and stakeholder support are minimally measured. The researchers who included these
indicators acknowledge that they were useful but that they have not been adequately
disseminated in the scholarly literature; therefore, they recommend them for use in future
studies [63,132]. Bartzas and Komnitsas [133] underline that stakeholder support is crucial
for the success of any change and that its measurement is linked to the social sphere. They
quantified this indicator as the total number of training programs followed by the farmer.
The measurement of most social indicators is qualitative and does not follow the guidance
provided by S-LCA.

Analyzing the social aspects of biomass management, such as AWB, in a circular
bioeconomy can have several important benefits for participation, equity, effective policy
development, sustainability, and social acceptance. However, evaluating it can present
significant challenges, including complexity, a lack of data, different perspectives, and
cultural change [105]. Social aspects are inherently complex and multifaceted. Biomass
management can have implications for different social groups, cultures, and values, which
can complicate the identification of suitable solutions and strategies [134,135]. The circular
bioeconomy may require a significant cultural change and a new focus on the relationship
between society and natural resources, which requires novel approaches to promote it [12].
Although the reviewed studies did not state that strategies based on the circular bioeconomy
on AWB can have negative social consequences, it should not be assumed that these
strategies generate added social value automatically. Recent research has found that
circular economy practices can have negative social consequences, implying that each
practice should be evaluated individually for its social implications [136].

There are several calls that the academic community has promoted so that the social
sphere in sustainability is not neglected [137,138]. As LCA, MCDA, and their combined use
are involved, every practitioner must be certain that the social categories require more atten-
tion. Murphy [139] states that elucidating how the social pillar relates to the environmental
pillar will allow a clearer understanding of its significance in sustainable development. He
poses the following two questions: How might the goal of global equity be made compatible with
environmental objectives? And how might participatory mechanisms incorporate the aspirations
of vulnerable groups, current and future? The answers to these questions are key inputs for
formulating an alternative set of social impact categories. Gutowski [140] reported a criti-
cism of LCA, questioning where the people are. He provided a framework and examples to
illustrate how human behavior can alter the environmental outcomes suggested by LCA. In
response to this cross-sectoral challenge, Leipold et al. [141] suggest that social policies and
initiatives should be at the heart of circular bioeconomy narratives, highlighting collective
equity issues over individual opportunities for consumers and employees.

The economic dimension has had an impact on categories related to financial costs.
The cost of production leads the list of categories, followed by the revenue generated.
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Raw material costs and capital costs share the third position. Most studies ambiguously
describe production costs, without specifying whether feedstock costs, common goods,
utility costs, and maintenance costs are measured. The detail of the estimates has been
previously suggested [142]. Since economic activities can have a wide range of positive
and negative consequences, the need to broaden the scope of economic evaluations in LCA
has been suggested [143]. This criticism applies to the circular management of AWB, since
the impact categories used are limited to current economic structures and indicators that
do not denote the search for resilient economies. Valdivia et al. [144] invite us to rethink
the approach to the economic field in LCA based on inclusive paths that do not neglect
social stability.

The studies’ environmental, economic, and social developments revealed that there
are holistic assessments of sustainability. The impact categories that cover the three pillars
were balanced at the beginning of the studies, but when carrying out the discussion
with the stakeholders, the indicators decreased due to their level of association with the
defined problem.

Technology and government impact categories were included in the MCDA/LCA
analyses. The technological aspect was described by the level of technological readiness, the
level of readiness for demand, the level of readiness for integration, and the renewability of
resources. The aspects of government were analyzed in relation to the strategy, the brand
image, and the experience of the company [145]. The inclusion of these two aspects played
a key role in the decision-making process for the studies. However, its low prevalence in
the reviewed literature indicated that there is a negligent alignment between the purposes
of MCDA/LCA investigations and the objectives of business and government. Implications
arise when LCA findings are scaled up to make claims about possible future outcomes
within a scenario that ignores public and private sector goals.

6. Synergies and Trade-Offs in the Methodological Association

The complex links and trade-offs between AWB, the environment, and people under
a transformative circular vision are now sharply in focus. The growing understanding of
this three-way interaction has prompted the development of sustainable assessment frame-
works. This review reports that the MCDA/LCA framework has benefited AWB’s circular
bioeconomy. The primary motivation for its use has been to maximize economic perfor-
mance while minimizing environmental footprints. The predominance of eco-efficiency and
technical-environmental approaches demonstrate this. Debates have been published about
this motivation, since it does not represent the essence of sustainability [146]. Nevertheless,
the social sphere’s connotations are gradually being captured.

The relevance of the MCDA/LCA framework lies in promoting a multiple approach
based on dimensions, indicators, and stakeholders to assess and make decisions from the
perspective of the life cycle. The methodological synergy that the integration of MCDA
techniques into LCA tools has shown lies in the impact assessment phase. MCDA has not
been integrated into the processes or actions of the other three phases of LCA (Figure 7).
MCDA has traditionally been used to group and weight the outputs of LCA. As previously
stated, the weighting methods used were classified as “objective weighting methods”
using mathematical methods and “subjective weighting methods” using stakeholders.
Although the ISO standards on LCA do not require normalization, grouping, or weighting,
LCA practitioners see these as beneficial in simplifying the analysis of the overview for
decision making. This influence of MCDA is crucial to resolving trade-offs between impact
categories. It has been notably applied in different areas of sustainability [27,42].

The methodological trade-offs of incorporating MCDA into LCA have revolved around
three aspects: poor integration in the three phases of LCA, uncertainties, and operability.
Unfortunately, few authors either mentioned or applied recommendations and limitations
exposed in other works.
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Figure 7. Integration of MCDA into the LCA phases in the studies framed in the circular bioeconomy
of AWB and the benefits that MCDA can trigger if its complete integration is carried out—own
elaboration.

The absence of MCDA in the first, second, and fourth stages of LCA diminishes its
potential impact. The benefits provided by MCDA in the objective and scope definition
phase are the structuring of the problem and the mitigation of uncertainty in methodolog-
ical decisions. The description of the study context can present various challenges and
numerous solution alternatives that are not dimensioned and projected by the authors of
the paper. Likewise, recently proposed methodological innovations can be incorporated, or
methodological gaps can be identified and strengthened.

Including MCDA in the inventory phase supports the analysis of trade-offs between
inputs and outputs. Depending on the objective of the study, it is necessary to select
different typologies and numbers of categories. A greater diversity of typologies and
number of categories does not translate into a greater validation of the work. Tedious
processes can be simplified by including a small step based on MCDA. Furthermore, some
indicators are measured qualitatively, and for this, MCDA is suitable.

The primary benefit of incorporating MCDA in the interpretation phase is that it
strengthens decisions and projections. The establishment of roadmaps is uncommon, which
limits the dissemination of concatenated publications that can be used to justify policy
changes. Many more research efforts are needed to determine the acceptability of various
approaches and their adequacy to inform decision making in real-world situations [44].
Integrating MCDA into these three phases of LCA may represent small efforts compared to
the impact assessment phase.

The possibility that MCDA could introduce uncertainty through a loss of information
by adding subjective, value-laden data is an identified trade-off. To assess the effect of these
changes, for example, on the overall sustainability index weighting, a sensitivity analysis is
performed. Unfortunately, more than half of the reviewed studies did not have sensitivity
analyses. A robust treatment of uncertainty is often omitted or partially accounted for
by assuming selected key scenarios [147]. Several researchers have mentioned that the
MCDA/LCA framework is not operationally feasible as another trade-off. It implies

385



Sustainability 2023, 15, 5026

a considerable alignment of efforts that does not depend entirely on the scope of the
researchers.

To improve sustainability assessments under LCA, one or more MCDA processes may
be needed throughout its phases. This decision, however, must be carefully considered on
a case-by-case basis. In line with Dias et al. [44], two expectations of this review are that
LCA and MCDA practitioners collaborate more closely to investigate the potential of this
framework and that its use serves as a bridge between science and practice.

7. Key Issues for a Comprehensive AWB Recovery Sustainability Assessment through
the MCDA/LCA Framework

Research on AWB and sustainability issues has been prolific, and it relates to the
call to become sustainable for a cleaner planet [148–150]. It has produced an amount
of information that was not previously available, and the MCDA/LCA association has
contributed to this. Based on the shown potential of this framework and its adoption
by researchers and practitioners, it is expected that its use will continue to grow and
be implemented in other types of biomass. To enrich the methodological innovation of
MCDA/LCA research and thus support the emerging challenges and opportunities of
AWB’s circular bioeconomy transition in society, this review establishes the following five
suggestions:

First, explore new roles for MCDA throughout the phases of LCA, identifying which
techniques are feasible and which factors are necessary and deducing pros and cons. This
consideration will break with the routine adoption of the MCDA process.

Second, design an appropriate process for stakeholder identification and engagement.
Holistically articulating the stakeholders in the phases of LCA leads to benefits that depend
on the study contexts. It will also require novel forms of interaction and consensus building
to address bottlenecks and map out options for improvement among stakeholders.

Third, strengthen social and technological categories. The social dimension can be
analyzed through S-LCA and thus investigate the social consequences of a given change,
for example, the adoption of a new technology [70]. Both the United Nations Environment
Development Program’s life-cycle initiative and social hotspot database provide detailed
guidelines for the S-LCA of products [84], which can be adapted to the AWB recovery
context to advance in measuring their social feasibility. Likewise, it is necessary to deepen
technological implications that in some instances can be a limitation.

Fourth, examine what relevant legislation applies to the AWB in question in terms of
permits, taxes, and relevant financial incentives that might be available. Against this back-
ground, Stone et al. [146] propose a qualitative impact indicator called political/regulatory
compatibility that can be considered and diversified into more indicators for future studies.
The impact of MCDA/LCA results must be aligned with government and company goals.

Fifth, promote the articulation of studies at the micro-, meso-, and macro-scales that
allow moving from quantification to action. Processes of articulation and discussion of
the perspectives that unite the environmental, economic, social, technical, managerial, and
political spheres to create a shared vision and a road map will be necessary later [151].
The work published by Lopes et al. [152], which offers a description of how to perform
a collaborative process involving stakeholders to support the circular transition with a
projection to 2035 in the food and beverage packaging sector in Portugal, can be used as a
reference guide.

This review paper considered the literature within the parameters of the search criteria
used to find publications in databases. This implies that the search criteria (keywords and
Boolean operators) used do not allow for results to be generalized beyond the scope of
the study. Moreover, the final version of the published journal articles was considered.
There is the option of searching for additional articles that are not yet ready for publication.
Although these two factors may be limitations of this study, these are inherent in database
operation.
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8. Conclusions

The use of the MCDA/LCA framework has aided in the advancement of AWB’s
circular bioeconomy. It has been versatile due to the various applications, technologies,
and AWB reports at micro-, meso-, and macro-scales.

The operability of the MCDA/LCA framework has presented divergences in different
aspects. Stakeholders are partially considered in the studies, and neither their role nor the
characteristics of their selection are described in sufficient detail. Its potential is limitedly
exploited, which could reduce the impact, effectiveness, and practicality of processes. The
MCDA/LCA framework has shown the integration of various multi-criteria techniques
and life-cycle tools. The predominant methodological approach of life-cycle tools is to use
E-LCA and measure independently of various economic and social parameters. Barriers
still exist to using S-LCA, LCC, and LCSA. In contrast, the TM-LCA methodology is gaining
ground. The AHP and TOPSIS techniques are frequently used in MCDA. Its integration in
the LCA tools has focused solely on the impact evaluation phase, with the main purpose of
grouping and weighting the outputs of LCA. MCDA has the potential to generate benefits
per the LCA phase that need to be examined and proven.

The MCDA/LCA framework has supported holistic assessments of sustainability.
Environmental, economic, and social factors have been studied together with technical,
business strategy, and governmental aspects. The assessment of these last three categories
is still immature. The social dimension has received interest, but it must be strengthened,
while the economic dimension has not reflected innovation. Future studies are expected to
address and answer the questions discussed here.
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Abstract: The concept of sustainability reporting is now an essential tool through which organisations
demonstrate accountability to their stakeholders. The increasing market pressure coupled with the
awareness of the consequences of organisations’ activities suggests the need for organisations to
report their sustainability credentials. Sustainability performance reports should provide adequate
information on organisations’ social, economic, and environmental performance. However, the current
process through which organisations communicate their sustainability performance to stakeholders
is questionable and remains a significant concern. This study assessed the current state and direction
of research on sustainability performance reporting by conducting a bibliometric literature review of
peer-reviewed studies on sustainability performance reporting published between 1987 and 2022. The
findings highlight the misconceptions between sustainability and CSR when reporting organisations’
sustainability performance. Furthermore, businesses and scholars prioritise reporting instead of
communication with stakeholders. The observed lack of engagement with stakeholders indicates that
the reported performance may not reflect the impact of business activities on the three dimensions
of sustainability. Rather than adopting a one-way information dissemination approach, this study
concludes that the desired performance can only be achieved through two-way communication with
stakeholders.

Keywords: sustainability; communication; stakeholders; reporting; bibliometric review; sustainability
reporting; sustainability performance

1. Introduction

Sustainability is inherently complex, involving many stakeholders with different
interests and expectations [1]. Organisations across different sectors, including energy and
bioeconomy, demonstrate their sustainability performance (SP) by evaluating the social,
economic, and environmental effects of their business activities [1–3]. Bioeconomy, like
many other issues, is increasingly important and relevant in achieving sustainable goals [1],
necessitating the need for SP. On the one hand, SP shows organisations’ commitment to
the idea of sustainability to their business stakeholders and shareholders [4,5]. On the
other hand, companies now realise the potential of sustainability in creating business value,
increasing their market share while adding value to their customers, including shareholders
and stakeholders [1]. Although sustainability performance reports allow organisations to
address their stakeholders’ concerns, it also allows business executives and shareholders to
understand the impact of organisations’ business activities [6]. As a result, organisations
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need to publish their sustainability performance report (SPR) to demonstrate how their
policies and practices align with stakeholders’ expectations while ensuring the effective
and efficient utilisation of resources [7,8].

Relatively new, SPR emerged due to increased expectations for public disclosure
about the role of businesses in society, including how they contribute to the social, eco-
nomic, and environmental wellbeing of their business environment [9]. While different
terminologies such as citizenship reporting, corporate social responsibility reporting, cor-
porate sustainability reporting, and corporate accountability reporting have been used by
practitioners [3–5], the overarching goal of these concepts is to allow organisations to be ac-
countable for the consequences of their activities. These concepts highlight the contribution
and importance of business activities to the triple bottom line, economic, social and environ-
ment, which are considered the vital performance areas of an organisation [10]. While these
concepts are different, particularly regarding what they are designed to achieve [1,2], SPR
is a primary tool or platform for businesses to communicate sustainability performance and
achieve sustainable certifications/compliance [11,12]. Many businesses include sustainabil-
ity performance in their annual reports to report and demonstrate their commitment to
shareholders’ wants.

Identifying and effectively communicating sustainability objectives to business stake-
holders is crucial in achieving successful sustainable practices. When ecological problems
and sustainability-related awareness are not communicated, it becomes non-existent and
socially irrelevant [13]. These views emphasise the essence of communicating sustainabil-
ity performance with concerned stakeholders, which may legitimise business activities
within the business operating environment. Even though there are misconceptions in the
literature that SPR represents a means for organisations to communicate sustainability
performance to their stakeholders, the current approach negates the concept/theory of
communication. Companies provide information on their websites and corporate annual
reports regarding their sustainability performance; however, little or no attention is given
to the communication of sustainability performance in research and practice [13,14].

Despite the benefits of SPR in revealing the challenges and achievements relating to
sustainable activities to business stakeholders, it fails to engage stakeholders in dialogue
about the threats and opportunities associated with decision-making and strategies relating
to sustainability. The complexity of SPR is heightened by the lack of appropriate and
effective methodology and governance for organisations to communicate sustainability
performance to stakeholders across the three sustainability dimensions. The diverse meth-
ods, including the lack of clarity in the international standards for sustainability reporting,
indicate the difficulty for organisations to make operational improvements informed by
holistic assessments of their business activities’ consequences [15]. Therefore, this study ex-
amines sustainability performance reporting as a concept through a bibliometric account of
peer-reviewed literature to provide a reference point for further research and organisations
to address the challenges of communicating their sustainability performance to stakehold-
ers. It also highlights areas for future research on SPR. As a result, relevant peer-reviewed
articles on SPR were retrieved from different databases and systematically reviewed in
this study. Consistent with Tranfield et al. [16], this review seeks to map, consolidate, and
evaluate published studies on SPR to determine the focus of research, including the extent
to which sustainability communication rather than reporting is addressed in research and
practice. By addressing these fundamental thematic areas and highlighting the evolution of
sustainability performance reporting research over time, this bibliometric analysis provides
a roadmap for future research agenda and practice of SPR.

The paper begins with an overview of SPR literature to provide a context for the study.
This is followed by a theoretical perspective on sustainability reporting and the material
and method section. The findings of this review are presented under different themes, and
finally, the authors offer suggestions for future research.
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2. Overview of Sustainability Performance Reporting (SPR)

The global reporting initiative (GRI) is known for identifying, developing, and dissem-
inating globally applicable guidelines for sustainability reporting. However, the concept of
SPR remains a contemporary global concern, resulting in different ways in which reporting
is performed by various organisations [17]. Stakeholders are becoming more outspoken on
how organisations align their activities and operations with sustainable development prin-
ciples [5,6], reinforcing Kolk’s [18] assertion that different stakeholders are now much more
interested in SPR. Hence, organisations are under pressure to disclose their sustainability
performance due to their stakeholders’ concerns [7,19,20].

SPR is a means to appraise the economic, social and environmental impacts of the
business’s products, operations, and gross contribution to sustainable development. Ac-
knowledging stakeholders’ importance, GRI [21] defines SPR as the method of assessing,
disclosing, and being accountable to external and internal stakeholders regarding how
businesses contribute to sustainable development goals (SDGs). Furthermore, Fonseca
et al. [22] referred to SPR as a framework comprising indices, indicators, principles, con-
ceptual models, criteria, policies, and goals. Likewise, Kocamiş and Yildirim [23] defined
SPR as a report that provides information concerning an organisation’s social, economic,
and environmental performance. While SPR is perceived as a method or framework, it
provides an informative analysis of the organisation’s approach, progress, and issues in
achieving the goals of its sustainable development and strategy [24]. These views mirror
Yılmaz and Nuri İne’s [25] claim that SPR represents a means via which organisations
provide traceability of their sustainability operations or activities in terms of indicators.
The existing conceptualisation of SPR suggests it as an instrument for organisations to
present their overall social, economic, and environmental impacts to their stakeholders.
Arguably, SPR should foster the exchange of sustainability-related information between
organisations and diverse stakeholders.

Therefore, organisations’ focus should be beyond making profits for their shareholders
as they must consider the impacts of their operations on their stakeholders [26]. Organisa-
tions should have structured and formal performance indicators to assess their performance
as sustainable development agents [27]. Performance indicators have been considered the
most effective way of evaluating sustainability performance to present information for
management and decision-making purposes [20]. Furthermore, Singh et al. [28] added that
performance indicators are used to condense and summarise data to produce a report. Even
though scholars have argued that the selection of performance indicators is influenced
by the business activities of organisations, sustainability reports should focus on social,
economic, and environmental dimensions [29]. For example, biomethane plants could
provide economic and social benefits [1]; however, their sustainability impacts and how
they affect stakeholders should be examined and communicated with stakeholders.

2.1. Environmental Sustainability

All organisations have an impact on environmental resources. As a result, environ-
mental sustainability has been the focus of many studies compared to other dimensions of
sustainability. The consensus from the available studies suggests that organisations must
develop plans to monitor and measure such impacts and design strategies to ensure that
the environmental resources are used sustainably both now and for future generations [4].

2.2. Economic Sustainability

A sustainable economy focuses only on increasing the stock of man-made capital.
However, this study perceives "economic sustainability" as how business activities increase
man-made capital without having negative impacts on the environmental, social, and
human capital. In other words, economic sustainability refers to the consistent long-term
growth of business activities without jeopardising the environmental, social, and cultural
value of the community where businesses operate [30]. This view suggests that economic
performance indicators should address the organisation’s economic impacts on different
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stakeholders, demonstrating the contribution of businesses to the economic prosperity of
their local community.

2.3. Social Sustainability

Social sustainability is a complex concept with practitioners, including businesses,
often conflate the process with corporate social responsibility partly due to the lack of a
coherent and precise definition of social sustainability [31]. Despite the lack of consensus
in the literature, social sustainability addresses intra- and inter-generational equity and
emphasises the relationships between human activities and stakeholders, including com-
munities. Using Elkington’s triple bottom line model, this study defines social sustainability
as economic activities with minimal or no negative short/long-term effects on people and
society. From a business perspective, the dimension establishes decisions and priorities that
ensure the achievement of stakeholders’ needs and expectations, suggesting that the social
performance element focuses on organisations’ contribution to stakeholders’ wellbeing.

Sustainability performance reports (SPRs) offer organisations the opportunity to in-
corporate sustainable thinking into their planning, implementation, control, and decision-
making activities. Organisations must provide SPRs because it plays a fundamental role
in implementing sustainable development [27]. As organisations start acknowledging
the importance of SPR, the need for sustainable business practices becomes increasingly
apparent [29]. According to Alon and Vidovic [32] and Comyns et al. [33], SPR enhances
organisations’ reputations and strengthens their legitimacy, particularly through public
perceptions. Arguably, organisations that actively report their sustainability practices gain
a positive reputation from the stakeholders and promote transparency. However, organi-
sations must provide a feedback mechanism to allow suggestions and contributions from
stakeholders on how organisations could improve. This SPR approach reduces information
asymmetry [34], decreasing organisations’ risk exposure [35]. The feedback loop allows
organisations to be transparent in their sustainability reporting, legitimising their business
activities and enhancing their reputations with stakeholders. The observed positive relation-
ship between SPR and transparency [4,36] positions SPR as a legitimate way of elevating an
organisation’s reputation [37]. Therefore, publishing SPR habitually allows businesses to
maintain and increase stakeholders’ trust [38] and loyalty [39], providing the opportunity
for businesses to attract talented human resources and maximise corporate and stake-
holders’ wealth [11,40,41]. SPR could help promote a harmonious relationship between a
company and its stakeholders while fulfilling stakeholders’ expectations, reinforcing the
need for active stakeholder involvement in SPR [41].

Scholars argue that sustainability performance reports are useful for policymaking and
public communication because they provide information on organisations’ performance
in social, economic, and environmental development areas [28]. However, how organisa-
tions communicate sustainability performance to their stakeholders remains a significant
concern. Borga et al. [42] emphasised the need for a comprehensive framework to commu-
nicate and manage initiatives related to organisations’ environmental and social aspects.
SPRs are expected to bring about a balanced and complete picture of an organisation’s
sustainability performance; however, they are prone to a different interpretation from stake-
holders [43], possibly because the communication of sustainability results/efforts is mostly
unregulated [44]. This view further suggests the disparity in how information concerning
organisations’ sustainability performance is gathered, written, and disseminated.

3. Theoretical Perspectives on Sustainability Reporting

The need for organisations to be transparent and accountable in their activities and
operations has received the attention of scholars and practitioners in recent years [15]. This
awareness has resulted in increased disclosure by organisations of their performances due
to external influences [4,45]. This interplay makes stakeholder and communication theory
relevant in explaining why organisations should report their sustainability performance.
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Based on stakeholder theory, organisations have obligations towards different stake-
holder groups other than their shareholders [46]. The theory offers a unique approach to
understanding business responsibility by suggesting that it is imperative to meet several
stakeholders’ requirements while satisfying shareholders’ needs. Investors, employees,
suppliers, customers, shareholders, non-governmental organisations, trade associations,
the media, and other interest groups are different stakeholder groups identified within
the literature. In addition, Mitchell et al. [47] stated that the relevance of stakeholders is
determined by possessing one or more attributes of legitimacy, power, and urgency. Lee [45]
added that salient stakeholders’ pressure has a significant influence on an organisation’s
social behaviour. Stakeholders can influence an organisation’s actions and decisions based
on these attributes. This influence, therefore, compels organisations to yield to stakehold-
ers’ expectations on sustainability performance reporting [48]. Stakeholders’ potential to
exercise influence on an organisation’s behaviour has been an inherent part of the classic
stakeholder definition that stakeholders are any individual or group affected or can affect
by organisations’ activities when fulfilling their goals [49]. It echoes Guzman and Becker-
Olsen’s [50] assertion that organisations made significant changes to their activity and oper-
ation mode due to consumer actions. Arguably, integrating different organisations’ salient
stakeholders’ needs into the decision-making process to create sustainability performance
reports calls for effective communication with stakeholders.

Ziemann [13] referred to communication as a technologically and human-based activ-
ity of the reciprocal interpretation of signs and the reciprocal use of signs for successful
coordinating action, understanding, and shaping reality. This view suggests that communi-
cation involving at least two actors is a social process and contributes positively to obtaining
buy-in, mobilisation, and agreeing on a consensus between parties [51]. Communication,
therefore, plays a significant role within and outside the organisation’s environment. The
stakeholder theory supports the importance of communicating organisations’ sustainable
development. Communication transpires when sustainability-related matters and perfor-
mance are conceived, defined, discussed, planned, and initiated between an organisation
and its stakeholders [52].

4. Materials and Methods

Systematic and bibliometric literature review, which has drawn the attention of various
scholars from different fields of study, is a way of collecting and synthesising previous
research [16]. This review approach characterises research studies to address particular
issues and identify trends in research efforts [53]. Govindan et al. [54] added that conducting
a systematic literature review involves four sequential stages; this process (Table 1) was
adopted for the current bibliometric literature review.

Table 1. Systematic Review Process.

Four Sequential Stages Adopted Article Selection Stages

1. Perform a literature review of the available
studies on the topic.

1. Identifying journal articles that relate to
sustainable performance reporting.

2. Based on pre-determined criteria, develop a
classification framework. 2. Journal articles were coded into seven

themes.3. Tabulate and segregate the literature based
on the framework.

4. Using the classification framework, present
and organise the review.

3. Present the findings of the literature review
using the coding framework.

5. Review analysis and presentation of
suggestions for future work.

4. Discussions and proposed framework to
address the current gap in knowledge.

A bibliometric literature review is useful to quantify and highlight the pattern and
direction of research efforts on emerging issues while identifying the challenges and need
for future research. Many scholars, such as Fahimnia et al. [55], have successfully applied
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the approach to summarise research findings on similar themes based on predefined criteria.
This approach is consistent with Snyder’s [56] argument that an in-depth review, such
as a bibliometric literature review and systematic literature review, effectively provides
evidence of the effect that can inform practice and policy by synthesising the collection of
studies addressing a similar topic or theme. As a result, this study was conducted to inform
designing an effective communication framework by establishing the current knowledge
in SPR through published studies between 1987 and 2022 on sustainability performance
reporting. This period is considered necessary because sustainability became prominent
among researchers and practitioners due to the emergence of the Brundtland Report in
1987 [57].

Data Sources

To achieve the goal of this study, a search was conducted electronically, through the
Web of Science and Scopus, for relevant articles on sustainability reporting published
from 1987 to 2022 (see Figure 1). The databases were selected as they are considered
comprehensive and cover many fields of study and disciplines [58].

Figure 1. Article Search Scheme.

Figure 1 presents a step-by-step process to select the journal articles considered for
this bibliometric review. The initial search resulted in 1145 articles using the following key-
words: corporate sustainability reporting, socially responsible investment, global reporting
initiative, sustainability index, and global reporting framework. At this point, a two-stage
process for selecting and identifying relevant and appropriate studies was used. First, the
authors checked the journal articles generated through the search terms and/or phrases for
any duplicate records and relevance. This step was imperative as it is impossible to include
all the journal articles obtained from the search. We identified and removed 234 duplicates
from the 1145 retrieved articles, resulting in 911 relevant articles. In the second phase, we
applied search themes such as "sustainability", "sustainability performance", "sustainability
performance reporting", and "sustainability performance disclosure" to screen the identified
articles. After that, the authors checked the relevance of the remaining articles by reading
through the abstract and contents to establish that all the articles addressed sustainability
performance. At this stage, an analysis was performed to verify that all selected journal
articles’ discussion was about sustainability performance reporting or disclosure. Hence,
653 journal articles that did not integrate reporting or disclosure as a theme were excluded
from the study. Out of the remaining 258 articles, 199 articles were not considered in this
bibliometric analysis because they are non-English journal articles and reviews, while
13 articles were not accessible and were subsequently excluded from this review. In total,
59 peer-reviewed journal articles were considered relevant for this bibliometric review.

Appendix A shows the journals that published the reviewed articles and the number
of published articles per year. It should be noted that the focus of this bibliometric literature
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review is sustainability performance reporting rather than sustainability which could
influence the number of articles retrieved from each journal. The subsequent step, which
focused on coding the relevant articles in this study, entails data extraction and synthesis to
discuss the selected peer-reviewed studies. Information such as the year of publication,
authors’ name, study focus, study context, the industry of analysis, data collection methods,
study type, analytical tool, and continent were subsequently recorded. These data put
together formed the basis of the study analysis. The findings of the bibliometric literature
review were presented using the coding framework.

After retrieving relevant articles for this bibliometric literature review, classification
and coding were performed using letters and numbers (see Table 2). The following coding
procedures were applied in this study:

• Study focus, identified as item 1, is coded A to B. This coding focuses on whether the
study focuses on sustainability performance reporting or has common themes with
sustainability performance reporting.

• The study context, classified as item 2, is coded on a scale of A to C.
• The industry is classified as item 3 and is coded on a scale of A to E.
• The method of data collection, identified as item 4, is coded on a scale of A to G.
• Likewise, the study type identified as item 5 is coded on a scale of A to B.
• The analytical tool, identified as item 6, is coded on a scale of A to D.
• The study’s continent is classified as item 7 and coded on a scale of A–F.

Table 2. Journal articles classification and coding framework.

Classification Description Codes

Study Focus Sustainability performance reporting as the central theme 1A
Sustainability performance reporting as a supporting theme 1B

Study Context
Developing countries 2A
Developed countries 2B

Mixed 2C

Industry of Analysis

Extraction (Mining, and Oil and gas) 3A
Education/Public Sector 3B

Manufacturing 3C
Financial Service/Banking 3D

Others 3E

Method of Data
Collection

Observation 4A
Surveys 4B

Case Study 4C
Interviews 4D

Case study and Interviews 4E
Literature review 4F

Case study and Focus Groups 4G

Study Type Empirical 5A
Theoretical 5B

Analytical Tool

Qualitative 6A
Quantitative 6B

Mixed 6C
Not applicable 6D

Continent

Europe 7A
America 7B

Africa 7C
Asia 7D

Australia 7E
Mixed 7F

5. Results and Discussion

Only fifty-nine peer-reviewed studies were considered relevant for the review based
on the selection criteria, and the selected articles were included in the classification and
coding process (Table 3).
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Table 3. Included articles classification and coding.

Author(s). Study Focus
Study

Context
Industry of

Analysis

Data
Collection

Method

Study
Type

Analytical
Tool

Continent

Brown et al. [4] 1B 2B 3E 4D 5A 6D 7F
Günther [11] 1B 2C 3C 4B 5A 6A 7F
Ramos et al. [19] 1A 2B 3E 4B 5A 6A 7A
Fonseca et al. [22] 1A 2C 3A 4D 5A 6A 7B
Kocamiş and Yildirim [23] 1A 2A 3E 4F 5B 6D 7D
Alon and Vidovic [32] 1B 2C 3E 4C 5A 6B 7F
Borga et al. [42] 1A 2B 3C 4E 5A 6A 7A
Hahn and Lülfs [43] 1A 2B 3E 4F 5A 6A 7F
Fonseca [59] 1A 2B 3A 4F 5B 6D 7B
Fonseca et al. [60] 1A 2B 3B 4G 5A 6A 7B
Chang et al. [61] 1B 2B 3E 4C 5A 6B 7D
Scagnelli et al. [62] 1A 2B 3E 4C 5A 6D 7A
Fernandez-Feijoo et al. [63] 1A 2C 3E 4F 5A 6B 7F
Lodhia and Hess [64] 1A 2B 3A 4F 5B 6A 7E
Maubane et al. [65] 1A 2A 3E 4C 5A 6A 7C
Hinson, Gyabea and Ibrahim [66] 1A 2A 3B 4F 5B 6A 7C
Husgafvel et al. [67] 1B 2B 3C 4B 5A 6B 7A
Ng and Rezaee [68] 1B 2B 3E 4C 5A 6A 7F
Diaz-Sarachaga et al. [69] 1B 2B 3E 4F 5B 6D 7F
Herremans, Nazari and
Mahmoudian [70] 1B 2B 3A 4A 5A 6A 7B

Long et al. [71] 1B 2B 3E 4D 5A 6A 7A
Manetti and Bellucci [72] 1B 2B 3E 4F 5B 6A 7A
Maas et al. [73] 1B 2B 3E 4F 5B 6D 7A
Seele [74] 1B 2B 3E 4F 5B 6A 7A
Thaslim and Antony [75] 1A 2A 3E 4F 5B 6B 7D
Amoako, Lord and Dixon [76] 1A 2C 3A 4C 5A 6A 7F
Anusornnitisarn et al. [77] 1B 2A 3C 4B 5A 6B 7D
Arthur et al. [78] 1A 2A 3A 4C 5A 6A 7C
Aziz, and Bidin [79] 1A 2A 3E 4F 5B 6A 7D
Diouf and Boiral [80] 1A 2B 3E 4D 5A 6A 7B
Domingues et al. [81] 1A 2B 3B 4B 5A 6A 7F
Mickovski and Thomson [82] 1A 2B 3C 4E 5A 6A 7A
Hannibal and Kauppi [83] 1B 2B 3C 4D 5A 6A 7A
Kaur and Lodhia [84] 1A 2B 3E 4E 5A 6A 7E
Laskar and Gopal Maji [85] 1A 2C 3E 4C 5A 6D 7D
Niemann and Hoppe [86] 1A 2B 3B 4C 5A 6A 7A
Watson et al. [87] 1B 2B 3E 4F 5B 6D 7A
Calabrese et al. [88] 1A 2B 3E 4F 5B 6A 7A
Carp et al. [89] 1A 2A 3E 4C 5A 6B 7A
Dissanayake et al. [90] 1A 2A 3E 4C 5A 6B 7D
Semuel et al. [91] 1A 2A 3E 4F 5B 6B 7D
Kouloukoui et al. [92] 1A 2A 3E 4C 5A 6C 7B
Silva et al. [93] 1B 2B 3E 4F 5B 6D 7A
Poon and Law [94] 1B 2B 3E 4F 5B 6D 7D
Sari et al. [95] 1A 2A 3B 4C 5A 6B 7D
Saeed and Kersten [96] 1B 2B 3E 4F 5A 6B 7A
Khan et al. [97] 1A 2A 3D 4F 5A 6A 7D
Ionas, cu et al. [98] 1A 2B 3E 4F 5A 6B 7F
Ceesay [99] 1A 2A 3E 4F 5B 6D 7C
Journeault et al. [100] 1A 2B 3A 4C 5A 6A 7B
Park and Krause [101] 1A 2B 3B 4B 5A 6B 7B
Salehi and Arianpoor [102] 1A 2A 3E 4B 5A 6B 7D
Kumar et al. [103] 1A 2A 3A 4C 5A 6A 7D
Bananuka et al. [104] 1A 2A 3D 4B 5A 6B 7C
Ardiana [105] 1A 2B 3E 4C 5A 6C 7F
Raji and Hassan [106] 1A 2B 3B 4D 5A 6A 7A
Fennell and de Grosbois [107] 1A 2C 3E 4C 5A 6C 7F
Afolabi et al. [108] 1A 2B 3E 4F 5B 6D 7A
Tumwebaze et al. [109] 1A 2A 3D 4B 5A 6B 7C

5.1. Overview of Studies

Although sustainability as a concept came into the limelight in the 1980s [57], SPR only
received attention about a decade ago. Figure 2 revealed that SPR gained the attention of
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scholars from 2009, with the concept gaining more popularity from 2013 onwards, during
which an average of four peer-reviewed articles were published. This finding could be
explained by Mussari and Monfardini’s [17] assertion that SPR remains a contemporary
global concern as business stakeholders become more interested and outspoken on how
organisations align their activities and operations with sustainable development princi-
ples. According to Ardiana [105], stakeholders are increasing pressure on organisations to
disclose their sustainability performance.

Figure 2. Published Journal Articles by Year.

5.2. Studies Focusing on SPR

As presented in Figure 3, a considerable number of reviewed articles considered SPR
a central theme within their study. In contrast, only 18 peer-reviewed articles examined
SPR as a corroborative theme to other themes such as CSR, stakeholder engagement, and
transparency within their study [72,75].

Figure 3. Articles distribution by study focus.

This situation is probably because sustainability performance has increasingly be-
come a central concept among diverse disciplines. This observation is consistent with
Lozano’s [15] assertion that there is a continuous emphasis by scholars and practitioners
alike on organisational accountability and transparency in SPR. The dominance of SPR as
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the central theme in the review could be due to organisations’ response to their stakeholder
expectations [7,8,105]. These views emphasise the value and acceptance of SPR among
diverse disciplines in reporting the impacts of business activities on sustainability and the
risks they face.

Furthermore, while the articles reviewed have considered it a key objective to empha-
sise the importance of SPR, none attempt to focus on the need for communication. This
supports the argument that there is a lack of research efforts on communicating sustainabil-
ity performance [43,44]. Hence, Herremans et al. [70] concluded that direct communication
with stakeholders should be an essential characteristic of sustainability reporting.

5.3. Study Context

Most (i.e., 33) of the studies reviewed were carried out in developed economies
(Figure 4). Only 19 studies considered developing economies, while 7 focused on comparing
developing and developed economies. From Figure 4, it is obvious that SPR is receiving
more attention from scholars within developed economies than in emerging or developing
economies. One possible explanation is the importance of regulatory compliance of SPR in
fostering accountability and transparency in the most developed economy [59]. Arguably,
emerging or developing economies are presented with unique sustainability challenges
different from those experienced by developed economies.

Figure 4. Journal classification based on the study context.

Therefore, it is imperative for scholars and practitioners to further explore how sustain-
ability performance is assessed, monitored, and reported, including how SPR is evolving in
developing or emerging economies.

5.4. Industry of Analysis

This review (Figure 5) shows that previous studies examined different industries,
although over 55% (i.e., 35 studies) failed to identify a specific industry. Arguably this is
because the need to identify, measure and report sustainability performance is, to the same
extent, important for all industries irrespective of their business activities and impacts.
However, 14 studies were carried out within the extraction and manufacturing industry. It
could be because of the impact of these industries on the environment [110]. A total of seven
studies and three studies were carried out within the education and financial/banking
industries, respectively, while 35 studies were conducted in other industries such as IT,
real estate, NGO and tourism. These findings further suggest the need for scholars to
examine how organisations in other business sectors measure and report sustainability
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performance, including the extent of stakeholders’ involvement in the process. Moreover,
this clarification is necessary considering that disclosures positively impact a company’s
growth and financial performance [92].

Figure 5. Journal classification based on the industry of analysis.

5.5. Method of Data Collection

All the reviewed journal articles provided information on how research samples were
chosen, as shown in Figure 6. However, most of the reviewed studies (i.e., 37) use primary
data collection such as observation, surveys, case studies, interviews, and focus groups.
This trend could be attributed to the understanding that primary data collection allows
researchers to better understand, elaborate, and explain a subject matter in detail.

Figure 6. Journal classification based on the method of data collection.

Furthermore, 22 studies employed secondary data collection, such as company reports
and information from Bloomberg. While secondary data could be useful, there is a possibil-
ity of misrepresentation and information distortion when relying on secondary data. As a
result, scholars need to obtain original and first-hand data on organisations’ sustainability
performance to avoid information asymmetry. However, none of the studies considered
for review employed a mix of quantitative and qualitative data collection methods. There
is a need for further research studies employing a mixed-methods approach to improve
the analysis and findings of any SPR evaluation. According to Wisdom and Creswell [111],
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combining quantitative and qualitative data in a study can enrich the rigour of the research
process, including data analysis and findings.

5.6. Study Type

Out of the 59 studies considered for this bibliometric review, 42 are classified as empiri-
cal studies, consistent with Emerald Group Publishing’s [112] definition of research studies
that focus on observation and measurement of phenomena based on the researcher’s di-
rect experience. This finding (Figure 7) suggests that studies are applied primary data,
and results are based on the researcher’s first-hand and real-life experience. In contrast,
17 studies focused on explaining and formulating a theory to better understand the deeper
philosophical issue of the concept. These findings suggest the need for scholars to show
further interest in both theoretical and empirical studies. This is because empirical research
cannot be separated from theoretical studies, as consideration for theory forms the founda-
tion of most research studies. In addition, theory avails empirical studies as the lead way
to replicate and test the results of a study in different contexts [112].

Figure 7. Journal classification based on study type.

5.7. Study Analytical Method

It is methodologically important to understand how scholars analysed the collected
data in their studies. Our review shows that 47 studies provided information on how data
were analysed, while 12 studies were silent concerning the data analysis tool. As shown
in Figure 8, different methods, including qualitative (28 studies), quantitative (16 studies)
and a combination of the two methods (3 studies), were used across the identified peer-
reviewed articles. This finding revealed that content analysis and thematic analysis are
mostly adopted to examine sustainability reporting more in-depth using participants’ views.
On the contrary, quantitative analysis, such as correlation analysis, regression analysis, and
econometric analysis, is another method used by authors, suggesting that only a couple of
the reviewed articles are broadly using models/theories to understand and analyse the what
of SPR. However, only one of the journal articles reviewed used a combination of the two
methods. While it is difficult to argue in support of one analytical tool against the other, future
studies are encouraged to employ mixed-method methods, where the weaknesses/strengths
of qualitative and quantitative methods supplement each other.

5.8. Continent of Study

All journal articles (N = 59) reviewed for this study were conducted across five
continents (Figure 9). The breakdown shows Europe (18 studies), Asia (13 studies), America
(8 studies), Africa (6 studies), and Australia (2 studies). However, 12 studies involved
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researchers from two or more continents. The analysis shows that SPR has gained more
attention from researchers in developed economies than in underdeveloped or developing
continents such as Africa. This outcome suggests there is room for research activities in
developing continents such as Africa, but future research design should consider promoting
research activities between two or more continents.

Figure 8. Articles classification based on the study’s analytical method.

Figure 9. Articles classification based on the study continent.

5.9. SPR Indicators

Sustainability performance indicators are useful in assessing and optimising business
activities by determining inadequacies that could be removed or prevented [20]. Scholars
have strived to identify and understand several related SPR indicators in the last decade.
Most studies reviewed stated that organisations should provide information on their
social, economic, and environmental performances. However, scholars arguing from the
perspective of public relations [23], economics [65], and accounting [80] disciplines added
that organisations should also provide information on their governance performance.
Likewise, Kouloukoui et al. [92] asserted the need to disclose corporate climate risk within
the sustainability performance report. This is because corporate climate risk disclosures
have a positive and significant relationship with firm financial performance, size, and
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country origin. Their respective industry or sector influences the type of sustainability
performance information reported by organisations.

While Chang et al. [61] noted that sustainability performance varies across industries
as it is drifting towards continuous improvement in corporate sustainability performance,
Romero et al. [12] noted that comparing and evaluating organizations’ sustainability-related
performance is likely impossible due to the lack of sustainability reporting standards. These
views emphasise the need to investigate the type of information in sustainability reporting
to clearly understand the sustainability reporting phenomenon. Alghamdi [113] added a
need to justify the significance of such reporting by developing and regularly reviewing the
reporting of their sustainability performance. This aligns with Ionas, cu et al. [98] argument
that organizations presenting both quantitative and qualitative key performance indicators
is imperative to reveal the degree of achievement of the SDGs. These views emphasise the
need to provide transparent and complete sustainability performance reporting.

The majority of the journal articles argued that sustainability performance reports are
the kind of corporate reports that foster the transfer of social, economic, and environmen-
tal impact of organisation activities to their stakeholders [23]. Consistent with Niemann
and Hoppe’s [86] assertion, there is a need to develop an effective approach or a single
document to engage all stakeholders through SPR due to the lack of a "magic tool" to
achieve communication and management functions. These views suggest that SPR cannot
fulfil the role of communication between organisations and their respective stakeholders.
Hence, Borga et al. [42] emphasised the essence of a comprehensive policy to communi-
cate and manage sustainability performance initiatives achieved by enterprises. Likewise,
Herremans et al. [70] argued that direct communication with stakeholders is essential for
sustainability reporting. Silva et al. [93] concluded that without clear and definitive consid-
eration of stakeholder expectations in measuring and assessing sustainability performance,
results often result in stakeholder dissatisfaction.

6. Conclusions and Direction for Future Research

This study presents the current state and direction of research on sustainability per-
formance reporting considering stakeholders’ increasing concerns for organisations to be
sustainable. It is, therefore, imperative to evidence the lack of research efforts on communi-
cating sustainability performance [43,44].

According to the results, there are misconceptions between sustainability and CSR
when reporting organisations’ sustainability performance; however, businesses and schol-
ars prioritise reporting instead of communication with stakeholders. The observed lack of
engagement with stakeholders indicates that the reported performance may not reflect the
actual impacts of business activities on sustainability. Effective communication is necessary
considering that achieving the balance point between economic prosperity, environmental
improvement, and social equity [1] without stakeholders’ engagement is complex and
unrealistic. This review, therefore, argues for a need to consider sustainability performance
communication when reporting or investigating organisations’ sustainability performance.
Organisations need to include a feedback mechanism when reporting their sustainability
performance to establish their stakeholders’ satisfaction with their performance and un-
derstand areas of improvement. Although there is a consensus that organisations should
report their economic, social and environmental performance to stakeholders, many schol-
ars argue for the inclusion of corporate governance performance.

Future studies should examine the sustainability performance of organisations in
developing economies to reduce the negative consequences of business activities. Moreover,
cross-continent comparison is another important research area that future studies could
address. Furthermore, this work has not addressed the impact of SP on specific stakeholders,
such as consumers, value chain actors, general society, local community and workers;
future studies should evaluate this aspect [114], considering the increasingly complex
sustainability challenges facing stakeholders. While this review observed that scholars
generally adopted mono-method when investigating SPR, future studies should employ
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a combination of quantitative and qualitative methods to offer a robust explanation of
organisations’ sustainability performance.

Despite the contributions of this review, some limitations should be addressed in
future bibliometric and systematic review studies. Firstly, future studies should consider
different parameters, including non-peer-reviewed articles, when selecting journal articles
for review. Hence, published books, non-referenced or peer-reviewed journal articles, and
conference papers should be included in future studies. Secondly, using language as one
of the selection criteria suggests that this review might have excluded many studies not
published in English.

This study argues that stakeholders’ roles should be considered when reporting
sustainability performance. It proposes that stakeholders’ needs should be incorporated
into the decision-making process when creating a sustainability performance report. The
current study contributes to both sustainability performance and communication literature.
Identifying research studies addressing sustainability performance reporting is a means
to justify the complex concerns involved in communicating organisations’ sustainability
performance. This approach, therefore, creates an avenue for both empirical and theoretical
research studies to understand how organisations should communicate their sustainability
performance to their stakeholders. The need for two-way communication, including its
impacts on sustainability performance, requires further investigation.
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Appendix A

Table A1. Journals of the reviewed articles.

Journal Name
Number of Articles per Year

Total
2009 2010 2011 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Business Strategy and the Environment 1 1

Environmental politics 1 1

Corporate Social Responsibility and
Environmental Management 1 1 2

International Journal of Sustainability
in Higher Education 1 1

Journal of Cleaner Production 2 2 3 1 8

Accounting and Control for
Sustainability 1 1

Journal of Business Ethics 2 1 3

European Journal of Economics and
Business Studies 1 1

Accounting, Auditing & Accountability
Journal 1 1 1 1 4

Public Relations Review 1 1

Corporate Reputation Review 1 1

Communication 1 1
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Table A1. Cont.

Journal Name
Number of Articles per Year

Total
2009 2010 2011 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

International Journal of Sustainable
Engineering 1 1

Journal of Corporate Finance 1 1

Ecological Indicators 1 1

Journal of Applied Leadership and
Management 1 1

World Scientific News 1 1

Meditari Accountancy Research 1 1

International Journal of Innovation and
Learning 1 1

The International Journal of Business in
Society 1 1

Journal of Human Capital Development 1 1

Journal of Environmental Management 1 1 2

Ecological engineering 1 1

International Journal of Production
Economics 1 1

Asian Review of Accounting 1 1

Public Management Review 1 1

Journal of Product Innovation
Management 1 1

Technological and Economic
Development of Economy 1 1

Sustainability 1 1 1 1 4

Pacific Accounting Review 1 1

Indonesian Journal of Sustainability
Accounting and Management 1 1

Human Resource Management Review 1 1

International Journal of Innovation,
Creativity and Change 1 1

International Journal of Sustainable
Development & World Ecology 1 1

Jindal Journal of Business Research 1 1

Critical Perspectives on Accounting 1 1

The TQM Journal 1 1

Business and Society Review 1 1

Journal of Intellectual Capital 1 1

Meditari Accountancy Research 1 1

Tourism Recreation Research 1 1

Journal of Global Responsibility 1 1

Total 59
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Abstract: As a proposed pathway to societal transformation, the bioeconomy is aimed at providing a
sustainable alternative to the fossil-based economy, replacing fossil raw materials with renewable
biogenic alternatives. In this conceptual contribution, we argue that it is impossible to transform
societies into sustainable bioeconomies considering the narrow boundaries of the bioeconomy as a
policy. Drawing on approaches including agro-food studies, cheap food, and agrarian extractivism,
we show that the bioeconomy is entangled in a broader context of social relations which call its
claim to sustainability into question. Our analysis of the global soy complex, which represents
the core of the current agro-food system, demonstrates how the bioeconomy perpetuates global
inequalities with regard to trade relations, demand, and supply patterns, as well as power relations
between the involved actors from the global to the local level. Against this background, we propose
a fundamental rethink of the underlying understanding of transformation in bioeconomy policies.
Instead of thinking the bioeconomy only along the lines of ecological modernisation, its proponents
should consider studies on social-ecological transformation, which would entail radical structural
change of the prevailing food regime to cope with the social-ecological crisis.

Keywords: agrarian extractivism; bioeconomy; cheap food; food regime; Latin America; social-ecological
transformation; soy

1. Introduction: Bioeconomy, Flexible Biomass, and Societal Transformation

As a proposed pathway to societal transformation, the bioeconomy is aimed at devel-
oping and implementing new technologies to produce biomass and transform it into a range
of products. Various forms of biomass are to replace fossil resources for energy production
and industrial raw materials. Products mostly from agriculture (but also from forestry
and aquaculture) are to be turned into flexible biomass for universal usage in “biorefiner-
ies” [1] (p. 95) or used to produce biofuels or recently also biomethane [2]. In addition, the
bioeconomy agenda claims to provide a sustainable alternative to the fossil-based economy
as fossil raw materials are to be replaced with renewable biogenic alternatives [3]. Over
60 countries have adopted bioeconomy strategies or are pursuing bioeconomy-related
policies in addition to a growing number of macro-regional bioeconomy strategies such
as the one drawn up by the EU [4] (p. 13). This strategy constitutes a multi-faceted global
transformation project, as it sets different priorities in research funding and incentives
for bioenergy.

However, various national strategies have come under criticism, since they foresee
a rise in the agroindustrial production of soy, palm oil, and corn—crops that have come
to dominate the contemporary global agro-food system and that are exacerbating climate
change, land use change, and land grabbing [5,6]. Therefore, the bioeconomy agenda can
aggravate problems already discussed in the food versus fuel debate [6,7]. Consequently,
nowadays, many policymakers and expert fora recognise the conflicting socio-ecological
objectives and interests that are present in the bioeconomy from the local to the global level.
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This acknowledgment is clearly visible in Germany’s latest bioeconomy strategy, which
emphasises the need to avoid negative socio-ecological impact in order to strengthen the
participation of civil society and to achieve the sustainable development goals (SDGs) [8].
Thus, transformation in this context not only involves replacing fossil fuels (the basis
of modern societies) with biomass. Rather, this material transformation is now to take
place in harmony with the goals of sustainable development worldwide. However, this
acknowledgment at the policy level has not led to a reversal in the trend towards expansion
of biomass production or even helped mitigate its negative socio-ecological impacts [9].
This, of course, conflicts with implementation of the SDGs.

Against this background, aspects of sustainability in the bioeconomy have become an
increasingly important issue for research on bioeconomy policies and in related academic
debates [10–12]. In this conceptual contribution, we advance the thesis that it is impossible
to transform societies to sustainable bioeconomies that achieve the SDGs, considering the
narrow boundaries of the bioeconomy as a policy. Insights from critical agrarian and food
studies demonstrate that change and continuity in agricultural biomass production should
not be thought of as isolated processes. The understanding and possible transformation
of patterns in agricultural biomass production need to include analyses of historical roots,
these patterns’ embeddedness in wider social relations, and the relevance of power relations.
Exploring this argument in detail, we show that critical analyses of the global soy complex
provide an understanding of the prospects of the emerging bioeconomy as a societal
transformation. The guiding questions for our study are twofold: What are the limits
of bioeconomy as a strategy for societal transformation? And more specifically: What
does the development of the existing global soy complex tell us about the prospect of
bioeconomy transformation?

To answer these questions, we draw on concepts including agro-food-studies [13,14],
agrarian extractivism [15–17], and cheap food [18]. These approaches enable us to gain a
deeper understanding of historical and structural patterns from the global to the local level
that shape all biomass producing industries and attempts to transform them to increase
sustainability. In combination, these concepts provide an innovative theoretical framework
for our conceptual contribution on the bioeconomy. The theoretical argument is empiri-
cally underpinned with data and qualitative studies on the social relations encompassing
production, distribution, and consumption of soy and its derivatives. The soy sector is
the empirical focus of this study because it is particularly well suited to be used to flesh
out a historically rooted, global perspective on the bioeconomy. This view is based on
the assumptions that (a) specific social relations, such as those in the soy sector, cannot
be understood exclusively in their local context, but are globally embedded in broader
social structures; (b) the global soy complex constitutes the core of the current agro-food
system—The system that is to evolve into a future bioeconomy; thus, (c) the dynamics
of the global soy complex foreshadow issues that would be associated with a full-scale
bioeconomy; and (d) the same global social inequalities that shape the soy complex today
question the socio-ecological sustainability of the bioeconomy.

Soy is the most important agricultural biomass commodity to date and has globalised
production and trade networks. In 2020/2021, soy was grown on 129 million hectares
worldwide, almost half of which was in South America [19] (p. 32). This is leading the
region to be described as “soylandia” (in English: soy land) [20] (p. 119). The ecological
changes are far-reaching, compelling some researchers to speak of the “soy-isation” of
agriculture [21,22]. As a flex crop [1], soy can be used in the food, fodder, energy, and other
industrial sectors, depending on which form of further processing is more profitable. In
addition, the soy sector has been the site of various forms of technological innovation with
the aim of improving efficiency and productivity, for instance, by increasing yields through
transgenic technologies as well as through better farming techniques such as no-till farming
and crop rotation with corn. However, technological innovation has neither led to a halt
in the expansion of cultivated areas, nor to more sustainable production [23]. This fact
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highlights the limitations of a merely technology-driven transformation strategy and the
need to analyse the complexity of historical global contexts.

In this study, we analyse the global soy complex and its exemplary role for a bioe-
conomy with the aim of grasping the transnational social relations it embodies. South
America, the main production region, plays a central role in our reflections. Other world
regions, which play an important role in bioeconomy visions and in biomass markets
beyond soy, are therefore not within the scope of this study. In our understanding, the
term “soy complex” encompasses the (mainly transnational) enterprises selling inputs
(seeds, pesticides, fertilisers, and machines) necessary to grow soy, as well as (the mainly
different) companies buying soy from farmers to process it into food, fodder, or biodiesel,
and to store, transport, and export it. Both the upstream and downstream side of the soy
complex is dominated by a handful of economic actors—despite regional differences—that
have a tendency towards oligopolistic structures. The analysis of the development and
prospects of the soy complex at the heart of the global agro-food system and its links to
the bioeconomy serves to clarify the role and impact of bioeconomy transformation in a
world of inequalities. The evidence leads to the conclusion that a just and truly sustainable
transformation of the global agro-food system requires more than what current bioeconomy
policies can deliver.

2. Theoretical Analysis of Socio-Ecological Inequalities in the Soy Complex

We use theoretical concepts that capture the global agro-food system in its entirety
including its dynamics of transformation to fully grasp the circumstances under which
bioeconomy policies operate on a global scale. Concepts embracing this perspective have
been developed in the tradition of world systems analysis [24]. More specifically, and for
the analysis of agriculture as a central field of biomass production with soy as a pivotal
global crop, the concepts of food regimes [25], cheap food [18], and agrarian extractivism [16]
are useful.

Food regime analysis is a perspective on global patterns of agriculture, food processing,
and consumption that goes back to a seminal article by Friedmann and McMichael [25].
Food regime analysis proposes understanding the political economy of food on a global
scale in relation to the process of capital accumulation: “The difference made by food
regime analysis is that it prioritises the ways in which forms of capital accumulation
in agriculture constitute global power arrangements, as expressed through patterns of
circulation of food” [13] (p. 140). Historically different food regimes can be distinguished;
food regimes are defined as temporarily stable sets of implicit and formal rules governing
the global agro-food system [26] (p. 30).

Coined by Jason Moore [18], the concept of cheap food explains the structural function
of the production of cheap surplus food under capitalism as central to the reproduction
of the growing working classes in the urban centres. Furthermore, it draws attention to
how cheap food is produced through productivity revolutions and commodity frontiers,
which appropriate, sometimes dispossess, and exploit natural resources, spaces, and people
all over the world. Thus, examining the issue through the lens of cheap food helps to
provide an understanding of the current expansion dynamics of soy, as it conceptualises
transnational interrelations between consuming and producing classes and regions at the
world scale.

The concept of agrarian extractivism has been introduced to describe an economic
strategy used by countries in the Global South to generate wealth via the extraction of
resources from the ground, as well as by producing large quantities of flex crops for the
global market. The term is mainly used to criticise the negative economic, social, and
environmental consequences of such strategies. The expansion of soy in the Conosur region
has been the first field beyond fossil fuels and mining where the concept of extractivism
has been discussed broadly [27,28]. The debate has led to the development of the term
“agrarian extractivism” [29–31]. The concept helps provide an understanding of the specific
political and economic power relations that hamper socio-ecological transformations.
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On the basis of their common lineage from word-systems analysis, the three concepts
provide an understanding of the historically developed structures and inequalities of
global capitalism and its roots in colonialism. In this understanding, modern capitalism
has historically developed with and through the incorporation of the Americas into the
world system. Colonialism and the extraction of raw materials from Latin America and
the Caribbean (world systems analysis stresses the importance of the colonisation of the
Americas for the world system and the emergence of capitalism. Nevertheless, this does not
mean that colonialism in Africa and Asia was less brutal or less important. For Wallerstein’s
analysis of colonialism in Africa, see [32].) has been crucial to the development of wealth
in Europe and the constitution of the capitalist world system. On this basis, the three
approaches complement each other effectively as part of our analysis: the food regime
serves as an overall framework to understand the rules governing agriculture and food
production on a global scale. It also highlights the connection to broader social relations
in global capitalism. The cheap food perspective helps us gain a deeper understanding of
the political economy of consumption patterns by analysing the underlying relations of
production. Finally, agrarian extractivism provides an understanding of the specific social
relations entailed in the soy complex in South America.

Despite their diverging focus, all three concepts emphasise similar dimensions that
are important for our analysis. First, they underline the historical roots of contemporary
societies and the weight of past processes (such as colonialism) in shaping social relations.
Second, they stress structural inequalities as defining features of society from the global to
the local scale. Third, they acknowledge the role of collective actors and the power relations
between them in reproducing or transforming social structures. The following analysis is
structured by these three dimensions.

In the first chapter, we outline how the food regime (and the soy complex as a part of
it) has evolved historically. In the second chapter, we explain the expansion dynamics of
soy using Moore’s argument about the structural need to produce cheap food. In the third
chapter, we show which actor constellations and power relations support the continued
expansion of this sector by looking at the main cultivation regions in South America. To
this end, we evaluate the current research on soy in the region. At the end of each chapter,
we directly link the findings to the emerging bioeconomy and its impact.

3. Historical Contextualisation: Deep-Rooted and Continuous Inequalities

An understanding of the historical roots and trajectory of the global soy complex
and the wider agro-food system is fundamental to our perspective. As mentioned above,
colonialism and its role in the development of the modern capitalist world system is a
central aspect. Food regime analysis, which we use as a framework, emphasises that this
historical relationship is not a linear development but needs to be seen as a succession of
qualitatively different periods and respective food regimes. Friedmann and McMichael [25]
initially identified two food regimes: A first “imperial” regime under British hegemony
ranging from 1870 to 1914 (McMichael and other authors later extended the period of the
first food regime from 1870 to 1930; see [13,20].) and a second “developmental” regime
under U.S. hegemony from 1945 to 1973. A vivid debate is taking place about whether a
third food regime (for the period since 1973) is emerging or has already established itself
and how it is to be conceptualised [33] (pp. 18–21). McMichael suggests that a “corporate
food regime” began in the 1980s, and this seems to be an accurate assessment from the
vantage point of the global soy complex. There are substantial differences between the
present and earlier food regimes when it comes to the role of soy.

In the first “imperial” food regime under British hegemony, soy was a supplementary,
albeit relatively cheap source of protein and fat for the European working classes, and it
was produced mainly by Chinese settler families and sold to Europe as part of the British
free-trade paradigm and the gold standard [20] (p. 140). As a whole, the imperial food
regime was centred around the British state and capital and included two major global
food flows [13] (pp. 144–145). Tropical foods such as sugar, coffee, and fruit were imported
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from plantation colonies to Europe, while temperate foods, mostly wheat and meat, were
imported from settler colony states such as the USA, Argentina, Australia, and South
Africa. Extracting relatively cheap foodstuffs along with other raw materials in different
colonial frontiers at the expense of local populations (over-exploitation of paid labour
and appropriation of unpaid labour) as well as nature (appropriation of untilled land,
exhaustion, and degradation of soils) enabled British and European capital to provision
a growing industrial labour force [13] (p. 145). The two food flows were part of two
contemporary dynamics in the world system: “the culmination of European colonialism in
Asia and Africa (colonies of ‘occupation’) and the ‘rise of the nation-state system’ in which
(former) colonies of ‘settlement’ were now independent” [33] (p. 3). The institutional rules
of the imperial food regime were suspended during WW1 and finally crumbled during the
1929 global economic crisis [20] (p. 121).

By the second “developmental” food regime (1945–1973), soy had already become a
central ingredient in the transformation of agriculture and the post-WW2 international divi-
sion of labour [25] (p. 110). In this U.S.-centric regime, soy was produced by an expanding
U.S. agro-industrial complex and partially shipped under GATT tariff exemption to Europe
as feed for the growing meat production in the post-war era [25] (p. 107). Simultaneously,
soy surpluses such as other cheap foods were used politically by the USA during the Cold
War to influence the growing number of newly independent nation states in the Global
South [20] (p. 122). The expansion of the soy complex in the USA started in the 1930s after
the exhaustion of the family-farming model based on wheat during the “Dust Bowl”, and
this provided it with a dominant position on the world market until the 1970s [14] (p. 252).
As the physical expansion of farming in the USA had ended during the previous food
regime, the growth of the soy complex took place primarily through the displacement of
other crops, as well as through mechanisation and the application of new (agrochemical)
technologies [14] (p. 252). This perceived U.S. model of national development based on
modernising the farm sector in conjuncture with industry was publicly promoted but
also forcibly implemented as an example for the rest of the world under the label of the
“Green Revolution” [13] (pp. 145–146). The fictitious picture of national sovereignty con-
veyed by the U.S. development model stood in contrast to the construction of increasingly
transnational commodity chains in agriculture that penetrated national economies under
the control of U.S. agribusiness.

As the global economy entered a prolonged crisis in the mid-1970s, including the
regulation of global markets for food commodities, a new phase began in the globalisation
of soy. The liberalisation of these markets and the increasingly dominant position of TNCs
(ABCD group, see below) in the 1980s, marked a shift towards what McMichael calls the
“corporate food regime” [34]. In this context, soy has been transformed into an increasingly
flexible crop, and cultivated under the control of transnational agribusiness mostly in
South America to be channelled through liberalised global markets to Europe and China to
provide the growing labour forces with a meat/protein-rich diet [34] (pp. 288–289).

From the 1970s onwards, soy producers in South America posed increasing competi-
tion to the soy farmers in the USA [14] (p. 258). In the context of the corporate food regime,
Brazil and the other countries in the Southern Cone region became the main producers of soy for
the world market. This was achieved through the expansion of land used for soy farming but
more importantly through the application of new technologies such as GMO soy, which is resis-
tant to specific pesticides that are intensively used in soy cultivation [14] (pp. 259–263). After a
few years, it became clear that the main beneficiaries of this model were the transnational
companies that sell the “technological package” of GMO seeds and pesticides [35] (p. 67).

As soy production in South America is primarily directed at the global market un-
der the control of agribusiness TNCs and because these activities contain few linkages
to local production and consumption, they constitute an exemplary form of agrarian ex-
tractivism [29]. High volumes of raw or semi-processed materials are shipped out of the
country to fulfil global demands for resources. This form of production is based on the ex-
traction of nutrients from soils, which are degraded in the long term by soy cultivation [36],
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as well as increasing land demands, leading to displacement of subsistence farmers and
indigenous groups and significant environmental impact such as deforestation, erosion,
and contamination of water sources [37] (p. 51).

The soy complex in South America was one of the first fields in which the corporate
food regime developed an entirely flexible crop. Only 6% of soy is currently used to feed
people; most of it is used for agro-industrial feedstock including fodder as well as for
biodiesel and industrial products [23] (p. 252). Through the lens of food system analysis,
soy, among other crops, constitutes a biomass resource, which is seen as interchangeable:

“The corporate food regime has progressively modelled a form of agriculture
valuing its product solely as a commodity. The bio-economy represents the high-
est stage of commodification in the fact of crop substitutability. Here, exchange
value erases use value, and crops become fungible investments as the multiple
uses of corn, soy, palm oil and sugar, for example, whether as foods, feeds, fu-
els, cosmetics, stabilizers and so on. For the crops mentioned, their conversion
from food to exchange-value is the ultimate fetishization of agriculture, as an
input-output process geared to indiscriminate production of commodities for
profit.” [38] (p. 132)

As the quote shows, the main aim of the bioeconomy—to replace fossil resources for
industrial uses and energy production with biogenic resources (see the Introduction)—leads
crops such as soy to be conceptualised as interchangeable inputs in a global economy; this
strengthens unequal and extractivist relations at the sites of production. Moreover, the
emergence of soy as a flex crop rests upon the extractive relations established in Latin
America since colonial times and the historic shift from a developmental to a corporate food
regime on a world scale. These historical roots are deepened in a bioeconomy that relies on
flex crops and other established agro-industrial practices found in the soy complex and
throughout the corporate food regime. The next chapter demonstrates that the difficulty of
changing such practices is and has been exacerbated by the current and historical structural
inequalities that pervade social relations in and beyond the agro-food system.

4. Cheap Food and Structural Inequalities

Contrary to the soy sector’s claims to contribute significantly to feeding a growing
world population, numerous studies demonstrate that soy is used to feed livestock to
provide meat and animal products to the world’s growing middle classes and not to
feed the poor [23]. Tony Weis argues that soy and other grain and oilseed production is
deeply intertwined with the livestock industry within the current food regime, and that
this contributes to the “meatification of diets” [39] (p. 127). Today, meat consumption
worldwide is twice as high as it was two generations ago, even though there are twice as
many people on the planet. However, it would be short-sighted to equate growing meat
consumption with the growing world population as meat consumption is highly unequal
and even exacerbates social inequalities on a global scale: “People in high-income countries
consume over twice as much meat per year as the world average” [40] (p. 562). In 2018,
annual per capita meat consumption in the USA was 145 kg; in Nigeria, it was just under
7 kg [41]. Simultaneously, the production of crops and oilseeds for fodder exacerbates
food insecurity in poor countries as “nearly one-third of cropland is devoted to producing
livestock feed” [40] (p. 564). Hence, growing livestock and meat consumption exacerbates
hunger and malnutrition of the poor.

There are many reasons for the growing demand for meat such as taste, beliefs
about the need to consume animal protein, cultural veneration, and ideas of masculin-
ity [40] (p. 562). The sole focus on consumption habits, however, obscures the structural
background. Therefore, we draw on the political economy of consume patterns to analyse
the dialectic relations between demand and supply in capitalist economies [40] (p. 563).
Examining the subject through this lens reveals that chronic grain surpluses caused by
subsidised production were pivotal in linking the soy complex to the livestock industry,
since the crops were absorbed by “fast-rising populations of concentrated livestock, starting
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with chickens and followed by pigs” [40] (p. 563). At the same time, markets for stan-
dardised grain and meat products emerged, making crops and meat the basis of financial
instruments, which, in turn, have exacerbated the standardisation, homogenisation, and
industrialisation of the respective agricultural products (ibid.). This shift began as part
of a transnational restructuring of agricultural sectors in the context of the second food
regime [25] (pp. 105–108). Meat developed into a central product-category in the post-war
agro-food system:

“Like the automobile, meat was a key product in the mass production and
consumption of standardized products that provide the central dynamic of post-
war capitalism in advanced capitalist economies; and like petroleum [ . . . ] soy
was a critical input to mass production.” [25] (p. 106)

Moore provides an additional explanation for the rise of the food regime and its
specific consumption patterns with his emphasis on the structural function of cheap food in
capitalism; the intrinsic logic of capitalism is to extract more value by increasing labour
productivity to produce more commodities with less labour. In this understanding, cheap
food means that “more calories are produced in less average labour-time in the commodity
system” [42] (p. 10). Furthermore, cheap food is essential to keep the wage-bill low.
Moore argues that it is a specificity of capitalism that the exploitation of paid labour can
be successfully intensified by appropriating unpaid labour (e.g., care work, subsistence
farming, slavery) and natural resources (e.g., soil nutrition) for the production and trade
of cheap food. In this context, Moore refers to wages, which remained stable while food
prices continued to fall in OECD countries, especially during the 1990s [43].

Moore views the development of modern industrial agriculture as decisive for the
emergence and development of capitalism: on the one hand, its enclosures have contributed
to the continuous displacement of small-scale agriculture over the last five centuries, and
this led to large-scale migration to the cities. On the other hand, the combination of ma-
jor productivity revolutions through technological innovation and the expansion of the
frontiers of agro-industrial agriculture (which, in turn, has provoked new enclosures) has
provided cheaper food to the growing urban population. In this view, it is not industri-
alisation in England that enabled the rise of capitalism, but a change in the food system;
only the production of surplus food enabled the creation of labour outside of agriculture.
The conquest of the Americas, in combination with the emergence of plantation economies,
was central to producing this food surplus. As Moore shows in his historical analysis, the
importance of the global expansion of capitalist agriculture has become apparent since
the conquest of the Americas and the later colonisation of Asian countries, in particular:
“problems with English agricultural productivity in the eighteenth century, for example,
were never resolved within England, but rather through successive frontier movements,
especially in North America” [42] (p. 274). The history of the last few centuries reveals
that food security is essential to stabilising great empires [44] (pp. 92–93). The opening
up of new frontiers to produce cheap food, therefore, is crucial for social peace and, at
the same time, remains an engine of imperial expansion. Soy is a “petrochemical hybrid
complex” that combines “new plants, fertilisers, pesticides, and irrigation schemes” ([45]
cited in [42] (p. 251)). Consequently, the growing demand for soy pushes forward frontiers
in different regions: on the one hand, the horizontal frontiers of the growing plantations
appropriate more and more land in South America. On the other hand, vertical frontiers in-
clude the growing consumption of underground fossil resources for fertiliser and transport,
and potable water [42] (p. 254).

In the early globalised supply chains of cheap food, labour relations in the emerging
industrial nations were combined in a completely new way with unpaid labour by slaves
in the colonised peripheries. As Sidney Mintz shows, the production of cheap sugar on
the sugar cane plantations in the Caribbean was a crucial cheap source of calories for the
proletarians in the industrial centres of Europe [46]. Today, the question is how these
entanglements of different labour relations and classes are reproduced or reconfigured
within and between countries; precarious working conditions and modern slavery are
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still central pillars of the global production of cheap food. Using the example of cheap
chicken in Mexico, Patel and Moore underline the centrality of cheap meat in establishing
and maintaining social peace in emerging economies [43]. Patel and Moore demonstrate
that chicken became cheap and affordable as a direct consequence of the North American
Free Trade Agreement (NAFTA), technological innovation, and the U.S. soy industry [43].
However, Mexican smallholder agriculture paid a very high indirect price; NAFTA plunged
smallholder agriculture into crisis and forced many farmers to migrate to the U.S. agri-
cultural sector where they became part of the precarious labour force and consumers of
cheap food.

However, soy as the “supercrop” of the green revolution also illustrates the limits
of productivity growth and cheap food. The large productivity gains made during the
last few decades can no longer be met because soils have been depleted; “superweeds”
are threatening plantations; investments for seeds, fertiliser, and pesticides are growing;
and climate change is aggravating the socio-ecological crisis. In Brazil, the largest global
soy producer, the cost of soy production has been rising by 5 percent annually since
2009 [42] (p. 268). Globally, food prices are rising again, and this led Moore to argue that
cheap food, as a key pillar of capitalism, has entered a deep crisis in the 2000s that cannot
simply be resolved through technological innovation [42] (pp. 268–276).

Examining the issue through the lens of cheap food draws attention to the political
economy of consumption patterns that cannot simply be met by pleas to consumers or
more sustainable soy production but that has to involve profound changes to the whole
food regime. Even if the change in eating habits envisaged by the bioeconomy, such as meat
substitutes, is an important starting point, it will not be enough. Synthetic meat cannot
be developed in ahistorical spaces but is based on substances produced within existing
structures of the global food regime. A bioeconomy would thus not only have to overcome
the food regime’s dependence on fossil raw materials, but also to transform the inner logic
of cheap food, because it is based on the exploitation of labour as well as the appropriation
of unpaid labour and natural resources. Whether or not these relations are addressed
in transformation processes such as the bioeconomy is also a question of power. The
following looks at the situation in South America—the main production site of the global
soy complex—and demonstrates how the power relations in this complex shape social and
environmental relations and how this situation transpires into bioeconomy policies.

5. Actors and Power Relations in the Soy Complex and the Bioeconomy

The global soy complex is dominated by a handful of powerful transnational com-
panies that produce most of its inputs (seeds, pesticides, fertilisers, machines), control
the export and import relations, and are so powerful that they are able to influence the
research agenda and political regulations within the soy sector in diverse countries [47]. The
ABCD companies (ADM, Bunge, Cargill, and Louis-Dreyfus) now operate as cross-sectoral
“value chain managers” on a truly global scale [48]. In 1996, Argentina became one of the
first countries to permit the cultivation of GMO soy. GMO seeds from Argentina have
been smuggled to Brazil, Paraguay, and Bolivia and were approved in these countries
between 2003 and 2005 [23] (p. 254). This led to the establishment of highly profitable
monocultures of soy based on increasing pesticide use and no-till farming. The Argentinian
government strongly supported agricultural biotechnology. Both neoliberal (ca. 1990–2002)
and developmentalist (2003–2015) administrations enthusiastically endorsed GM crops in
Argentina and encouraged farmers to plant soy [49] (p. 706). Empirical studies have shown
that soy exports in Argentina disproportionately benefit the elite [50], although they have
also generated state revenues. Local farmers and agribusiness aligned with transnational
companies such as Monsanto in the 1990s and 2000s to make large profits by using their
land for the boom in soy production [49] (p. 701). In the 1970s and 1980s, state-owned
agricultural institutes in Brazil and Argentina played a key role in developing a type of
soy that is adapted to the specific weather and soil conditions in South America, but these
institutes have been displaced by transnational companies and their seeds, which have
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dominated the region since the 1990s [23] (pp. 253–254), [51]. In the 1990s, Brazil and
Argentina were focused on exports, the deregulation of the banking system, and attempts
to attract foreign direct investment in trade infrastructure such as ports, warehouses, and
crushing facilities [23] (p. 254).

The most important resource for the soy complex is control over land. Industrial actors
in the soy complex (e.g., large-scale farmers, corporations) have appropriated the land (in-
dependently from those who formally own it) and control land use [37] (p. 50), [52] (p. 62).
In Paraguay and Bolivia, soy-isation went hand in hand with processes of land grab-
bing [31] (p. 65); in Argentina, farmers started leasing land to the emerging “sowing pools”,
which are investment networks. This attracted all kinds of capital to the agricultural
sector, most of it foreign, and generated large profits for the large-scale farmers and in-
vestors [35] (p. 68). This practice was partly exported to neighbouring countries [23] (p. 265).
As soy production needs very few workers, smallholder farmers living in regions trans-
formed by soy lose their opportunity to work and are often forced to move elsewhere—a
process described as “productive exclusion” by McKay and Colque [37] (p. 50). There-
fore, the expansion of soy in the Southern Cone has exacerbated existing social inequali-
ties [31] (p. 152). These inequalities are difficult to overcome for multiple reasons: First,
as shown above, they build on historical processes that have deeply shaped social struc-
tures in South America. Second, the elite is profiting from agrarian extractivism and has
no interest in overcoming it and governments strongly support the strategy. This has
led to the re-primarisation of soy-exporting countries [53] (p. 10), which are becoming
ever more dependent on these exports. On the other side of the spectrum, the poor and
marginalised are negatively affected by these strategies. Especially poor rural populations
face health risks from agrochemical spraying, (partly violent) displacement, and expro-
priation [54] (p. 200). Among the peoples who are losing (access and control over) land,
indigenous groups are disproportionally affected. Indigenous environmental activists
who fight against extractivism face violence more often and more intensively than other
people [55] (p. 9), [56] (p. 15).

Some studies have shown that agrarian extractivism also increases gender inequalities.
The agribusiness sector and state institutions promoting the large-scale soy model are
dominated and led by men. In the last few decades, women have been excluded from
commercial agrarian production, a tendency that has been reinforced by the strong entry
of financial investors and male-dominated techno-science into commodity production in
general and the soy model in particular [54] (p. 206). Agrarian extractivism, therefore, has
a gendered structure—an argument also made by other researchers looking into other flex
crops such as palm oil production in Colombia, sugarcane, and oil in Ecuador. Diana Ojeda
argues that agrarian extractivism in Colombia relies on, and deepens, gender disparities
and gender-based violence. Men are often hired to work on the plantations and earn a
salary, whereas the reproductive work of women subsidize the plantation model, exacer-
bating unequal gender relations [57]. A similar argument is made by Landívar García [58]
analysing the gendered structure of agrarian extractivism concerning sugarcane in Ecuador.
Looking at the chikungunya epidemic in the refinery city of Esmeraldas in Ecuador, a recent
study concludes: “Extractivism exacerbates the already heavy burden of women’s care
work, thus forming a central mechanism of the ‘illness-poverty trap’ by which ill health is
both a consequence of and a contributor to inequalities” [59] (p. 169).

Soy expansion in Argentina and Brazil and its socio-ecological impact has generated
discontent and protests among the negatively affected. In both countries, social movements
are campaigning against the intensive use of pesticides associated with the soy model,
question GMOs, and fight for food/seed sovereignty [49,60,61]. Nevertheless, as most
of these protest movements operate on a local scale, they have been unable to stop the
entire dynamic, and—at best—have only been able to limit local pesticide use. The soy
economy can still count on support from the population because of its use of powerful
narratives such as “feeding the world”, and because of the employment it generates in
the countryside, as well as its contribution to “industrialisation” [37] (p. 45). Especially
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during the pink tide, left-wing governments argued that soy exports were generating state
revenues and that these enabled social welfare programs to be established and therefore
helped reduce poverty and inequality. Despite the fact that soy exports do not reduce in-
equalities [62] (p. 33), [63] (p. 106), this narrative is still powerful and the social movements
questioning the soy model have difficulties in gaining a voice.

Additionally, agribusiness has developed a strategy of presenting their activities as
sustainable and as contributing to the fight against the climate crisis. Powerful actors from
the agribusiness and biotechnology sectors in Argentina have appropriated the narrative of
the bioeconomy and play a key role in the development of public policies on bioeconomy
in the country [64,65]. This has contributed to a situation in which actors from these sectors
have powerful voices in bioeconomy fora and they are the ones with which European
bioeconomy proponents collaborate. In contrast, civil society actors that are more critical
of the soy economy and its socio-environmental impact are not invited to these dialogues
or networks. As such, contentious issues such as pesticides, environmental damage, the
lack of decent jobs, and the re-primarisation of South American economies are not being
tackled. This is even more dubious given that the bioeconomy is promoted as a strategy of
transformation towards sustainable development—a goal which cannot be reached without
the participation of civil society and marginalised groups and without addressing the
aforementioned critical issues.

6. Results: Continuity and Change in the Global Soy Complex and Its Implications for
the Bioeconomy

During this analysis, we have unfolded the conceptual thesis that the transformation
of societies towards a sustainable bioeconomy, as envisioned by the German and other
bioeconomy strategies, is unachievable in the narrow confines of existing bioeconomy
policies. Focusing on the soy complex as a pivotal area in the agro-food system and an
unavoidable background for such transformation, we have explored three dimensions of
this argument.

1. We have shown how the soy complex developed during the changing historical
context of successive food regimes that took place before the emergence of the current
corporate food regime. This latest regime has increasingly transformed soy into a
flex crop, and it has been instrumental in transnationalising global food markets
and placing them under corporate control. The emergence, configuration, and crisis
of food regimes shows the ways in which the development of the global agro-food
system is embedded in fundamental processes of societal change on a historical scale.

2. Examining the issue through the lens of cheap food reveals that the consumption of
cheap meat (produced with cheap soy) is intertwined with the production relations
constituted by globalised supply chains. In terms of structural inequalities, we argued
how the profits and the socio-ecological costs of the soy complex tend to be unevenly
distributed between the centre and the periphery of the world system but also how
transnational relations of exploitation and appropriation are not only intertwined
but also constitutive of the agro-food system. The case of soy illustrates how the
appropriation of unpaid labour and of natural resources in the production regions of
this flex crop are entangled with the exploitation of wage labourers in urban centres
around the world through the provision of cheap food or more specifically cheap meat.
Against the backdrop of global inequalities, more empirical research is needed into
the centrality of cheap meat to social peace, and the reproduction of the precarious
workforce in the Global South and North, and how these relations are interrelated.

3. Finally, with respect to the power relations in the soy complex, a more detailed
analysis of the situation in the central production areas in Latin America shows how
transnational agribusiness mostly control the technological inputs and global trade
of the soy complex, whereas national agrarian elites control the production of soy
on expanding land areas. These groups are powerful political actors and can be
contrasted with local farmers and social movements that are side-lined even under
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left-wing governments. The power asymmetry in favour of agribusiness actors in
countries such as Argentina transpires into the emerging bioeconomy as bioeconomy
strategies are shaped under their influence.

These three dimensions describe the current shape of the soy complex that is at the
heart of the global agro-food system and locate it in its societal context. It should be noted
that other sectors of the global agro-food system have not been a subject of this article, which
implies that no general overview of global inequalities across sectors and world regions
was intended. Moreover, the dynamics identified in the soy complex and thereof derived
findings cannot necessarily be transferred to other crop’s production systems and their local
and regional contexts. However, the social structures of the global soy complex and their
historical trajectory, which we analysed as a key example for the global agro-food system,
contradict most of the bioeconomy’s claims to aspire towards sustainable development.
The limitations of bioeconomy strategies are evident in their avoidance of the fundamental
question of how the global interconnections and inequalities constituting the food regime
can be addressed and changed. Instead, they focus on technological innovation ranging
from the digitalisation of agriculture and the use of residues for bioenergy to artificial meat
substitutes. In line with Moore, we have doubts about whether a bioeconomy could succeed
in producing cheap food if it were not part of a food regime based on the exploitation of
wage labour as well as appropriation of unpaid labour and natural resources.

7. Conclusions and Outlook: Limits and Perspectives of a Socio-Ecological
Transformation towards a Sustainable Bioeconomy

In light of these findings, the question arises as to whether references to sustainability
provide bioeconomy strategies with anything more than a “selling point” [66]. For example,
the German strategy recognises that “Securing a global supply of food is and has always
been a priority, and ethical principles and socially recognised goals such as environmental
protection, landscape conservation and animal welfare must be accorded similarly high
valuation” [8] (p. 10). However, the German strategy and even more so that of the European
Commission stress that the bioeconomy is also about strengthening a country’s own tech-
nological leadership in new biotechnological fields while securing jobs and green growth.
Like most other official bioeconomy strategies, the German and EU strategies remain firmly
within the framework of green capitalism [67]. In this perspective, the bioeconomy can be
seen as an attempt to “green” the food regime without changing the underlying societal
and power relations that have led to socio-ecological problems such as hunger and climate
change. As has been shown elsewhere [68], a growing bioeconomy in Germany and the
EU should be expected to aggravate these problems because of increased import demand
for biomass. Bioeconomy policies which continue to rely on fundamental mechanisms of
the current food regime and global capitalism more broadly, such as economic growth or
extractivism, and which primarily seek innovative technological solutions to complex soci-
etal problems seriously limit the room for a transformation towards sustainability. These
shortcomings of the bioeconomy as a strategy for societal transformation are recognised
not least by many scientists from this field as a recent German survey by Zeug et al. [69]
has shown:

“[M]ost respondents from the stakeholder group science encourage this vision,
disagree with current developments, but as active carriers and advocates of ongo-
ing social change hope for a more social and ecological sustainable bioeconomy
and societal transformation. We conclude that according to most of the respon-
dents, for a bioeconomy to be socially assertive and a successful sustainability
transformation, it needs to go beyond business-as-usual and claim a global re-
sponsibility to provide a good life for all within planetary boundaries.” [69] (p. 14)

We tend to agree with this view, but we do not expect a more sustainable bioeconomy
to grow out of current policies. While other contributions explore ways to increase public
involvement and stakeholder engagement in order to foster the democratic legitimacy
and thus social sustainability of the bioeconomy [2,70], we propose instead a fundamental
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rethink of the underlying understanding of socio-ecological transformation in bioeconomy
strategies: the bioeconomy is more closely linked to classical ecological modernisation than
transformation studies, which would demand radical structural change [71] (pp. 9–10).
A democratic social-ecological transformation requires a deep understanding of the eco-
nomic, political, and cultural structures of the prevailing food regime as part of modern
capitalist society [72]. This type of analysis, which is also used in this study, demonstrate
that the logics of expansion, appropriation, and growth need to be discarded. These logics
form the foundation of—not least—current bioeconomy polices. Furthermore, political
action is needed to ensure the decommodification of nature and the democratisation of
society and societal nature relations in order to cope with the social-ecological crisis at
hand [73] (pp. 169–170). Degrowth and decolonial environmental justice can be further
guiding principles for a fundamental social-ecological transformation [74]. Especially in
the Global North, a strategy of shrinkage and the reduction of raw material consumption
is needed, in line with a perspective of sufficiency, resting on the insight that also bioe-
conomies need to acknowledge planetary boundaries in terms of land and energy. This
would be the kind of radical change of the economy and society implied in the original con-
cept of a bioeconomy as defined by Georgescu-Roegen in the 1970s [75]. From this vantage
point, working towards social-ecological transformation means identifying and strength-
ening starting points for radical societal change on the basis of alternative designs and
fields of experimentation, such as those used by social movements and agroecology. The
overarching goal should be nothing less than reshaping the economy and the interrelation
between society and nature in a democratic and just manner.
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Abstract: Technical advances have converted bioremediation into a large-scale ecosystem service
suitable for the treatment of polluted soils worldwide; however, its application in Chile is scarce. The
main hurdles that must be addressed include the capacities of such approaches for the treatment of
polluted soils, the lack of knowledge about key factors affecting bioremediation costs and the lack of
a legal framework to regulate this activity. In this study, the economic performance of the bioreme-
diation of chronically hydrocarbon-polluted urban soils based on bioaugmentation, biostimulation
or the combination of both approaches projected to an industrial scale was evaluated. The cost of
bioremediation ranged between USD 50.7 and USD 310.4 per m3 of contaminated soil. In addition,
the items and activities that had the most significant impacts on the final bioremediation cost, such
as compost for biostimulation and bacterial growth media for bioaugmentation-based approaches,
were identified. The projected costs were compared against an extensive database of 130 soil bioreme-
diation projects. The bioremediation treatment costs fell within the top 60% of the more expensive
projects, highlighting the high effort involved in bioremediation of chronically contaminated soils.
This framework can facilitate the decision making of entrepreneurs, consultants, researchers and
governmental authorities when launching initiatives to develop a local bioremediation industry
capable of cleaning up a high number of polluted sites in Chile.

Keywords: microbial bioremediation; cost of bioremediation; bioremediation industry

1. Introduction

Petroleum-derived hydrocarbons are the main hazardous compounds causing the contam-
ination of extensive areas of soil and water. The pollution is more frequent at areas near to oil
wells and sites devoted to the production, distribution, manipulation, disposal and especially
storage of petroleum-derived products. Inadequate management, monitoring and maintenance
have led to contaminated sites, generating a potentially permanent source of diffuse pollution
that represents a significant health risk for neighboring communities. Historically, conven-
tional techniques for restoring polluted soils have mainly consisted of excavation, removal
and disposal of contaminated materials into waste-dumped or hazardous-waste landfills [1,2].
The volatility of the hydrocarbons during removal and management operations constitutes a
health risk, especially for workers during excavation, handling and transportation. Microbial
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communities in soils possess metabolic and physiological flexibility for adaptation to environ-
mental challenges [3]. The input of contaminants usually impacts the structure and function
of the soil microbiome, reshaping microbial communities towards the selection of species that
can survive and cope with the toxicity of the contaminants [4–10]. Emergent species within
the disturbed communities usually share enhanced physiological and substrate degradation
capabilities, oxidizing, transforming, immobilizing or binding the contaminants [11–15]. This
metabolic flexibility of soil microbiota present in the environment provides a platform for
microbial bioremediation as a valuable ecosystem service [16]. In addition, the biodegradable
nature of hydrocarbons and the ubiquitous distribution of hydrocarbon-degrading microor-
ganisms have underlined the efficacy of microbially driven bioprocesses for the restoration of
polluted ecosystems [17–21]. Currently, there is an increasing need for alternatives in cleaning
up contaminated sites worldwide. For instance, it has been estimated that there are 500,000
and 340,000 contaminated sites in the U.S. and Europe, respectively [22,23]. China has over
two million hectares of abandoned sites in more than one hundred old industrial cities that
require environmental restoration before redevelopment [24]. It is in this context that full-scale
bioremediation projects have been successfully applied, mainly in Europe, North America and,
more recently, China [25,26]. As a result, the global industry related to bioremediation services
has systematically spread, becoming an industry worth USD 35 billion in 2009 [27]. The growth
of the global bioremediation market has accelerated in recent years, reaching USD 91.0 billion in
2018, and it is expected to grow to USD 186.3 billion in 2023 [28].

The main sources of soil contamination in Chile are mining activities (30.9% of total
sites), including deposition of metals and metalloids, and agro-industrial activities (30.1% of
total sites), including petroleum products, pesticides, fertilizers and urban waste (24.2% of
total sites) [29]. Regarding contamination by metals and metalloids, the geological evolution
specifically associated with the Andes has resulted in an overwhelming proportion of
metallic ore deposits being located in the northern part [30]. Chilean porphyry copper
deposits have a low ore grade but exist in huge volumes and, together with the lack of
regulations, this has encouraged several large-scale mining operations to leave a legacy of
contaminated areas [31]. It has been previously reported that these polluted sites include
740 tailings, of which 23.3% are abandoned [32]. Soil contamination associated with
agricultural and forestry production systems includes excessive utilization of fertilizers and
pesticides, resulting in diffuse contamination across nearby areas [33,34]. The contamination
of soils by other chemicals, such as petroleum derivatives and organochlorines, has mainly
been associated with industrial activities outside the boundaries of cities. However, with
the growth of the urban population, they have been absorbed by urban areas, such as in
Valparaíso, Concepción and Santiago, and there are also cities with industrial activities,
such as Quintero, Puchuncaví and Talcahuano [1,35–39]. Despite the urgent need for
sustainable clean-up processes, applications of microbial bioremediation in Chile are scarce.
Recently, the Chilean government evaluated 19 projects designed to restore metal and
hydrocarbon-polluted soils, among which only 8 projects (42%) focused on bioremediation.
Several factors may explain why bioremediation is not commonly used. Currently, Chile is
the only Organization for Economic Co-operation and Development (OECD) country
that does not have a soil protection regulation, which would regulate the maximum
permissible concentrations of contaminants [40,41]. Bioremediation may entail higher
costs in comparison to conventional techniques, such as the confinement of contaminants
in authorized places. The high variability in the physical, chemical and microbiological
properties of soils requires the design of site-tailored treatments [42,43]. In addition, the
lack of directives, regulations, definitions of methodological tools, process standards and
requirements for contaminated soils have hindered the application and development of a
local bioremediation industry.

The aim of this study was to provide insights into the comparative costs of five
approaches for bioremediation of long-term hydrocarbon-polluted urban soil, including
biostimulation, bioaugmentation and the combination of both, highlighting the key factors
that influence the costs associated with each approach. Since each contaminated soil has
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specific characteristics, this study is a guide to developing the cost assessments of bioreme-
diation processes. This framework will facilitate the decision making of entrepreneurs and
consultants when performing a risk–cost–benefit analysis. This study will help to trigger
governmental authorities to generate environmental policies, regulations and standards
for contaminated soils, as well as launching initiatives to develop an environmentally safe
and robust local bioremediation industry capable of cleaning up different polluted sites
in Chile.

2. Materials and Methods

Economic evaluation was based on treating chronically contaminated soil, taking
the soil conditions of the Las Salinas site (Viña del Mar, Valparaiso Region, Chile) as
a reference. The Las Salinas site is a contaminated brownfield that was subjected to
petroleum industrial activity for more than eight decades. During this long period, the
contamination pressure not only affected the diversity and community structure of soil,
but also hampered the ecosystem function and its natural resilience. In such environments,
the remaining contamination is often enriched with heavier and more structurally complex
fractions of hydrocarbons, due to volatilization or solubilization of volatile fractions and
the degradation of lighter alkanes [44]. The more recalcitrant compounds can also be
sorbed to the soil matrix, decreasing their bioavailability and the biodegradation rate and
extent [44–47].

In general, three main approaches have been widely used for restoring hydrocarbon-
contaminated soils [1,48]. The first technology, called biostimulation, includes the en-
hancement of the metabolic activity of native microbial communities by providing limiting
nutrients, such as phosphorous, nitrogen or oxygen, and further modification of environ-
mental factors [1]. The second approach is based on the addition of hydrocarbon-degrading
microorganisms, frequently applied when native microbial communities lack the metabolic
capabilities or when their activity is unable to trigger significant biodegradation rates [49].
A third approach is based on the addition of stable organic amendments, such as compost,
which has been applied with success across pilot- and full-scale applications [44,50,51]. The
analysis presented here was based on the bioremediation of chronically contaminated soils,
such as those currently present at Las Salinas, in which there is no evidence of persistent
degradation processes over time. Therefore, the economic assessment was based on the
addition of compost, the addition of hydrocarbon-degrading microorganisms as well as a
mixture of both approaches, for which experimental results were previously published [52].
In this study, the bioremediation was addressed by five treatments. Briefly, the first two
were based on bioaugmentation, with the addition of five hydrocarbonoclastic strains
(named BA), and also the same treatment with the addition of permanent air venting
(BAV). The selected hydrocarbonoclastic bacterial strains for bioaugmentation were Acine-
tobacter sp. DD78, Acinetobacter sp. AA64, Acinetobacter sp. AF53, Pseudomonas sp. DN36
and Pseudomonas sp. DN34. These strains were previously isolated from hydrocarbon-
contaminated soil (Valparaíso, Chile) and possess the ability to degrade a wide range of
hydrocarbons [53]. Acinetobacter sp. DD78 possess the ability to produce biosurfactants,
which can help improve the bioavailability of the hydrocarbons for biodegradation [54].
The following two treatments were based on biostimulation with the addition of compost
in two different ratios, 9:1 (v/v) and 3:2 (v/v), named BE1 and BE4, respectively. The fifth
treatment considered was the combination of bioaugmentation and biostimulation, using a
mixture of soil and compost with 3:2 (v/v) ratio (BAE).

To determine the feasibility of bioremediation as an industrial activity, an economic
evaluation was made based on the results of the bioremediation strategies projected to
industrial scale. The projection considered the implementation of an on-site hydrocarbon
soil bioremediation process in a square one-hectare field with 10 biopiles of 100 m length
each. The biopiles were designed to be trapezoidal with 2 m height, 5 m width (base) and
2.5 m width (top), with a 5 m space between each pile (Figure S1). A potential decrease in the
bulk density was assumed to be 25% after construction. Each biopile has a total volume of
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750 m3 of material that was covered with a High-Density Polyethylene (HDPE) membrane
to conserve moisture, minimizing leachate production and gas emissions. It was projected
that bioremediation process at an industrial scale would take 20 weeks, assuming one
week of preparation and one week of dismantling the biopiles and associated materials, as
previously observed (unpublished). An additional period of ten weeks was also considered
for contingencies and maintenance. Therefore, each bioremediation cycle treats between
3750 and 6250 m3 of soil, depending on each strategy (Table S1). The proposed equipment
and supplies required for the construction of biopiles and soil movement were two front
shovel loaders with 2.5 m3 buckets each. Since water content is one of the most critical
factors that regulates microbial activity during bioremediation, all treatments include a
system for irrigation that uses one spray truck of 20 m3 that periodically moistens the soil.

To determine the initial capital for each treatment, we considered that bioaugmentation-
based approaches required infrastructure with higher-technology equipment and cost-
intensive installation efforts than those required by biostimulation-based approaches. In-
deed, a set of bioreactors was included for bioaugmentation and air injection treatments
covering two stages. An initial stage of preinoculation where sufficient biomass is grown
for inoculating bigger reactors that contain the biomass to be incorporated into the soil. Five
jacketed bioreactors of 0.3 m3 with blowers of 0.0075 m3 s−1 and six jacketed bioreactors of
15 m3 equipped with blowers of 0.4 m3 s−1 were considered for preinoculation and inoc-
ulation stages, respectively. Calculations for culture volume added for bioaugmentation
was determined on the basis that each strain reaches a density of 106 CFU g−1, value that
is 10-fold higher than those levels of cell density of hydrocarbon-degrading microorgan-
isms at which bioremediation will be negligible [55]. Based on bacterial counts made in
preliminary laboratory experiments [52], each strain requires one jacketed reactor, except
for Acinetobacter sp. AA64, which requires two. On the other hand, biostimulation-based
approaches require neither biomass reactors nor blowers. Instead, they need machinery to
build biopiles, including a front shovel loader and a spray truck. A similar trend was ob-
served when installation services costs were calculated. The cost of installation services was
determined by adding the costs of installation of equipment, instrumentation and control,
piping, electrical wiring, infrastructure, yard improvements, services, land, engineering
and supervision, infrastructure expenses, contractors fees and contingencies (Table S2), and
calculated according to suggested values [56].

The determination of operation costs included variable costs, fixed costs, indirect
production costs and administrative and sales expenses. Variable and fixed costs enclosed
direct raw materials and manpower, respectively. For treatments requiring bioaugmenta-
tion, all materials for preparation of Bushnell Haas (BH) medium and monitoring microbial
grow were included. The BH broth medium contains (in grams per liter of Milli-Q water):
KH2PO4, 1; K2HPO4, 1; NH4NO3, 1; MgSO4, 0.2; CaCl2, 0.020; FeCl3, 0.050. For biostimu-
lation treatments, the supply was assumed to be compost. For every treatment there are
several common costs, such as water, diesel and electricity.

The fixed costs considered remuneration for direct and indirect labor, building mainte-
nance, publicity, machinery depreciation and many supplies and services. The incomes,
as well as costs, were calculated based on the number of treatments instead of a time
scale. Calculations of operating incomes of each treatment were estimated based on the
breakeven–total-cost formula as (Fixed costs + Variable costs) = Total revenue = Breakeven,
and (Quantity sold × Unit selling price) = Breakeven. Calculations of variable costs per
unit produced and the unit selling price were estimated based in the following formula
Profit = Unit Sales × (Unit Sales − Variable unit costs)—Total fixed costs. An estimation
of contribution margin ratio was made based on ten years life expectancy of each equip-
ment. As every treatment lasts twenty weeks, it was considered that 200 treatments were
performed along life expectancy. Revenue estimations were made considering investment
costs and the future return of investment in different time lapses (1 to 10 years).

In addition, an extensive cost analysis of 130 soil bioremediation projects was located,
reviewed, and evaluated using a collection of peer-reviewed literature, federal and state
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agency reports (Table S3). This analysis included bioremediation with either hydrocarbons
or a mixture of hydrocarbons and other contaminants, such as organic solvents, halogenated
organic compounds and heavy metals. Projects were classified according to the bioreme-
diation strategies, in the following categories, “bioventing”, “biostimulation”, “solvent
vapor extraction”, “phytoremediation”, “thermal treatments”, and “bioaugmentation”. In
addition, two extra categories were included. The category “various treatments” employs
a combination of more than one treatment. The second category, “other”, is a treatment
that was no included in the list.

3. Results

Economic assessment was made based on the results of bioremediation of five treat-
ments to clean-up chronically hydrocarbon-contaminated soils, based on bioaugmentation,
biostimulation or combination of both technologies [52]. The first approach was bioaug-
mentation, with the addition of five hydrocarbonoclastic strains (named as BA). The second
technology was bioaugmentation with the addition of permanent air venting (BAV). The
following two approaches were based on biostimulation with the addition of compost in
two different ratios, 9:1 (v/v) and 3:2 (v/v), named BE1 and BE4, respectively. The fifth treat-
ment was the combination of bioaugmentation and biostimulation, using a mixture of soil
and compost with 3:2 (v/v) ratio (BAE). The analysis of the start-up capital, defined as the
resources required to acquire the assets needed for each bioremediation approach, resulted
in a high difference between bioaugmentation and biostimulation treatments. Among all
five treatments, bioaugmentation-based approaches were those with the highest start-up
capital. The complete start-up capital of BAE and BA was USD 1,822,159, whereas the capi-
tal of BAV was USD2,150,961 (Table S2). In contrast, the complete start-up capital required
for biostimulation-based approaches, BE1 and BE4, was an order of magnitude lower than
those technologies with bioaugmentation, due to the fact that there is no requirement for
equipment, such as reactors and blowers, decreasing costs of installation.

The estimated cost of the bioremediation of chronically hydrocarbon-contaminated
soils, assuming that the investment is recovered after five years of operation, ranged
between USD 50.7 and USD 310.4 per m3 of contaminated soil (Table 1). Biostimulation
with 10% compost (BE1) was the treatment strategy with the lowest cost (USD 50.7 per m3),
followed by biostimulation with 40% compost (BE4, USD 131.7 per m3). The estimated
costs for treatment per m3 of soil of both strategies that exclusively involved addition
of bacterial cultures, BA and BAV, were USD 141.8 and USD 153.9, respectively. BAE
was evaluated as the most expensive technology (USD 310.4 per m3 of contaminated
soil) due to the high technological level required to provide the bacteria to ensure the
bioaugmentation of only 3375 m3 of soil per bioremediation cycle (Figure 1). The analysis
encompassed the estimation of product costs, period costs, liabilities and obligations.
Projections showed that product costs represent the largest cost for all treatments, reflecting
the importance of the selection of raw materials, such as compost and bacterial growth
media for biostimulation and bioaugmentation-based approaches (Table S4). The largest
item of product cost was the direct material that ranged from USD 17.5 to USD 174 per
m3 of bioremediated soil, contributing to 35% and 56% of total costs of BE1 and BAE,
respectively (Figure 1). The direct material cost, mainly based on compost, was USD 12.3
and USD 74.1 for biostimulation with 10% and 40% of compost, respectively (Table 1). Each
cycle using biostimulation with 10% was more cost effective due to lower compost addition
and the treatment of 5625 m3 of contaminated soil, whereas biostimulation with 40% of
compost applied higher compost concentration (four-fold) and treated only 3750 m3 per
bioremediation cycle (Figure 1). For biostimulation approaches, manufacturing overhead
cost was the second largest contribution to the total costs. In contrast, in bioaugmentation
approaches, provision and covering assets were the second and the third largest item costs,
suggesting that the technological level of bioaugmentation has a significant impact on
its economic performance. The provision cost of bioaugmentation treatments is almost
two-fold higher than the provision cost of biostimulation, mainly due to an increase in
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monitoring and quality control. In addition, there is a high level of costs for equipment and
machinery for the culture of microbial strains (Tables S2, S4 and S5).

Figure 1. Estimated cost for bioremediation of chronically contaminated soils using different strategies
projected to industrial scale. Colors indicate type of cost contributing to the total bioremediation
cost. Blue tones show products’ costs. Direct material costs are shown in navy blue, manufacturing
overhead costs in blue and direct labor costs in light blue. Red tones indicate items included in
liabilities and obligations as follows: Marron shows provision, red shows covering assets, and salmon
shows renovation of machinery. Marketing and selling expenses are shown in gray. Administrative
expenses are shown in white. Dotted line circles shown the quantity (in m3) of soil treated per
10 biopiles of each treatment.
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Table 1. Estimated costs per m3 of contaminated soil treated by different bioremediation approaches.

Items BE1 BE4 BAE BA BAV

Products’ costs

Direct material costs USD 17.5 USD 81.9 USD 174.0 USD 59.9 USD 61.4

Direct labor costs USD 3.5 USD 5.3 USD 6.3 USD 3.8 USD 3.8

Manufacturing overhead costs USD 11.6 USD 17.4 USD 29.2 USD 17.5 USD 19.0

Period costs
Administrative expenses USD 4.5 USD 6.7 USD 6.7 USD 4.0 USD 4.0

Marketing and selling expenses USD 0.2 USD 0.4 USD 0.4 USD 0.2 USD 0.2

Liabilities and
obligations

Covering assets USD 3.3 USD 4.9 USD 36.0 USD 21.6 USD 25.5

Provision USD 8.4 USD 12.6 USD 39.8 USD 23.9 USD 27.2

Renewal machinery USD 1.6 USD 2.5 USD 18.0 USD 10.8 USD 12.7

Total USD 50.7 USD 131.7 USD 310.4 USD 141.8 USD 153.9

Furthermore, different scenarios for recovery assets were simulated. When the time
length of the start-up investment recovery increased to ten years, the cost per m3 of
treated soil decreased more significantly for the bioaugmentation treatments than for
the biostimulation treatments (Table S6). All these aspects have unequal impacts on
the economic performance of the different bioremediation technologies, highlighting the
relevance of this analysis, especially for evaluating profitability under incipient market
conditions, such as those for bioremediation in Chile.

Cost of Bioremediation in Chile and Other Countries

Our results were calculated using average costs in Chile; therefore, they may be
highly influenced by domestic dynamics of unrelated sectors rather than those sectors
related to the nature of bioremediation. In order to compare our results to worldwide
bioremediation operations, we reconstructed an extensive analysis of 130 bioremediation
projects of contaminated soils. The analysis included different types of contaminants (e.g.,
hydrocarbons, organic solvents, halogenated organic compounds, heavy metals), as well as
diverse remediation approaches including biostimulation, bioventing, bioaugmentation,
solvent vapor extraction and thermal treatments (Table S3).

We determined that the cost of bioremediation was highly variable and ranged be-
tween USD 0.5 and USD 1820 per m3 of treated soil. All the projects that registered costs
of < USD 2 per m3 of treated soil were associated with treatments based exclusively on
biostimulation, and these treatments only removed 50% of hydrocarbons (Table S3). In
contrast, projects that reported costs higher than USD 700 per m3 of treated soil involved
treatments of a diversity of contaminants, such as BTEX, VOC, PAHs and heavy metals,
using a variety of approaches, including biostimulation, bioaugmentation and thermal
treatments (Table S3). The distribution of costs of the projects seems to be more influenced
by the type of remediation treatment than the type of contaminants in the soil. The 40%
of those projects with lower cost (36) were based on bioventing (20), biostimulation (10),
solvent vapor extraction (5) and phytoremediation (1). The 60% of projects with higher costs
(94) involved approaches such as bioventing (27), thermal (26), solvent vapor extraction
(13), biostimulation (12), bioaugmentation (1), other (6) and combined (9) treatments. Costs
calculated in our projections fall within this last group, highlighting the important effort in-
volved in bioremediation of chronically contaminated soils (Figure 2). In general, this effort
requires reshaping the soil microbiota and dramatically strengthing their biodegradation
capabilities towards the most recalcitrant and less bioavailable fractions. In contrast, several
projects belonging to the 40% of lower cost are based on bioventing and biostimulation,
mainly oriented to metabolize more easily biodegradable pollutants. The cost of our more
expensive treatment, BAE (bioaugmentation and biostimulation), was within the top 20%
more expensive projects of the dataset, which are enriched by physicochemical aggressive
techniques, such as thermal treatments and solvent vapor extraction (Figure 2).
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Figure 2. Distribution of the cost of bioremediation across a set of 135 projects around the world. The
bar chart in the left shows costs of bioremediation sorted from the cheapest (0%) to the most expensive
(100%), and the cost for bioremediation is expressed in USD per m3 of contaminated soils in logarithmic
scale. The contaminants column indicates the type of contaminants in the treated soil as the following.
“HC-der” indicates soils contaminated with hydrocarbons-derived compounds; “HalVOC” indicates soils
contaminated with halogenated volatile organic compounds; “mets” indicates soils contaminated with
metals; “OS-der” indicates soils contaminated with organic solvent compounds. The approach column
indicates the technique used for soil bioremediation. Abbreviations: Phytorem—phytoremediation;
SVE—solvent vapor extraction; Thermal—thermal treatments.

4. Discussion

Far from being a silver bullet, there is not a single bioremediation approach that is
useful in all hydrocarbon-contaminated sites [57]. Thus, appropriate characterization of the
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polluted soils and the adaptation of bioremediation techniques on a case-by-case basis are
essential [58]. Adjustments should consider several factors, including technology-specific
components, contaminants (type, concentration, aging and distribution), and the physico-
chemical properties of the soil. As a result of the variability, the design and implementation
of bioremediation projects have a direct impact on their capability to evaluate the economic
performance, converting this into a daunting task [43]. An initial guide for the evaluation
of costs of different bioremediation approaches, such as the one presented here, is relevant
not only to compare these alternatives to projects based on excavation and disposal, which
is rather easy to grasp, but to integrate this information through management practices to
ensure the technical and economic feasibility of bioremediation projects, where the decision
making is empirical rather than knowledge based.

This study indicated the cost of bioremediation of chronically hydrocarbon-contaminated
soils by different approaches in a country with neither developed environmental remediation
industry, nor economic policies that help to determine the treatments costs. The cost of the
bioremediation of chronically hydrocarbon-contaminated soils was estimated to be between
USD 50.7 and USD 310.4 per m3 of soil. Among those, biostimulation with 10% of compost
(BE1) was found to be the most cost-effective treatment. Except for BE1, all other bioremedia-
tion costs ranged on values that have been previously reported for biopile bioremediation of
hydrocarbon-contaminated soils [59]. Our results showed that biostimulation-based treatments
have lower costs than their counterparts using bioaugmentation. Specifically, the comparison
between all bioaugmented treatments and BE1 revealed that the last treatment, though effective
in hydrocarbon biodegradation [52], showed a significant reduction in direct material costs,
provision and covering assets. This highlights the properties of compost, which is the mature
product of composting, a bioprocess that transform solid organic substrates into relatively
stable, organic-rich material via microbial communities [60]. Amendments with compost are
considered a blend between the addition of nutrients and microorganisms with enzymatic
composition and metabolic capabilities to biodegrade persistent compounds [50]. The first
production of compost based on organic urban waste was dated as early as about 6000 years
ago, when humans transitioned from being gatherers and hunters to breeders and farmers
before establishing themselves in urban settlements [61]. Since then, compost has been widely
applied in agricultural fields as a source of limiting nutrients for crops, such as nitrogen and
phosphorus [62–65], amendments to reducing soil-borne crop diseases [66,67], and as a way
of enhancing soil fertility by increasing natural nutrient cycling [68] in both conventional and
organic agriculture [69]. The applications of compost have expanded to other fields, such as
control of soil erosion [70], carbon sequestration [71], greenhouse gases biofiltration [72] and
enhanced bioremediation [46,73]. Indeed, their application in bioremediation of organic contam-
inants has exponentially increased over the years [74,75]. However, in Chile, compost currently
maintains a low price, since it does not compete with alternative uses besides turf/grass in-
dustries and organic-based agriculture. Therefore, the potential impact of higher demand for
compost on the cost of biostimulation-based bioremediation remain to be examined in further
detail. In contrast, the requirements of equipment and supplies for cultivation of high volumes
of microbial biomass, as well as monitoring and quality controls converts bioaugmentation
to a more expensive process. These results should be analyzed cautiously as a higher control
level of remediation, including addressing the level of success of bioaugmentation and/or
biostimulation in supplying hydrocarbon-degrading microorganisms, which may increase the
efficiency of the process, but also may raise the bioremediation costs. Further analysis towards
analyzing the impact of critical variables on the efficiency and efficacy of bioremediation are
beyond the scope of the current work, however, they remain to be examined in future.

The economic evaluation of microbial bioremediation of chronically contaminated soils
presented in this study will contribute to improvements in the understanding of how costs
vary for each bioremediation approach, and therefore, they may be used as an input for risk–
cost–benefit analysis. This is especially relevant in an industry that focuses its efforts on
facing environmental remediation liabilities that occurred in the past instead of producing
new products or rewarding shareholders [43]. As a whole, the absence of regulation and
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laws governing the maximum permissible concentrations of contaminants in soils converts
the traditional “the polluter pays” to the predominant paradigm in Chile, preventing
the advent of alternative paradigms that integrate ecosystem services, such as microbial
bioremediation, as a valuable input to support ecological restoration. Furthermore, this
framework will help to address similar challenges that other productive sectors have
historically faced in Chile, where the controversial tradeoff between economic growth
and environmental pollution is still rather frequent [76]. As with many other current
sustainability challenges [77], it becomes relevant to establish a debate about regulations
and incentive policies to encourage the implementation of local bioremediation industry
capable to clean up a high number of polluted sites. Undoubtedly, the technical and
scientific dimensions of the debate will have a positive impact on the recent Framework
Law for Soils (Ley Marco de Suelos) that, after twenty years of discussion, has advanced
to the discussion of several issues, including climate change, land management, land
degradation and the prevention of soil contamination [41].

5. Conclusions

During the last few decades, the use of microbial bioremediation as a technology
to restore polluted sites has been increasingly applied worldwide. Despite its several
technical advances, and the growing need for improved technologies to effectively restore
contaminated environments, bioremediation has been scarcely used in Chile. In the present
study, the cost of five different bioremediation strategies based on biostimulation and/or
bioaugmentation for removing hydrocarbons from chronically contaminated soils in an
industrial projected scenario were estimated. The results identified compost and bacterial
culture media as the items with the highest cost for biostimulation and bioaugmentation-
based approaches, respectively. The comparison of the projected costs with an extensive
database of 130 soil bioremediation projects indicate that the treatment costs fall within
60% of the more expensive projects, highlighting the high effort involved in bioremediation
of chronically contaminated soils. An initial guide for the evaluation of costs of different
bioremediation approaches, such as the one presented here, is relevant not only to compare
these alternatives to projects based on excavation and disposal, which is rather easy to grasp,
but to integrate this information through management practices to ensure the technical and
economic feasibility of bioremediation projects, where the decision making is empirical
rather than knowledge based. This framework will also facilitate a debate about regulations
and incentive policies to encourage the implementation of local bioremediation industry
capable of cleaning up a high number of polluted sites, as well as to improve the decision
making of entrepreneurs and consultants, and may help to trigger government-generated
environmental policies, regulations and standards for contaminated soils.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: The purpose of the NaOH pretreatment of rice straw with a recycling strategy was to
enhance the economic efficiency of producing biomethane. Anaerobic digestion is used for converting
rice straw into biogas. In this work, 5% NaOH and rice straw mixed samples were autoclaved at
121 ◦C for 20 min for lignin removal. The NaOH black liquor was separated using filtration for
the subsequent treatment cycle. The NaOH liquor was utilized in one more subsequent recycling
procedure to test its ability to remove lignin from the rice straw. The 5% NaOH treatment results in a
reduction in rice straw (RC) lignin of 73.6%. The lignin content of the recycled NaOH-filtrated rice
straw samples (RCF1) was reduced by 55.5%. The 5% NaOH-treated rice straw sample yields a total
cumulative biogas of 1452.4 mL/gVS, whereas the recycled NaOH-filtered (RCF1) samples generate
1125.2 mL/gVS after 30 days of incubation. However, after 30 days of incubation, the untreated rice
straw (RCC) bottle produced a total of 285.5 mL/gVS of biogas. The total increase in methane output
after NaOH treatment is 6–8 times greater, and the biogas yield improves by 80–124%. We show here
that the recycled NaOH black solution has still the effectiveness to be used for successive pretreatment
cycles to remove lignin and generate methane. In the meantime, the NaOH black solution contains
useful materials (lignin, sugars, potassium, and nitrogen) that could be purified for commercial
purposes, and more importantly recycling the NaOH solution decrease the chances of environmental
pollution. Thus, recycling NaOH decreased chemical consumption, which would provide net benefits
instead of using fresh NaOH solution, had a lower water consumption, and provided the prospect
of producing an optimum yield of methane in anaerobic digestion. This method will decrease the
chemical treatment costs for biomass pretreatment prior to anaerobic digestion. Recycling of NaOH
solution and the integration of pretreatment reactors could be a novel bioprocessing addition to the
current technology.

Keywords: lignin; straw; heating; NaOH; pretreatment; biogas

1. Introduction

One of the fundamental requirements for a sustainable way of life is energy. This
need is primarily met by the energy generated from fossil fuel sources around the world.
However, as these fossil fuel resources are depleted, there may be major energy shortages
in the future [1]. The need for affordable, long-lasting energy is of the utmost importance. It
must be both sustainable and cost-effective to meet the energy needs of human activity [2].
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The primary problem is that the majority of the energy is derived from fossil fuels, which
are expensive and generate greenhouse gases. Anaerobic digestion is a sustainable process
for producing bioenergy from lignocellulosic waste biomass [3,4].

Rice straw production has increased as a result of rising energy consumption demands.
The rice plant contains forty to sixty percent of its weight in rice straw, an agricultural
waste. Rice straw contains 38–43% cellulose, 2–26% hemicellulose, and 15–20% lignin,
depending on the variety and region [5,6]. Despite being one of the many crops that are
commonly grown throughout the world, burning rice straw in open fields has a detrimental
effect on the environment. The anaerobic digestion of rice straw to produce biogas is one
possible method to use rice straw and minimize air pollution [7]. From anaerobic digestion,
two useful products, biogas and digestate, are generated. Biogas can be used for lighting,
electricity, and cooking. It can also be transformed into biomethane and used as a fuel for
cars or injected into the pipeline to be transported as natural gas [8]. The composition of
rice straw contains three major components: lignin, cellulose, and hemicellulose. Thus, rice
straw’s walls are tightly packed by layers of lignin, cellulose, and hemicellulose, and remain
protected from enzymatic hydrolysis. In order to dissolve lignin and make cellulose and
hemicellulose accessible to enzymatic action [9], a pretreatment step is therefore required
before biogas production through anaerobic digestion [10]. Pretreatment aims to enhance
surface area, promote lignocellulose structural opening, decrease lignin quantity, maintain
hemicellulose, and decrease cellulose crystallinity. Additionally, biomass is processed to
promote porosity in order to enhance enzyme access and assist the process of anaerobic
digestion. When compared to acid or oxidative reagents, alkali pretreatment is the most
efficient approach for rupturing the ester linkages between lignin, hemicellulose, and
cellulose and limiting breakage of the hemicellulose polymers. According to previous
studies, pretreatment with NaOH effectively increases the accessibility of enzymes to
the cellulose while removing lignin and a small fraction of the hemicelluloses [11]. The
majority of alkali pretreatment processes used in rice straw biogas production require
heating and a substantial use of chemicals. Such pretreatment methods use a lot of water
and produce harmful substances. Furthermore, treating alkali at high temperatures results
in greater initial costs, increased treatment expenses, and most likely adverse environmental
effects [12]. Biogas helps the economy by reducing poverty, offering affordable biofertilizer
to increase soil fertility and reduce hunger, supporting new businesses, turning waste
into usable products, and supporting global sustainability. Rice straw waste may be
anaerobically digested to produce biogas, which small business owners can use to provide
gas for cooking and farmers can use for electricity as well. Thus, the anaerobic digestion
of waste biomass, such as rice straw, is a viable, sustainable, and profitable method for
business owners to establish a biogas plant in an industrial area and supply energy to local
populations [13]. It is estimated that crop waste production worldwide exceeds 9 billion
tons. The huge quantity of crop waste can be efficiently managed with the advancement of
anaerobic digestion technology. The production of biogas and its byproducts from crop
waste can also help to solve challenges with food security, pollution in the environment,
the cost of production, providing clean energy, and stability and sustainability in the
economy [14].

To effectively pretreat crops and remove lignin, particularly rice straw, NaOH has
shown a high rate of lignin removal efficiency compared to other alkalis, especially KOH
and Ca(OH)2 [15,16]. The treatment of rice straw with NaOH removes lignin and makes
the cellulose component vulnerable to microbial hydrolysis. However, using a high concen-
tration of alkalis not only increases the cost of the pretreatment process but also produces
chemical inhibitors along with a high amount of volatile fatty acids (VFA), which stop the
anaerobic digestion process [17]. Therefore, picking a suitable pretreatment method is a
critical step for enhancing anaerobic digestion, but could also be economical for industrial
applications [18].

NaOH black liquor can be reused for the pretreatment of biomass, rather than being
wasted after initial treatment. Previously, NaOH with a high thermal heating process was
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applied and did not recycle this black liquor for further uses [15]. In such practices, the yield
was improved, but the cost and environmental hazards were ignored. A few researchers
filtered and recycled NaOH black liquor using extensive washing steps [19]. Because of
such approaches, this important reagent is also unreasonably expensive for large-scale
applications. The goal of this work was to reuse the black NaOH liquid repeatedly in order
to identify a less expensive pretreatment procedure. In addition, the study focused on
using NaOH in dilute concentrations with gentle heating conditions to remove lignin from
rice straw as agribiomass. It was further noted that the effect of lignin removal on biogas
yield and the anaerobic digestion process should be investigated.

2. Methodology

2.1. Materials and Methods

All essential chemicals, including NaOH, were bought from the Merck Group of
Chemical Companies and Fisher Scientific. After being processed to a 40 mm mesh size, the
rice straw was stored at room temperature in a polythene bag. The total solids (TS), volatile
solids (VS), ash, moisture, lignin, hemicellulose, and cellulose were calculated using the
normal NREL laboratory analytical process [20]. Using the oven-drying technique, the
samples were dried in an air-drying oven for 24 h at 105 ◦C. This calculation Equation (1)
was used to determine the moisture:

%moisture =
M1 − M2

M
× 100 (1)

where M = initial sample weight/gm, M1 = sample weight/gm. + container before drying,
and M2 = sample weight/gm + container after drying.

The moisture-free biomass was heated to 500 ◦C in a muffle furnace for 3 h, cooled to
ambient temperature in a desiccator, and weighed to assess the samples’ ash content. The
ash was estimated as shown below in Equation (2).

%ash =
S2 − S

S1
× 100 (2)

where S = burn dish weight, S1 = sample without moisture, and S2 = weight of sample plus
dish after furnace ignition.

A clean crucible was heated for 24 h to 105–110 ◦C, and the substrate was weighted
and dried in the oven set at 70 ◦C. The TS is calculated as shown in Equation (3):

TS% =
T − S

S
× 100 (3)

where T = dried sample + dish and S = dish weight.
The volatile solids (VSs) were measured by heating the substrate to 450 ◦C for 1 h in a

desiccator. The dry ash was collected from the muffle furnace, and VSs were calculated
after cooling the sample as shown in Equation (4).

VS% =
V − D

S
× 100 (4)

where V = substrate weight + dish and D = substrate weight + dish after ignition.
A 300 g dry sample was soaked in 3 mL of 72% sulfuric acid in a pressure tube for

lignin measurement, and the sample was then incubated in a water bath at 30 ◦C for 60 min.
A tiny glass rod was used to agitate the samples continuously. An amount of 84 mL of pure
water was added to dilute the reaction to 4%. The reaction was stopped after full breakdown
and cooled to ambient temperature. The soluble lignin was measured from the UV-visible
spectrophotometer’s absorbance value, and the insoluble lignin was measured from the
weight of the ash after a rice straw sample that was oven-dried overnight was burned at
575 ◦C. The calculations were performed according to the NREL laboratory’s analytical
process [20]. The National Renewable Energy Laboratory’s (NREL) established analytical
method was used for the analysis of rice straw compositions of cellulose and hemicellulose
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sugars (hexose and pentose sugars) by using a high-pressure liquid chromatography
(HPLC) system for rice straw samples.

2.2. Rice Straw Pretreatment

The experiment (Figure 1) was started using 5% NaOH for lignin degradation from
rice straw (RC sample). All the rice straw samples (100 g/L) were immersed in 5% NaOH
in a 100 mL solution in a 250 mL flask. The pH of NaOH black liquor was measured
and it was 12.5 at the start of the reaction process. All the samples along with the control
(rice straw dissolved in a 100 mL solution without NaOH) were then autoclaved at 121 ◦C
for 20 min [21]. Under the same conditions, the control samples (RCC) were treated with
distilled water. After heating, the black NaOH liquid was filtered and collected in a sterile
flask. The solid rice straw residue was separated by filtration and rinsed with 100 mL of
water. Before using it in an anaerobic digestion experiment, the washed solid residue was
allowed to dry at room temperature. The 100 mL of water used in residue washing was
added to the black liquor of NaOH. It was assumed that adding 100 mL of water to filtered
black liquor of NaOH would reduce the starting concentration of 5% NaOH/100 mL by
up to 2.5%. Again, 100 mL of filtered NaOH black liquid was added to a 250 mL flask
containing 100 g/L of rice straw (RCF1) and autoclaved at 121 ◦C for 20 min. Under the
same conditions, the control samples were treated with distilled water. The NaOH was
collected in a sterile flask after being filtered, and the solid residue of the rice straw was
separated and rinsed with 100 mL of water. With a spatula, the solid residue was separated
and dried at room temperature.

Figure 1. Experimental plan for 5% NaOH and recycled NaOH for lignin removal.

2.3. Scanning Electron Microscopy (SEM)

Scanning election microscope (SEM) machine was used to examine the pretreatment
distortion and destructions on the structural surface of rice straw samples after and before
treatment. The surface morphology of the untreated and pre-treated samples from both
experimental groups were studied using a vacuum-desiccated SEM (S-3700 microscope
Hitachi, manufacturer, Albany, CA, USA) with magnification ranges of 1000× to visualize
the cracked and degraded tough structure of biomass samples as described previously [22].

2.4. Anaerobic Digestion Experiment

Anaerobic digestion experiments (ADE) were conducted on rice straw samples RC,
RCF1, and RCC as a control sample. In each 250 mL serum bottle, the reactor volume was
100 mL. K2HPO4 (2.5 g/L), 3.5 g/L sodium bicarbonate solution, and 5 mL stock solutions
of vitamin solutions thymine (0.01 g/L), folic acid (0.02 g/L), vitamin B12 (0.001 g/L),
panthonic acid (0.05 g/L), riboflavin (0.05 g/L), and lipoic acid (0.05 g/L) were used as
fermentation media. The fermentation media were autoclaved at 121 ◦C for 20 min. An
inoculum of the full-scale anaerobic digester was enriched successively on fermentation
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media supplemented with 5 g/L alkali lignin, 5 g/L glucose, 5 g/L cellulose, and 5 g/L
methanol under N2-flushed conditions. This culture was used as an inoculum for biogas
experiment. Based on the volatile solid (VS) content as food to microorganism ratio
(F/M ratio), a 0.28 (S/I ratio) was determined for the ADE experiment. After flushing
the serum bottles with N2 gas for 6 min, the bottles were incubated at 40 ◦C and pH
8. There were control samples of inoculum without rice straw and rice straw without
inoculum. Both untreated and pretreated rice straw sample fermentation tests were started
in parallel to compare biogas and methane yield. The daily biogas production was assessed
using the water displacement method, and serum vials were physically shaken on a
daily basis. The GFM406 multichannel portable gas analyzer was used to determine the
CH4 and CO2 composition of the biogas. The biogas data were examined using OBA,
(https://biotransformers.shinyapps.io/oba1/, accessed on 20 March 2019). This biogas
software package (R package) estimated the total biogas, methane, daily methane, daily
biogas, rate of biogas, and methane. The R software derives all of these characteristics
from daily biogas data for each bottle based on biogas volume and percent CH4 [23]. The
software makes use of the R function to estimate the theoretical and expected yield given
a sample of raw data. Three groups make up the web-based interface known as the OBA
Online Biogas App: (1) fundamental vectorized functions for typical conversions and
calculations, (2) two data processing functions that compute BMP or comparable results
from laboratory measurements, and (3) a function for predicting CH4 production: basic
biogas package operations. The oxygen demand, composition, molar mass, biogas volume,
gas volume to moles, cumulative biogas, and methane production were all calculated using
this software.

For the daily methane and cumulative methane yields for each of the examined
samples, RCC, RC, and RCF1, a one-way ANOVA in Excel data analysis toolpak was
carried out. Using Graphpad Prism 9.0.0, the standard deviation (SD), mean values, and
significance between the data were determined.

3. Results

3.1. Pretreatment and Composition of Rice Straw

For each experimental analysis, the composition of the evaluated biomass must be
found, because the chemical and biological processing generated changes in the physical
properties, chemical structures, and chemical compositions of rice straw (RC). The selected
rice straw for this study has 41.3, 22.2, and 20.3% cellulose, hemicellulose, and lignin,
respectively. Total solids (TS), volatile solids (VS), and ash were 89.5, 80.2, and 9.6%,
respectively, Table 1. The composition of the rice straw used in this study is comparable
with that employed in an earlier article on rice straw that evaluated the effects of NaOH on
lignin [24].

Table 1. The composition of rice straw.

Factor Value

Moister (%) 9.6. ± 0.2
Volatile solid (VS %) 80.2 ± 2

Total solid (TS %) 89.5 ± 3
Ash (%) 7.2 ± 1

Hemicellulose 22.2 ± 2
Cellulose 41.3 ± 3

Acid-insoluble lignin 6.8 ± 2
Acid-soluble lignin 20.3 ± 1

The compositional value of rice straw, as indicated in Table 1, was estimated using a
conventional NREL laboratory analytical process before NaOH treatment and was used to
determine the level of delignification [20]. The samples treated with 5% NaOH showed
73.6% delignification for the RC samples. RCF1 samples, on the other hand, showed 55.5%
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delignification. This was due to the addition of water to the NaOH black liquor for the
following cycle after filtering. It was observed that the lignin value reduced with NaOH
treatment in both RC and RCF1 samples. In contrast, no significant reduction in lignin
removal was observed in untreated RCC samples (Figure 2).

Figure 2. The percent value of delignification of rice straw with 5% NaOH treatment: RCC is the
control sample, RC is the 5% NaOH-treated sample, and RCF1 represents the filtered sample.

3.2. SEM Analysis

SEM micrographs were used to compare the surface features of the untreated (RCC),
5% NaOH-treated (RC), and recycled filtered (RCF1) samples. The RCC images had a clean
and smooth structure and were exceedingly compact. The dense structure of the rice straw
was broken after NaOH pretreatment, and degradation was more visible on the surface of
rice straw. The SEM micrographs of the autoclaved RCC samples without NaOH revealed
that the hydrothermal pre-treatment without NaOH had a less damaging effect on their
surface compared to the treated samples (Figure 3). The surface degradation effect was
more intense and clearly visible in the case of the sample of the 5% NaOH-treated (RC)
and recycled filtered samples (RCF1). In Figure 3, the deterioration effect was harsh for
the 5% NaOH-treated (RC) sample, and gradually diminished in evident distortion on the
surface of the recycled filtered sample (RCF1). The less severe effect in the SEM pictures
of the recycled filtered sample (RCF1) supports the delignification rate and the relation
of NaOH with lignin removal from the rice straw residue. Overall, the SEM micrographs
clearly demonstrated ruptures in the silicon waxy structure, surface degradation, and
morphological alterations in the rice straw as a result of heating and NaOH treatment,
indicating that the fermentation process was accelerated.
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Figure 3. SEM images of the rice straw: RCC is control untreated sample, RC is 5% NaOH-treated sam-
ple, and RCF1 represents filtered sample of recycled NaOH treated with magnification of 1000× times.

3.3. Anaerobic Digestion for Biogas

Anaerobic digestion of the 5% NaOH-treated rice straw samples was compared to
RCC samples that had not been treated. The improvement in biogas output in anaerobic
digestion was investigated. The maximum daily biogas yields were 55.6 and 39.6 mL/gVS,
respectively, from 5% NaOH-treated (RC) and recycled filtered sample (RCF1) bottles
(Figure 4). The untreated RCC bottle yielded a lower biogas output at 14.7 mL/gVS.
During the fermentation experiment using rice straw samples, it was observed that biogas
production begins after 7 days of lag time in the case of untreated (RCC) bottles, but only
24 h in the case of treated RC and RCF1. Similarly, biogas generation continues until
27 days of anaerobic digestion for samples treated with 5% NaOH, whereas it stops after
24 days for untreated RCC bottles.

Figure 4. Daily biogas (mL/gVS): RCC is control untreated sample, RC is a 5% NaOH-treated sample,
and RCF1 represents a filtered sample.

The daily methane output of the pretreated and untreated samples is shown in
Figure 5. The greatest daily methane yield from RC and RCF1 bottles was 26.5 and
15.9 mL/gVS/d, respectively. The maximal daily methane output from the untreated
RCC bottle was 4.5 mL/gVS/d.
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Figure 5. Daily methane (mL/gVS): RCC is control untreated sample, RC is a 5% NaOH-treated
sample, and RCF1 represents a filtered sample.

After adding the inoculum to the reactor bottles to start the fermentation process,
the daily production of biogas and methane began and after reaching its peak value, it
continuously remained at a 30 mL per day yield for the next two weeks. The highest
and optimum biogas production was observed from the 7th day until the 20th day of the
fermentation process. The first two weeks of production showed the highest and maximum
levels of biogas and methane. NaOH pretreatment enhanced the biodigestibility of RC and
RCF-1 samples, facilitating anaerobic microbial utilization and reducing the time needed
for digestion. This explains how the lignocellulose matrix was efficiently broken down
by the NaOH pretreatment, supplying methanogens with enough organic materials to
grow faster and produce more methane. However, in the untreated rice straw sample,
the low biogas yield and low methane output provide indications that the lignin in the
lignocellulose matrix of rice straw is not broken down, possibly leading to an inadequate
supply of organic matter in the anaerobic reactor. As a result, during the lag phase of the
anaerobic digestion time, the sample required additional time to generate biogas. As a
result, the methanogens end up producing small amounts of methane and biogas.

The cumulative biogas from the fermented bottles of the treated and untreated samples
is shown in (Figure 6). The maximum cumulative biogas yielded by the RC and RCF1
bottles was 1452.4 and 1125.2 mL/gVS, respectively. After 30 days of incubation, the
maximum cumulative biogas from the untreated RCC bottle was only 285.5 mL/gVS.

Similarly, the cumulative methane yield in (Figure 7) for the treated and untreated
samples shows a similar pattern. The RC and RCF1 bottles yielded the greatest cumulative
methane levels of 396.7 and 274.4 mL/gVS, respectively. After 30 days of incubation, the
total methane output from the untreated RCC bottle was only 30.2 mL/gVS.
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Figure 6. Cumulative biogas (mL/gVS): RCC is control untreated sample, RC is a 5% NaOH-treated
sample, and RCF1 represents a filtered sample.

To observe a significant variance in the total methane production across all tests, a
single-factor one-way ANOVA in the excel data analysis toolpak was used for the statistical
difference, and the means of methane production among the three conditions—untreated,
5% NaOH-treated, and recycled-NaOH-solution-treated rice straw samples—were found.
Table 2 displays the mean variance analysis (ANOVA) of single-factor results and multiple
comparisons of the control and treatment samples. A total of 90 reaction samples and
data from 30 of each sample were used for the substrate samples of untreated rice straw
(RCC), treated rice straw (RC), and filtered NaOH-recovered liquor-treated rice straw
(RCF1). According to Table 2, the mean methane yield for the RC and RCF1 samples at 95%
probability is very different from that of the RCC sample. The average result consistently
had a p-value of 1.33 × 10−8, indicating that most of the variables for all the substrates
under investigation—rice straw that had not been treated, rice straw that had been treated
with recycled NaOH, and rice straw that had been treated with NaOH—were significant
(RCF1). When RC was the substrate, followed by RCF1, the difference in methane output
was significant, and it was possible to see a precise, significant difference in the value. The
least amount of methane was produced by the RCC composed of rice straw that had not
been processed. The cumulative methane yields from RC and RCF1 differ significantly
from each other, as shown in Table 2 (p > 0.05). The yields of the treated samples and the
RCC (control) samples are the same when compared to one another. The biogas yield was
significantly affected by the NaOH treatment of the two RC and RCF1 substrates as a result.
Increased lignin breakdown and cellulose digestibility, both of which encourage anaerobic
digestion, are ascribed to this effect.
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Figure 7. Cumulative methane (mL/gVS): RCC is control untreated sample, RC is a 5% NaOH-treated
sample, and RCF1 represents a filtered sample.

Table 2. Comparison of cumulative methane yield of the RCC, RC, and RCF1 samples using
one-way ANOVA.

ANOVA Summary

Groups Count Sum Average Variance
RCC 30 420.758 14.02527 183.934
RC 30 6434.37 214.479 27,157.8

RCF1 30 4468.662 148.9554 14,449.81

ANOVA Results

Source of Variation SS df MS F P-value F crit
Between Groups 626,811.8225 2 313,405.9 22.4978 1.33 × 10−8 3.101296
Within Groups 1,211,954.77 87 13,930.51

Total 1,838,766.592 89

Table 3 displays the effects of several chemical pretreatments on certain straw biomasses.
The table demonstrates that, although the same chemical pretreatment procedures were
used, the effects of these pretreatments are not the same, e.g., 5% NaOH for rice straw
and wheat straw. In a similar sense, it can be inferred that different procedures used
for the same feedstock produced different outputs. It was found that after pretreatment
with acids, NaOH, and biological and hydrothermal treatments, all reactions enhanced
the biogas yield. In order to choose the appropriate chemical for the feedstock being
used, this difference in yield increase can be further investigated using the same chemical
concentration. In addition, it is necessary to identify the chemical concentration that can
produce a yield increase compared to that of each substrate, due to differences in structural
rigidity and responses to chemical effects. Our findings demonstrate that NaOH has a
greater capacity to destroy lignin than other chemicals tested against all the substrates,
wheat straw, corn straw, corn cob, rice straw, and sorghum stalk. It is also reported that
the lignin-degrading bacteria also break down lignin and ultimately increase methane
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production, as shown in Table 3 for the batch fermentation method with B. altitudinis
AN-2. The NaOH increased methane production in the treated samples compared to
the untreated samples. This demonstrates that the choice of chemical pretreatment to be
used will depend on the chemical, the treatment conditions, and the final products. The
NaOH recycling pretreatment effect proved that it can be reused again and proved itself
as a cost-effective chemical reagent compared to other chemical reagents used for lignin
removal from complex biomass.

Table 3. Comparison of different chemical treatments and methane yields from biomass with the
current study.

Substrate Pretreatment Conditions Methane Yield Ref

Sugarcane bagasse 2% NaOH, Batch at 35 ◦C for 30 days, 222 mL CH4/g VS [25]
Wheat straw 3% NaOH, Batch at 37 ◦C for 30 days, 350 mL CH4/g VS [25]
Corn Straw 8% NaOH, 1L Erlenmeyer flask at 37 ± 1 ◦C 100.6 mL/g VS [26]
Corn Straw 10% Ammonia, 1L Erlenmeyer flask at 37 ◦C 100.6 mL/g VS [27]
Pinewood Organosolv (150 ◦C, 1 h), at 39 ± 1 ◦C 387.4 mL/g VS [28]
Rice straw Hydrothermal 100 ◦C; 10 min 92.5 mL/g VS [29]
Rice straw Fungal treatment, Batch at 37 ◦C for 20 days 127 mL CH4/g VS [30]
Rice straw NaOH+ hydrothermal 598.7 mLCH4/g VS

Sorghum stalk H2SO4, 250 mL batch reactors at 37 ◦C 55% CH4 [30]
Wheat straw Acid steam, batch reactors at 37 ◦C 280 mL CH4/g VS [31]
Wheat straw 2% NaOH autoclaved, batch reactors at 37 ◦C 165.9 mL CH4/g VS [32]
Wheat straw Bacillus altitudinis AN-2, batch fermentation 225.3 mL CH4/g VS [33]

Untreated straw No treatment 78.5 mL CH4/g VS [33]
Corn cob Ca(OH)2 soaking (30 days), batch reactors 360.6 mL CH4/g VS [16]

Rice straw 5% NaOH autoclaved, batch reactors 430.8 mL CH4/g VS [15]
Rice straw 5% KaOH autoclaved, batch reactors 308.5 mL CH4/g VS [15]

Rice straw (RC) 5% NaOH autoclaved, batch reactors 396.7 mL CH4/g VS This study
Rice straw (RCF1) 5% NaOH autoclaved, batch reactors 274.4 mL CH4/g VS This study
Rice straw (RCC) No treatment 30.2 mL CH4/g VS This study

4. Discussion

Anaerobic digestion is a wonderful and commonly used method for producing biogas
from waste biomass and developing an effective waste management system. As a feed-
ing substrate, animal waste such as manure and agricultural leftovers such as straw are
commonly used. Rice straw is a crop leftover from rice, one of Pakistan’s most important
crops. Several factors, including lignin content, cellulose crystallinity, and particle size,
limit the digestion of the hemicellulose and cellulose found in rice straws. Farmers burn
the residual waste in the field, and there are no management mechanisms in the country
either. If the correct management procedures are followed, this useful carbon source can be
used for energy production. This research presented a recycled NaOH treatment of rice
straw to remove lignin and expose hemicellulose and cellulose for effective digestion in the
anaerobic fermentation process. The reprocessing of black NaOH liquid was utilized to
test its effect in subsequent pretreatment and to ensure its reuse for biomass digestibility
prior to anaerobic digestion. Initially, the rice straw’s composition was measured, and the
results of the contents were comparable to the composition of straw reported in earlier
studies [34,35]. The 5% NaOH reduced the barrier lignin by 73.6%, which is comparable
to the lignin removal potential of NaOH from rice straw residue found in prior work [15].
In prior research, we discovered that decreasing the alkali concentration under the same
heating circumstances decreased the potential for lignin breakdown [15]. Similarly, in this
study, a similar response for the lignin removal capacity of the recycled NaOH samples
(RCF1) was observed. Its potential was reduced due to a decrease in NaOH concentration
in the second reprocessing pretreatment. The effect of NaOH degradation on the surface of
the rice straw samples also shows that the 5% NaOH samples caused higher degradation
than the recycled samples. The RCC exhibits no significant structural degradation in the
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rice straw sample. Similarly, after pretreatment, there is damage and degradation on the
surface of biomass straw [15,36]. During the rice straw fermentation experiment, it was
discovered that biogas generation begins after 7 days of lag time in the case of untreated
bottles, but just 24 h in the case of NaOH pretreatment bottles. This suggests that pre-
treatment reduces the time required for hydrolysis in the anaerobic fermentation process
and aids in the start-up of biogas generation. Similarly, biogas generation continues for
the samples treated with 5% NaOH until 27 days of anaerobic digestion, whereas biogas
production stops after 23 days in the case of the untreated bottle. On the 10th day of the
fermentation experiment, the concentrations of CH4 and CO2 were measured, and the
methane concentration was 3%, rising to a maximum of 15.6% on the 20th day of the ex-
periment in the untreated bottle. However, the concentration of CH4 in the NaOH-treated
bottles was 16% on the 6th day and rapidly grew to 57–67% on the 17–20th day of the
fermentation experiment. Biogas and methane production ceased on the 27th and 28th days
of the ADE experiment in the NaOH-treated bottles and on the 23rd day in the untreated
bottle. The recycled RCF1 had a reduced biogas yield, which might be related to a decrease
in the NaOH level during the filtration process for the second cycle, as well as the addition
of an additional 100 mL of distilled water to adjust the volume for the following batch
of the experiment. The explanation for the decrease in biogas output is obvious, because
lignin removal and increasing biogas potential are directly related to the amount of lignin
in lignocellulosic biomass [15]. Preferably, the biogas production and CH4 percentage
should be around 50–70% under standard temperature and pressure (STP) to be used for
cooking, burning, and lighting. Only the NaOH-treated samples produced more than
65% raw biogas in this study, while the untreated samples produced just 15–17% CH4
content. Similar observations of an increase in biogas have been reported previously in
pretreatment with the alkalis Ca(OH)2, KOH, and NaOH, depending on the concentration
of the tested chemical and thermal heating from rice straw and wheat straw. The findings
of this study and the related literature show that alkalis are a useful agent for delignifying
biomasses, and that they should be utilized again rather than discarded. Lignin removal
of waste biomass with NaOH pretreatment could be taken into consideration to proceed
from lab research to an industrial-scale technique for less expensive biogas generation
in order to enhance the anaerobic digestion process [37,38]. Such observations further
highlighted the significance of pretreatment prior to the fermentation process in producing
high-quality biogas. Even so, it is vital to remember that the pretreatment method must be
affordable and may be adequate for pilot-scale waste biomass fermentation processing. The
findings clearly show that processed rice straw enhances biogas and methane yields. When
compared to the untreated sample, the NaOH samples produced roughly 6–8 times more
biogas and methane. Overall, the NaOH-treated samples produced 85–124% more biogas
than the untreated samples. The findings of this study are comparable to those of earlier
studies [37,38]. The manipulated variables set for one-way ANOVA were RCC, RC, and
RCF1 to compare the mean differences for daily methane yield and cumulative methane
yield, and from the 90 data sets it is found that there is a significant improvement in the
methane yield in both 5% NaOH-treated rice straw and 2.5% recycled-NaOH-treated rice
straw samples. The P value of 0.0001 indicated that the results were significant. The results
of this study demonstrated that pretreatment under mild circumstances improved the
digestibility of the biomass straw and, as a result, increased output yield. It was also stated
that NaOH black liquor should not be discarded. It should be recycled for the pretreatment
purpose of disintegrating the lignin of lignocellulosic biomass before the fermentation
process produces various bioproducts. To summarize this study, it was essential to reduce
the cost of pretreatment for the efficient fermentation of rice stalks to methane. The rice
straw pretreatment with 5% NaOH increased methane yield during initial testing. In
the majority of instances, however, researchers discarded the NaOH solution after initial
pretreatment, and recycling this black liquor solution as a treatment was not considered for
lignin removal. We presumed that the reuse of alkaline pretreatment and the recovery of
lignin are crucial issues for biorefinery in order to reduce pretreatment costs. For lignin
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removal from rice straw, an alternative strategy to the pretreatment procedure involving
recycling the NaOH solution is presented in this study. We are able to demonstrate that
the recycled NaOH solution removed lignin and increased methane yield. Relative to
other pretreatment strategies, NaOH pretreatment is more effective at removing lignin
and releases fewer inhibitors such as furfural and HMF. Through this method’s design,
not only was lignin removed, but the resulting NaOH solution was also recycled for the
pretreatment of rice straw. Transformation of the recovered lignin revealed its potential in
a variety of industrial fields. For instance, lignin has been identified as a highly valuable
renewable polymer that can be used to manufacture phenolic resins and epoxies [39]. In ad-
dition, lignin can function as a binder and dispersant, such as in cement additives. During
the pretreatment procedure, lignin and carbohydrates may be recovered for the ongoing
utilization of biomass. In addition, no pollutant was discharged post alkali pretreatment.
Improving alkaline pretreatment is both interesting and valuable because it concurrently
reduces treatment costs and generates byproducts. In previous research, the recycling of a
NaOH solution demonstrated an economic benefit, increased methane yield, and decreased
pretreatment costs. According to the studies, black liquor recycling enhanced pretreatment
efficacy and decreased chemical and water consumption by 40 to 60 percent [40]. Therefore,
continuous-reactor studies are required to assess the economic and environmental benefits
of recycling the black residue of NaOH, as well as the technical and financial viability and
aggregate profitability of a biorefinery system. The results of this study demonstrated that
pretreatment under mild circumstances improved the digestibility of the biomass straw and,
as a result, increased output yield. NaOH black liquor should not be discarded, and should
be recycled for the pretreatment purpose of disintegrating the lignin of lignocellulosic
biomass before the fermentation process produces various bioproducts.

5. Conclusions

Two treatment options for lignin removal from rice straw were evaluated: NaOH
and recycled NaOH. To accelerate the effect of NaOH on the rice straw substrate, mild
thermal heating was utilized. The maximum dose examined in this study indicated that
NaOH treatment considerably reduced lignin by up to 73.6%. The recycled filtered sample
has a lignin removal percentage of 55.5%. This is due to NaOH concentration loss during
the filtration process, which was neutralized by the addition of water in the second cycle.
Additionally, no extra NaOH dose was utilized in the NaOH filtration process; therefore,
the NaOH concentration fell in the subsequent heating cycles and the impact of treatment
on lignin was reduced. The SEM findings clearly show that the NaOH treatment destroyed
the surface morphology of the rice straw samples. The fermentation experiment findings
showed a considerable improvement in biogas yield following the NaOH treatment when
compared to the untreated sample. We concluded from this work that NaOH black liquor
can be retested for lignin removal in agricultural waste biomass digestion to reduce the
cost of chemical treatment for large-scale development.
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Abstract: This paper delves into the multifaceted concept of sustainability, covering its evolution,
laws, principles, as well as the different domains and challenges related to achieving it in the
modern world. Although capitalism, socialism, and communism have been utilized throughout
history, their strengths and drawbacks have failed to address sustainable development comprehen-
sively. Therefore, a holistic approach is necessary, which forms the basis for a new development
model called sustainalism. This study proposes a new socio-economic theory of sustainalism
that prioritizes quality of life, social equity, culture, world peace, social justice, and well-being.
This paper outlines the six principles of sustainalism and identifies sustainalists as individuals
who embrace these new concepts. This study also explores how to attain sustainalism in the
modern world through a sustainable revolution, representing a step toward a sustainable era. In
conclusion, this paper summarizes the key points and emphasizes the need for a new approach
to sustainalism in the broader sense. The insights provided are valuable for further research on
sustainalism and sustainability.

Keywords: sustainalist; sustainability; sustainable revolution; SDG; quality of life; sustainalism

1. Introduction

Evolution of Sustainable Development and Sustainability

Sustainability has been widely accepted since the olden days, especially in rural
societies. The world’s ancient cultures combine worship and religious convictions with
environmental preservation, which calls on people to take care of the planet and keep it in
good condition; this may be considered a demonstration of sustainability in the ancient
ages. The “sustainability” term’s origins can be found in the realm of hunting, wherein
hunters and gatherers were eager to establish a stable means of subsistence. In old German,
“sustenance” refers to provisions kept in reserve for emergencies. The verb “to sustain” or
the phrase “sustainable” have both been “proven to be a derivation of the noun “sustenance”
(literally retain, what one retains). Nowadays, the word “sustainable” still has the meaning
of being “enduringly effective” in common usage [1].

Silent Spring by Racheal Carson, The Ecologist’s A Blueprint for Survival, and
The Population Bomb by Ehrlich are some early works that significantly impacted the
world in the cradle stage of sustainable development during the 1960s. After that,
within a short time, the words “sustainable” and “sustainability” were introduced

Sustainability 2023, 15, 10682. https://doi.org/10.3390/su151310682 https://www.mdpi.com/journal/sustainability
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in the Oxford English Dictionary [2]. The word “sustainable” comes from the Latin
word “sustinere”. Thomas Malthu’s postulates on the drastic consumption of natural
resources and energy emerged, addressing the aftermaths of the population explosion.
In his essay, he stated the principle of population, showing that population growth is
not sustainable, which is not in proportion with the available resources and carrying
capacity of the Earth [3].

The future and existence of humanity were described as “sustainability” in the
British book Blueprint for Survival and a United Nations statement in 1978. Policy
journals began using the word “sustainability” along with technical articles and studies
around 1978. Most of these concentrated on the major sustainability domains and the
environment. Soon, the World Bank started working to integrate sustainability into its
organizational structure, operational procedures, and policy frameworks. Due to the
fact that the term “sustainability” has roots in so many fundamentally different ideas,
each with a compelling argument for its legitimacy, it seems futile to attempt to define it
in a single sense [4]. The concept of sustainable development has acquired acceptance
and significance theoretically. Its further development is frequently overlooked or
minimized. While some people may think evolution is irrelevant, it may still be used to
predict future trends and defects, which can be helpful now and in the future [5]. The
unchecked economic expansion may cause the planet’s carrying capacity to be exceeded
and civilization to crumble. The ideas of sustainability and sustainable development, as
a result, emerged [6].

The repercussions of anthropogenic activity and environmental devastation are
becoming increasingly well-known, thanks to the media and publications. Works
such as Limits of Growth or Small is Beautiful argued that economy-based develop-
ment is unsustainable in this finite world of limited resources, and this started to
question ongoing economic growth [7]. The early discourse was radical and de-
manded structural reform, arguing that capitalist economic development cannot be
integrated with social and ecological development, which contradicts the concept of a
sustainable world [8].

Reiterating the need for SD, the “World Commission on Environment and Develop-
ment”, headed by Gro Harlem Brundtland of Norway, produced the Brundtland Report
titled “Our Common Future” in 1987. The report defined sustainable development as
“the development that meets the demands of the current generation without compro-
mising the ability of the future generation to meet their own needs”, as was already
mentioned. The Rio Earth Summit, also known as the UNCED or Rio Earth Summit,
was inspired by the Brundtland Report in 1992 [9]. The main subject of discussion at the
UNCED was the report’s recommendations. The conference outcome document for the
UNCED included Agenda 21 as one of the critical sustainable development outcomes.
It urged that national policies be devised and implemented to address the economic,
social, and environmental components of sustainable development after stating that
sustainable development should become an essential item on the international com-
munity’s agenda [10]. The World Summit on Sustainable Development (WSSD), also
known as Rio+10, was convened in Johannesburg in 2002 to assess the status of putting
the Rio Earth Summit’s outcomes into practice. The World Summit on Sustainable De-
velopment (WSSD) introduced several multi-stakeholder partnerships for sustainable
development and the Johannesburg Plan, an implementation plan for the measures
outlined in Agenda 21 [11]. Figure 1 illustrates the sequence of activities associated with
sustainable development.
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Figure 1. Overview of the various activities related to the concept of sustainable development
till SDGs [12].

Rio+20, also known as the United Nations Conference on Sustainable Develop-
ment (UNCSD), occurred in 2012, 20 years after the first Rio Earth Summit. The
conference’s two main sustainable development topics were the green economy and

465



Sustainability 2023, 15, 10682

an institutional framework. The conference conclusion document “The Future We
Want” placed a strong emphasis on sustainable development to the point that the
term “sustainable development” was used [13]. The Rio+20 outcomes included a
procedure for creating new SDGs, which would go into effect in 2015 and promote
targeted action regarding sustainable development in all areas of the global devel-
opment agenda. SD was thus one of the five main objectives of the United Na-
tions in 2012 (UN), highlighting the important part that sustainable development
(SD) should play in national and international development policies, programs, and
agendas [14]. Table 1 provides an overview of the different definitions of sustainability
and sustainable development.

Table 1. Different definitions of sustainability and sustainable development [15–18].

Source Definition of Sustainability

The Brundtland Report

A process of change in which the exploitation of resources, the
direction of investments, the orientation of technological
development, and institutional changes are made consistent with
future as well as present needs.

Earth Centre Sustainability means that all living things on Earth have obligations
to each other, the larger biosphere, and the subsequent generations.

NCARB In sustainability, interrelated ecological, economic, and social
systems succeed now without sacrificing their future prosperity.

UN
Sustainability is meeting the demands of the present without
compromising the ability of future generations to satisfy their own
needs.

Hannover principles
Sustainability is the conception and realization of ecologically,
economically, and ethically sensitive as well as responsible
expression as a part of the evolving matrix of nature.

Source Definition of Sustainable Development

WCED
Sustainable development is the development or growth which
meets the needs of the present without compromising the ability of
future generations to meet their own needs.

Berke and Manta

Sustainable development is defined as a dynamic process
connecting local and global concerns, as well as linking local social,
economic, and ecological issues, to cater to the current and future
generations’ needs fairly.

2. Laws and Principles of Sustainability

The term “sustainability” is scrutinized by Albert Bartlett using different laws, hy-
potheses, observations, and predictions. They may not apply to small groups of people or
to tribes living in primitive conditions as they are all based on populations and rates of
resource and good consumption found in the world. The laws are more exacting than the
hypotheses [19]. Though they are limited in many perspectives, some postulates may be
proven correct by experience and given the status of laws. The observations may provide
insight into the issues and possible solutions. These postulates can be classified into four
categories: Population and consumption, Energy, Resource and Environment, and Human-
and Society-centric (Table 2).
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Table 2. Albert’s laws on sustainability [20].

Population and
Consumption

First Law: Population growth and increase in the rates of consumption of
resources cannot be sustained.
Second Law: The difficulty of transforming a society, with more growth
in population and higher consumption of resources, into being
sustainable is higher.
Third Law: Population Momentum: The response time of populations to
changes in the human fertility rate is the average length of a human life.
Fourth Law: The size of the population that can be sustained (the
carrying capacity) and the sustainable average standard of living of the
people are inversely related.
Eighth Law: Sustainability requires that the size of the population be less
than or equal to the carrying capacity of the ecosystem for the desired
standard of living.
Ninth Law: The benefits of population growth and growth in the rates of
consumption of resources accrue to a few; all of society bears the costs of
population growth and growth in the consumption of resources.
Seventeenth Law: If, for whatever reason, humans fail to stop population
growth and growth in the rates of consumption of resources, nature will
eliminate these growths.

Energy, Resource,
and Environment

Tenth Law: Growth in the rate of consumption of a non-renewable
resource, such as a fossil fuel, causes a dramatic decrease in the life
expectancy of the resource.
Eleventh Law: The time of expiration of non-renewable resources can be
postponed, possibly for a very long time.
Twelfth Law: When considerable efforts are made to improve the
efficiency with which resources are used, the resulting savings are wholly
and rapidly wiped out by the added resources consumed due to modest
population increases.
Thirteenth Law: The benefits of large efforts to preserve the environment
are rapidly canceled by the added environmental demands resulting
from small increases in the human population.
Fourteenth Law: (Second Law of Thermodynamics) When rates of
pollution exceed the natural cleansing capacity of the environment, it is
easier to pollute than it is to clean up the environment.

Human—an
Society-centric

Seventh Law: A society that has to import people to do daily work (“We
can’t find locals who will do the work”) is not sustainable.
Sixteenth Law: Humans will always be dependent on agriculture (This is
the first of Malthus’ two postulates).
Eighteenth Law: In local situations within the State, creating jobs
increases the number of people locally who are out of work.
Nineteenth Law: Starving people do not care about sustainability.

Universal

Fifth Law: One cannot sustain a world in which some regions have high
standards of living while others have low standards of living.
Sixth Law: All countries cannot simultaneously be net importers of
carrying capacity.
Fifteenth Law: (Eric Sevareid’s Law): solutions are the chief cause of
problems. (Sevareid 1970)
Twentieth Law: The addition of the word “sustainable” to our
vocabulary, to our reports, programs, and papers, to the names of our
academic institutes and research programs, and to our community
initiatives is not sufficient to ensure that our society becomes sustainable.
Twenty-first Law: Extinction is forever.

Principles of Sustainability

Sustainable development can only be realized if a few principles are followed. How-
ever, the economy, environment, and society are typically prioritized when discussing
the basics of sustainable development [21]. Population control, human resource manage-

467



Sustainability 2023, 15, 10682

ment, ecological and biodiversity preservation, production systems, the preservation of
progressive culture, and public participation are among the issues addressed [22].

One of the tenets of sustainable development is the preservation of the environ-
ment. Since all life would end without the environment and biodiversity, they must be
protected. The Earth’s finite resources cannot meet the population’s needs and means.
Natural resource extraction must not exceed the Earth’s capacity for sustainable de-
velopment because resource depletion hurts the ecosystem [23]. This suggests that
development activities need to consider the Earth’s capabilities. Due to this, having
renewable energy sources, such as solar, is essential, rather than relying too heavily
on hydroelectricity and things made from petroleum. To accomplish sustainable de-
velopment, population control is also crucial [24]. People can live by using the limited
resources of the Earth. The growing population raises human needs, such as those for
food, clothing, and housing, but there are limits to how much the world’s resources can
be expanded to provide. Therefore, population management and control are essential
for sustainable development [25]. Effective human resource management is another
integral component of sustainable development. The individuals are in charge of seeing
that the principles are upheld. The environment must be used wisely and protected by
humans. It is up to individuals to maintain peace on Mother Earth [13]. The argument
is built on the premise that sustainable development cannot be accomplished solely
through the efforts of one person or organization, which alludes to the system’s theory.
All individuals and relevant organizations must share this obligation. The concept of
participation, which calls for optimistic attitudes from the populace in order to make
real progress while accepting responsibility and accountability for stability, is the corner-
stone of sustainable development [24]. In order to achieve genuine, long-lasting change,
participation entails the combined effort of numerous people and organizations who are
all working toward a shared vision of sustainability. We are more likely to succeed if we
recognize the responsibility that is placed on each of us as well as the power that comes
from working together for a common goal [26].

Sustainable development requires promoting socially progressive traditions, behav-
iors, and political cultures. In order to maintain social cohesion and support environ-
mental appreciation and preservation for sustainable development, advanced traditional
and political culture must be developed, nurtured, and expanded [22]. The systematic
integration of ecological, social, and economic considerations into all areas of outcome
across generations can be summed up as the central tenet of sustainable development.
A socially progressive culture is crucial for sustainable development because it enables
people to understand their obligations to society and the environment. Therefore, in
order to achieve sustainable development, a progressive traditional and political culture
must be created. This can be achieved by implementing measures such as encouraging
grassroots organizations to increase public awareness and participation in sustainable
development initiatives [27].

A systematic consensual and heuristic approach was used to arrive at sustainability
principles based on studies of humans as a social species, the Laws of Thermodynamics, and
the science behind them [28]. The lack of a comprehensive definition of “sustainability” and
the recognition of the inherent issues involved in the current use of the term “sustainable
development” served as the inspiration for this [29]. These pillars support several logical
deductions about how social and ecological systems communicate. The guiding principles
gradually evolved and were consented to after discussions with experts from the larger
scientific community. A framework with logical guiding principles was used to apply the
system conditions (Figure 2). These concepts effectively outline how the system parameters
may be addressed using “back-casting”.
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Figure 2. Sustainability principles.

In essence, they restate the definition of sustainability in a format that is applicable
and relevant to all people, reclaiming it from the hazy “definition drift” observed for the
term “sustainable development”. As a result, they act as unyielding “custodians” of the
sustainability idea [30].

3. Three Pillars and Domains of Sustainability

A sustainable structure is said to be built on three pillars. Three intersecting circles
are a common visual depiction of sustainability and its dimensions [31]. Many research
findings also use a nested approach with a particular dimension at the center. Present-day
sustainable development is frequently represented by literal “pillars” supporting it. The
hierarchy of the dimensions is highlighted in the schematic with the nested ellipses, with
“environment” serving as the basis for the other two. Three interconnected “pillars”, “di-
mensions”, “components”, “stool legs”, “aspects”, “perspectives”, etc., are frequently used
to describe sustainability and include economic, social, and environmental (or ecological)
factors or “goals” [32]. It must be acknowledged that these conflicting terms are typically
used synonymously, and our preference for “pillars” is largely arbitrary. The three inter-
secting circles of society, environment, and economy are frequently, though not always,
used to represent this multi-stakeholder description, with sustainability situated at the
crossroads. While frequently referred to as a “Venn diagram,” this diagram frequently
lacks the particularly emphasized attributes associated with such a construction. It de-
scribes “sustainability” in academic literature, policy documentation, business literature,
and online [33].

Alternative ways of expressing the three concepts include using nested concentric
circles or actual “pillars” to represent them visually and using them independently of
visual aids to represent distinct categories of sustainability objectives or metrics [34]. While
captivating due to their simplicity, the meaning these diagrams and the larger “pillar”
concept themselves convey is frequently ambiguous, restricting their ability to be coherently
operationalized. However, the conceptual underpinnings of this description and the time
when it entered popular culture are unclear, and its precise meaning is up for debate. The

469



Sustainability 2023, 15, 10682

three-pillar conception has undoubtedly attained widespread acceptance, but this should
not obscure its flaws [7].

Critics argue that the sustainable development framework is not ambitious enough to
address the scale and urgency of today’s environmental and social challenges. Some also ar-
gue that focusing on economic growth and development can perpetuate the unsustainable
use of natural resources and the unequal distribution of wealth and power. Some alterna-
tives to traditional sustainable development have been proposed, including “Degrowth”
and “Post-Development” [35,36]. Degrowth advocates for a reduction in consumption
and production, particularly in wealthy countries, to reduce pressure on the environment
and address social inequalities. Post-Development argues that the focus on economic
growth has created a distorted view of development that prioritizes Western values and
disregards the knowledge and values of marginalized communities [35,36]. Ultimately, the
debate around sustainable development and its alternatives highlights the need for a more
nuanced and inclusive approach to development that prioritizes both human well-being
and environmental sustainability. In order to better navigate the turbulent and uncertain
conditions that make up the post-Brundtland world, academics, development practition-
ers, environmental managers, sustainability advocates, and government planners must
work together [37].

Since the Brundtland Report was released, mainstream sustainable development
has advanced rapidly. The notion of sustainable development is firmly rooted in many
government offices, corporate boardrooms, and the hallways of international NGOs and
financial institutions, despite the risk of cooptation and abuse, frequently resulting in a
scaling-back of its more progressive prescriptions for achieving sustainability [38]. At
the very least, its willingness to offer some commonality for deliberations among various
development and environmental sectors, which are frequently at odds, can be used to
explain why sustainable development has endured. Strongest proponents of the idea, such
as those in international environmental NGOs and intergovernmental organizations, are
thus at ease advancing a concept that most effectively converts former opponents into
social constructivism, contending that understanding the world invariably entails a series
of mediations between human social relations and individual identities. Critics also tend
to conduct qualitative research based on a case study methodology and emphasize the
historical contingency of development processes. Perhaps most significantly, proponents of
traditional sustainable development still view the policy-making process as a legitimate
means of reform [39].

3.1. Domains of Sustainability

The framework assumes that three domains—the economy, the environment, and
the social domain—should be considered when discussing sustainability [34]. These
domains are claimed to connect as three separate spheres of life. Sustainability is founda-
tional to public administration, policymaking, and political governance; variations of this
three-domain framework can be found throughout all policy documents [40]. Despite this
prevalence, the framework is infrequently subjected to sustained or in-depth stakeholder
discussion. The economy (or profit), the environment (or ecology, the planet), and the
social sector (or society, prosperity) are typically left as the framework for defining and
operationalizing sustainability, with the economy typically leading the pack as the first
between many “equals”. This approach to sustainability is often seen as one that places
too much emphasis on economic prosperity while not giving enough attention to social
and environmental aspects. The idea of sustainability has become ubiquitous in the public
sector, but its implementation and application often fail to capture the complex realities
of social and environmental interdependencies [41]. In other words, economic factors
have taken over almost all decision-making processes. They are viewed as fundamental
to the human condition, defining and serving as a standard by which everything else
is measured [42].
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The three domains are considered separate actual activity spheres. Despite the justi-
fications for why the three domains must be combined in an integrated assessment, they
are still hypothesized as different spheres, pillars, or circles (Figure 3). This does not mean
that various sustainability domains should not have their own integrity and measurement
methods. However, in order to have it both ways, it is necessary to name different sus-
tainability domains analytically and acknowledge that, in reality, they are dimensions of
a whole rather than separate spheres that ought to be reconnected [43]. To do this, an
integrated approach to sustainability needs to be adopted in which these different domains
are conceptualized as parts of a system, not stand-alone spheres [44].

 

Figure 3. Three pillars and principles of sustainability.

One of the earliest critical public documents to use the three-domain model was Our
Common Future, though this use is still largely implicit today. Ecology and economy were
once distinct, conceptually and practically, but processes of globalization and growth have
merged them. This merging of the two fields has created unique challenges in balancing
human needs and environmental protection [45].

The demand for global interrelationships between the three domains has undoubtedly
increased as expansion or development processes have ramped up. Ecologies, economies,
and social relations have historically been intertwined in practice. Table 3 presents an
overview of the criteria considered across different sustainability domains. The idea of
sustainability as it relates to ecology, economics, politics, and culture—or even as it is used
in one of those fields alone—is remarkably new [46].

Table 3. Domain-oriented principles and criteria.

Environmental Domain Social Domain Economical Domain

Protect the health of the
ecosystem Social justice and equity Adequate funds for social growth

Avoid excess pollution Social infrastructure Create employment and fair trade

Shift to renewable resources Engaged governance Rise the income of the people

Intergenerational decisions Social capital High standard of living

Target welfare, not GDP Community and culture Free and sharing market

Restoration and conservation N/A Cost saving and green finance

N/A N/A Financial stability and security

N/A N/A Green and circular economy
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The forty-year-old idea of sustainability is undergoing a paradigm shift in favor of
The Dominant Domain Structure of Sustainability in the 21st century. We observe the same
three-domain structure of sustainability in the various policy discourses linked to significant
international organizations, with “the social” as a convenient term to group together those
aspects of life that do not fall under the purview of the economy or the environment [47].
Since Our Common Future, three significant global initiatives have been launched. Each of
these has impacted policy, administration, and sustainability governance, often directly
influencing national and local engagement. The three major initiatives, the International
Panel on Sustainable Development (IPCC), the Sustainable Development Goals (SDGs),
and the United Nations Framework Convention on Climate Change (UNFCCC), are each
instrumental in advancing global sustainability goals [48].

3.1.1. Political Domain

In order to envision and create a shared future, a deliberative political process is
fundamentally required. In sustainability politics, resources are mobilized with an eye
toward respect and harmony along multiple axes and over an extended period. Sustain-
ability politics requires a unique approach to democratic deliberation that does not simply
focus on immediate policy solutions but instead takes a broader and longer-term view of
the impact of policies on society and the environment [44]. This approach enables us to
identify and engage stakeholders, communities, and policy-makers in a shared vision of a
sustainable future, allowing us to include all perspectives in the debate and reach equitable
and effective decisions [44].

The topic of system regulation and governance identifies a fourth fundamental cat-
egory of organization; the political sphere, which regulates the relations between (and
within) the environmental sphere and the economic and social spheres. Establishing con-
ventions, laws, and institutional frameworks for controlling society’s social, economic, and,
indirectly, environmental spheres creates the political sphere [49]. The political sphere
serves as the “referee” who settles disputes involving the various, frequently incompatible
claims made by participants in the social and economic spheres, both for themselves and
concerning other spheres, such as the environment. This occurs through the political sphere
as an intermediary, highlighting that, rather than direct environmental “governance”, there
is frequently an indirect connection between the political and environmental spheres [50].
The transition from politics to the environment may involve the “supply” of public pol-
icy meant to impact how environmental systems operate. Environmental–social then
social–political integrations or environmental–economic then economic–political integra-
tions are two ways to communicate societal demands “on behalf of the environment” [51].
Establishing conventions and procedures for regulating each sphere in relation to the oth-
ers, to ensure the concurrent respect for quality/performance goals of all three spheres,
constitutes the political or governance dimension of the organization [10]. This is the
area of arbitrage between various principles and asserts of concern, obtained de facto
or on purpose through coercion and institutional arrangements ranging from town and
county councils to national government institutions to United Nations and other active
international organizations. This type of regulation is a powerful force and creates a system
of checks and balances that protects the interests of society and the environment. Such
regulation works to ensure that all interests and needs, both those of individuals and larger
groups, are taken into account to produce an optimal outcome for everyone involved [38].

3.1.2. Cultural Domain

In addition to art and literature, lifestyles, ways of interacting, value systems, traditions,
and beliefs, culture is defined as the collection of unique spiritual, material, intellectual,
and emotional characteristics of a society or social group. This leads to the perspectives
and the character of a person as well as a society [52].

Along with sustainable development’s environmental, social, and economic dimen-
sions, culture has gained increasing attention in recent years. The protection of ecology and
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the environment is motivated by the environmental dimension. The economic dimension
encourages the effective use of financial resources and aims for long-term benefits, whereas
the social dimension concentrates on the needs of humans, both present and future [53].
Since culture was previously included in the social dimension of sustainability, it was not
considered a separate dimension. The situation gradually changed, though culture is now
acknowledged as crucial to achieving sustainable development [27]. A separate cultural
dimension of sustainability has been established to focus on the protection of traditional
values and lifestyles, as well as the preservation of tangible and intangible heritage [52].
This separation of culture from the social dimension of sustainability is significant due
to globalization, which has led to increased displacement and destruction of traditional
cultures. Furthermore, this cultural dimension of sustainability includes respect for cultural
diversity and promoting intercultural dialogue [54].

3.2. SDGs/MDG Linkages with Sustainability Domains

The idea of sustainability has garnered attention on a global scale and has been
thoroughly discussed by academics, professionals, and decision-makers [55].

Several development goals and policies have been established to follow a sustainable
vision and mission with sustainable development plans for stakeholders and the correct
direction for our future survival [56]. The Millennium Development Goals (MDGs) were
first established; they include eight main goals and address environmental, social, and
economic challenges. MDGs, particularly, improved mortality, public health, hunger,
and poverty [57]. However, all over the world remain a significant number of problems
and challenges [58].

The Millennium Development Goals (MDGs) are significant and affect the interna-
tional mobilization strategy for addressing several crucial global socioeconomic concerns.
They convey mass political concern about gender inequity, ecological degradation, hunger,
malnutrition, poverty, and illness [59]. The MDGs strive to advance awareness and un-
derstanding, political responsibility, enhanced measures, excellent interpersonal commu-
nication, and social opinion by condensing these objectives into a manageable group of
eight goals and setting measurable targets within a limited period [60]. Developing nations
have made significant strides toward achieving the MDGs. However, advancement rates
vary greatly between targets, countries, and areas. The likely gap in MDG achievement is
grave, sad, and highly unpleasant for low-income people. Yet, there is a widespread feeling
among policy leaders and civil society that progress against poverty, hunger, and disease
is significant; that the MDGs have played an essential part in securing that progress [61].
The shortage results from operational errors affecting numerous parties in wealthy and
poor nations. Rich countries, for instance, have not complied with their promises of formal
development support [62].

The Sustainable Development Goals (SDGs) are a group of 17 worldwide objectives to
change the world. They are a component of the 2030 Agenda for Sustainable Development,
created as a “Structured Road map to drive into a more equitable and sustainable future of
planet and humanity” [63]. Each of the 17 goals is interconnected and addresses domains
of sustainability in the present scenario while simultaneously reducing challenges such as
poverty and the effects of climate change worldwide. The SDGs are intended to “defend
the earth and enhance the lives and aspirations of everyone worldwide”, according to
the UN [64].

The 17 SDGs generally aim to satisfy the following summarized visions and objectives.

• Healthy life without hunger, malnutrition, and poverty [65].
• Ensure that everyone has universal access and the opportunity to utilize vital amenities

such as sustainable energy, water, and sanitation [66].
• Encourage the creation of development possibilities through equitable employment as

well as quality and accessible education.
• Promote innovation and robust infrastructure to build towns and cities that produce

and consume things sustainably.
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• Lessen global inequalities, particularly those related to gender equality and discrimi-
nation. Supporting and protecting weaker sections all over the world [67].

• Protect the marine and terrestrial ecosystems while battling climate change to preserve
ecological integrity and the survival of the planet [68].

• Encourage cooperation amongst various social actors to foster a peaceful atmosphere
and assure ethical production, trade, and consumption.

The objectives can only be met if they are incorporated into every aspect of gov-
ernment. Due to the complementarities, achieving one aim may aid in attaining others
at the same time. Consider how tackling climate change challenges could enhance
energy security, human health, ecosystems, and marine health. The main charac-
teristic of the SDGs is that they are not standalone goals. Most goals are intercon-
nected and interdependent and are well-defined in their perspectives and their plan
of action of applications. Interconnectedness implies that achieving one goal leads to
supporting another; therefore, they should be seen as connecting frames of a holis-
tic and harmonic prominent structure. This is the key feature of the 2030 Agenda
for Sustainable Development, which was adopted in 2015 by the United Nations [69].
There are 17 SDGs and recommendations for collaborative relationships among and
within people, policy-makers, and other stakeholders worldwide. They address so-
cial, economic, and environmental concerns and promote sustainable perspectives from
a broader viewpoint [58]. Hence, to pursue a sustainable world, the focus will be
global collaboration and reducing inequalities and discrimination inside the states. Ac-
cordingly, all countries must work together to create a unified plan for implementing
these goals, which can only be accomplished if each country accepts accountability for
its conduct [23].

The initiative that led to the creation of the future Global Goals was more compre-
hensive, with policy-making governments incorporating corporates, communities, NGOs,
other stakeholders, and individuals right from the start. We all must move toward the
same direction of sustainability to attain global goals. It will take an extraordinary effort
from all facets of society to realize these goals, and business must play a significant part in
that endeavor [70].

Evidence shows that all earlier objectives are closely related to environmental
challenges and sustainability issues [71]. More specifically, environmental justice
and sustainable development will only function to the extent of their weakest SDG,
much like the adage “a chain is only as strong as its weakest link” [72]. As an illus-
tration, significant changes in the water, energy, and food sectors will be necessary
for climate change mitigation, which is also essential to safeguarding the welfare of
people. In other words, environmental justice and sustainable development goals
must all be addressed effectively in order to achieve the full range of objectives for
global sustainability [73].

4. Sustainability Challenge and Nexus

The interpretation of definitions and concepts of sustainability and sustainable
development is still incomplete, and the perspectives are different for stakeholders in
various domains and spheres. Even though sustainability addresses the relation and
harmony between environmental, economic, and social spheres more extensively, exe-
cuting the concept in the present scenario must be very specific and introduce a holistic
approach. The ecological and biological aspects must be considered to accomplish the
sustainability goals, which have not yet been met. To get rid the planet of anthropogenic
problems, an integrated approach is urgently and consistently needed [74]. Figure 4
illustrates the various sustainability challenges.
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Figure 4. Sustainability challenges.

4.1. Pollution

The emergence of various pollutants over the past few decades as a result of human
activity has had a negative impact on ecosystems. Due to rapid industrialization, rapid
deforestation, and urbanization, all harming the ecosystems, conditions in developing coun-
tries are more dire [75]. Urban areas have developed into congestion hotspots, endangering
mobility, air quality, water, and soil [76].

Due to the harm that plastics cause to ecosystems worldwide, it is a terrible ecological
and environmental problem. Oil spills are another significant anthropogenic activity that
harms the world’s marine ecosystems [77].

Environmental pollution is a problem that affects both developed and developing
nations, so it is a concern that is felt everywhere in the world. Researchers and decision-
makers are eager to learn about the causes and effects of environmental pollution to develop
potential remedies because it makes the Earth uninhabitable for living things and signif-
icantly contributes to global climate change. According to researchers, if environmental
pollution persists, many regions will be covered by water while others will turn into deserts.
In addition, extreme temperatures may exist everywhere [78]. The primary goal of the
modern world is to combat environmental pollution by taking practical steps to safeguard
those of us who live on the planet while being careful not to upset ecological balances.
People must start reducing their waste and implementing environmentally friendly be-
haviors such as recycling and composting if they want the planet to remain habitable [44].
Additionally, people must avoid using too much energy or water from the environment [79].
Assisting citizens in lowering their carbon footprints, launching awareness campaigns, and
implementing new laws that will lessen the effects of climate change are all things that
governments should be implementing as well [77].

4.2. Global Warming and Temperature Rise

GHGs such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), water vapor
(H2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6)
are among those contributing to the current climate change [80].

Extreme temperature changes over various parts of the Earth are predicted to happen
sooner. With significant regional variations, the average global surface temperature has
risen by 0.74 ◦C since the late 19th century and is projected to grow by 1.4–5.8 ◦C by
2100 [81]. A rise in sea level, changes in the distribution of plants and animals, increased
environmental degradation, and natural disasters are all consequences of climate change.
Other effects include hot weather, melting glaciers, polar warming, coral reef bleaching,
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extreme precipitation events, prolonged droughts, and dry periods [82]. Thus, it can be
concluded that, when it comes to the adverse effects of human activity, global warming and
climate change are at the top of the list and must be addressed right away to restore the
balance. Biological alternatives and solutions can also play a significant role in addressing
climate change [83].

4.3. Land Degradation and Agricultural Constraints

Land degradation is a problem that affects all life forms and is not just limited to the
deterioration of soil quality. Climate change is a significant factor that contributes to land
degradation, as well as to a decline in the fertility and productivity of agricultural lands [84].

As a result of erratic precipitation patterns and rising global temperatures, severe
weather events such as droughts and floods have also become more frequent, aggravating
wind or soil erosion [85].

Another threat that is affecting more and more parts of the world is drought. Frequent
cycles of drought and flooding have been brought on by climate change, and long stretches
of water scarcity have led to desertification. Droughts have increased significantly over the
past 40 years, particularly in the tropics and subtropics. The world has been experiencing
water stress and environmental problems since the Anthropocene era, primarily attributed
to human activity. One of the most noticeable effects of drought is on nutrient uptake
because water is the medium by which nutrients are transported in plants [86]. Due to the
unevenly distributed C, N, and microbial diversity caused by these adverse effects, the soil
becomes infertile over time. In addition to biodiversity loss, wildfires, and soil erosion,
drought harms habitats.

With an estimated surface area of 1 billion ha, soil salinization is another significant
factor in land degradation affecting most countries. The drought and salinization of lands
are related. The main contributors to land salinization have been agricultural practices and
ineffective irrigation techniques. Low-quality irrigation water causes salt to build up in the
soil, and poor drainage only worsens the situation [87].

Floods degrade land quality, disrupt agroecosystem productivity, and disturb vege-
tation. Since the 1950s, floods have become more frequently related to climate change’s
effects [88]. Waterlogging-induced hypoxia in plants results in poor root development,
which reduces nutrient and water uptake and stomatal conductance, which results in
wilting and decreased productivity [89].

4.4. Habitat and Biodiversity Loss

The disappearance of biological diversity has grown into a complex and ongoing issue.
Due to this, biological heterogeneity has decreased, which has led to an unprecedented
decline in terrestrial and marine species, including flora and fauna, affecting the ecosystems’
overall stability. The main issue is the extinction of plant species because they are crucial
to keeping the ecosystem balanced and directly impact how it functions by providing a
habitat for various other organisms [90]. Although extinction is a natural occurrence, there
is no denying that a wide range of human activities also contributes to the loss of biological
diversity. Over the past 40,000 years, extinctions due to human activity have increased.
Within the next 240 years, the Earth will likely experience its sixth mass extinction if current
trends hold [87]. In fact, some researchers contend that anthropogenic activities alone are
to blame for the beginning of the sixth species mass extinction. Estimates indicate that
artificial habitats have replaced natural vegetation on 43% of the Earth’s land surface [88].
This century, the rate of extinction is predicted to rise by a factor of two; with accelerated
climate change, this rate may grow even faster.

The main threats to biodiversity are habitat loss and fragmentation, which are mu-
tually dependent. Due to the population explosion, there is an increased demand for
resources, which has resulted in the degradation of natural habitats and a severe threat to
the habitats of plants and animals [91]. Examples of this demand include the expansion of
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cattle ranching, mining, and building infrastructure. However, in addition to this, other
anthropogenic activities are also significantly reducing the diversity of life on Earth.

4.5. Water Scarcity

Water resources are under pressure due to the ever-growing water demand brought on
by population growth, economic development, and dietary changes. The World Economic
Forum ranked the water supply crisis as the significantly higher risk facing our times [92].

It is crucial to comprehend water scarcity to create global, regional, national, and
local policies. The Panta Rhei program set up a focused working group on “Water Scarcity
Assessment: Methodology and Application” to create a cutting-edge methodology and
assess water scarcity [93].

The northern hemisphere’s middle-to-low latitudes generally have a high level of
water scarcity, according to all the indicators. In almost all African nations, there is a severe
problem with water scarcity, water poverty, and physical and economic water stress [94]. In
order to retain objectivity and simplicity, all other water scarcity indicators created to date
have been based solely on the physical quantity of water availability and use. Therefore,
it is necessary to develop an integrated and consistent water scarcity assessment that
simultaneously combines the physical, economic, and social aspects of water [95].

4.6. Food Scarcity and Hunger

The possibility of ending hunger by 2050 becomes doubtful with steady population
growth. Hunger and malnutrition are primarily brought on by natural disasters, armed
conflicts, population growth, and poverty [96]. The environment, the finite supply of
food on the planet, and energy resources will not significantly impact these dynamics [97].
Therefore, while increased agricultural production and food preservation are essential to
providing enough food for all, a more comprehensive approach is necessary to tackle the
problem of global hunger [98].

4.7. Waste Management

Ecosystems and human health are seriously at risk due to the volume and complexity
of the waste produced by the modern economy [99].

Waste management is also conducted to recover resources from the materials and
lessen its environmental impact. Waste management can involve solid, liquid, or gaseous
materials, and there are various techniques and procedures for each. Waste is managed
using a variety of techniques, such as avoidance and reduction, energy recovery, recycling
(physical and biological processing), and disposal (landfilling and incineration) [100].
The SDGs were created with this fundamental principle in mind. It is crucial to offer
a comprehensive strategy based on sustainability as a concrete ideology that must be
adopted as a way of life, a theory for formulating policies, and a sociopolitical concept of
development to address the challenges the world is currently facing [101].

4.8. Industrialization and Sustainability Nexus

Industrialization refers to the economic and social change process that transforms a
human group from an agrarian society into an industrial one. Regarding sustainability,
industrialization has often been associated with negative impacts on the environment, natu-
ral resources, and human health and well-being. These negative impacts include pollution,
deforestation, and the depletion of natural resources [102]. The nexus between industri-
alization and sustainability refers to the interconnected relationship between economic
development, social well-being, and environmental protection. Sustainable development
aims to achieve economic growth and improve living standards without compromising the
ability of future generations to meet their own needs [103]. Industrialization can contribute
to sustainable development by providing economic growth, jobs, and improved living
standards. However, it also has the potential to harm the environment, deplete natural
resources, and exacerbate social inequalities. Therefore, it is crucial to consider industri-
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alization’s environmental and social impacts and implement policies and practices that
promote sustainable production and consumption [104].

4.9. Urbanization and Sustainability Nexus

Urbanization and sustainability are closely connected as urban areas are significant
economic growth and development drivers, but they also have significant environmental
and social impacts. Rapid urbanization can increase energy consumption, greenhouse
gas emissions, environmental degradation, social inequality, and poverty. Urbanization
can promote sustainable development by fostering compact, efficient, green cities [105].
Urbanization can impact the environment, including increased energy consumption and
greenhouse gas emissions, water demand, and waste generation. However, sustainable
urban development can help to mitigate these impacts through the promotion of energy-
efficient buildings, the use of renewable energy sources, and the implementation of sustain-
able transportation systems. A nexus between urbanization and sustainability. The nexus
between urbanization and sustainability refers to the interconnected relationship between
the process of urbanization and the goal of sustainable development [79]. Urbanization
can significantly impact the environment, economy, and society, and sustainable urban
development is necessary to balance these impacts and promote liveable, resilient, and low-
carbon cities. Urbanization can increase energy consumption, greenhouse gas emissions,
and environmental degradation. It can also exacerbate social inequalities, poverty, and
housing affordability issues. Sustainable urban development promotes social sustainability
by addressing social equity, affordable housing, and access to services and job opportunities.
It also supports the development of resilient cities that can adapt to the impacts of climate
change and natural disasters. Sustainable urban planning is key to promoting sustainable
urban development [106]. This includes promoting compact and efficient land use patterns,
protecting natural areas and biodiversity, and integrating green spaces into the urban
landscape. Additionally, sustainable transportation systems, such as public transportation,
walking, and cycling, can reduce dependence on personal vehicles and improve air quality.

4.10. Globalization and Sustainability Nexus

Globalization and sustainability are related concepts that positively and negatively im-
pact economic, social, and environmental development. On the one hand, globalization can
lead to increased economic growth and improved living standards, greater access to goods
and services, and enhanced communication and cultural exchange. However, it can also
lead to adverse environmental impacts such as increased greenhouse gas emissions, biodi-
versity loss, and increased dependence on non-renewable resources [107]. Globalization
can also exacerbate social inequalities, increasing poverty and marginalizing certain groups.
The nexus between globalization and sustainability is complex, and it requires a holistic
approach that considers the interrelated economic, social, and environmental aspects of
global development. This can be achieved by implementing sustainable development
policies, regulations, and initiatives that promote environmentally and socially responsible
economic growth. One example of this nexus is sustainable trade, which supports economic
growth while also addressing environmental and social concerns [108].

Globalization refers to the interconnectedness and interdependence of countries and
economies by exchanging goods, services, information, and ideas. Globalization can lead
to increased economic growth and improved living standards, but it can also contribute to
environmental degradation and social inequality. On the other hand, sustainability aims
to address these negative impacts by promoting environmentally and socially responsible
economic development. Therefore, it is vital to find ways to balance the benefits of global-
ization with the need for sustainable development. This can include implementing policies
and practices that promote sustainable production and consumption, protecting natural
resources, and reducing inequality [107]. Globalization and sustainable development are
related concepts that positively and negatively impact economic, social, and environmental
aspects of development. On the one hand, globalization, which refers to the increased inter-

478



Sustainability 2023, 15, 10682

connectedness and interdependence of the world’s economies, cultures, and populations,
can lead to increased economic growth and improved living standards, greater access to
goods and services, and enhanced communication and cultural exchange. Globalization
can also lead to adverse environmental impacts such as increased greenhouse gas emissions,
biodiversity loss, and dependence on non-renewable resources [109]. It can also exacerbate
social inequalities, increasing poverty and marginalizing certain groups.

4.11. Climate Change and Sustainability Nexus

Climate change refers to the long-term changes in temperature, precipitation, wind
patterns, and other measures of climate that occur over several decades or longer. It is
primarily caused by burning fossil fuels, deforestation, and other human activities, which
release greenhouse gases into the atmosphere, trapping heat and warming the planet.
Addressing climate change is, therefore, a key component of sustainable development.
This can include reducing greenhouse gas emissions by increasing the use of renewable
energy, improving energy efficiency, and implementing carbon pricing [74]. Additionally,
adaptation measures such as building sea walls or drought-resistant crops can help com-
munities and ecosystems cope with the impacts of a changing climate. Therefore, it is
essential to take action to reduce greenhouse gas emissions and to adapt to the changes
that are already happening and those that are projected to occur in the future. Climate
change can negatively impact the balance of global society by increasing poverty, reducing
access to food and water, and exacerbating health problems [110]. On the other hand,
addressing climate change through sustainable development practices such as renewable
energy, energy efficiency, and sustainable land use can create economic opportunities and
improve the well-being of communities.

The United Nations Framework Convention on Climate Change (UNFCCC) and the
United Nations Sustainable Development Goals (SDGs) are closely related and mutually
reinforcing. They provide a roadmap to achieve a better and more sustainable future for
all. The Paris Agreement, adopted under the UNFCCC, aims to strengthen the ability
of countries to address the impacts of climate change and to accelerate and intensify the
actions and investments needed for a sustainable low carbon future. Sustainability plays
a crucial role in addressing climate change. As previously mentioned, climate change
is a significant threat to sustainable development, and addressing climate change is a
critical component of sustainable development. Sustainability is vital in building resilience
to climate change through disaster risk reduction and community preparedness [111].
Addressing climate change by promoting sustainable consumption and production patterns
is desirable. This includes reducing waste, conserving natural resources, and promoting
sustainable products and services [105]. To effectively face the challenges to sustainability
due to climate change, a combination of mitigation and adaptation strategies, as well as
international cooperation, access to finance and technology, and strengthened governance
and institutions, are required.

4.12. Natural Disasters and Sustainability Nexus

Natural disasters can have a significant impact on sustainability. They can cause loss of
life and injury, damage infrastructure and buildings, and disrupt economic activity. Addi-
tionally, natural disasters can exacerbate poverty, inequality, and vulnerability, particularly
among marginalized communities. Climate change is projected to increase the frequency
and intensity of many natural disasters, such as floods, droughts, and storms. This makes
sustainability even more important as it can help to build resilience to these events [112].

Sustainability can help to reduce the risks and impacts of natural disasters in several
ways [113]. Disaster risk reduction: By identifying and addressing the underlying risk
factors that make communities and infrastructure vulnerable to natural disasters, sus-
tainability can help to reduce the likelihood and severity of these events. Adaptation:
Sustainability can help to build the resilience of communities and ecosystems to the im-
pacts of natural disasters through strategies such as making sea walls, drought-resistant
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crops, and community-based adaptation programs. Sustainable land use: Sustainable
land use can help to reduce the risk of natural disasters such as floods and landslides by
preventing deforestation and protecting wetlands and other natural habitats. Sustainable in-
frastructure: Sustainable infrastructure, such as green buildings and resilient transportation
systems, can help to reduce the impacts of natural disasters on communities and economies.
Community-based approach: A community-based approach to sustainability can ensure
that the most vulnerable communities are involved in the planning and implementation
of disaster risk reduction and adaptation measures. In conclusion, natural disasters can
significantly impact sustainability and climate change is projected to increase the frequency
and intensity of many natural disasters [114]. Sustainability can help to reduce the risks
and impacts of natural disasters by building resilience, protecting vulnerable communities,
and promoting sustainable practices.

4.13. Population Rise and Sustainability Nexus

Population growth can significantly impact sustainability, both positively and nega-
tively. On the one hand, a larger population can lead to increased economic growth, tech-
nological innovation, and cultural diversity [106]. On the other hand, a rapidly growing
population can strain natural resources and lead to environmental degradation, urban-
ization, and increased demand for energy, food, and water. One of the main concerns
regarding population growth is its impact on the environment [115]. As the population
increases, so does food, water, and energy demand. This can lead to the overconsumption
of natural resources, deforestation, and pollution. Additionally, population growth can
lead to urbanization and land-use changes, which can cause a loss in biodiversity and
ecosystem services.

It is essential to consider sustainability in population growth control and development
policies to address these challenges. This can include family planning programs, education
and healthcare access, and policies promoting sustainable consumption and production.
Promoting sustainable urbanization, land-use planning, and investing in renewable energy
and water conservation technologies is also essential. Population growth and sustainable
development are closely linked, as controlling population growth can significantly impact
the ability to achieve sustainable development goals [116]. To address these challenges
of population growth, it is crucial to incorporate population dynamics into sustainable
development policies. This can include family planning programs, education and health-
care access, and policies promoting sustainable consumption and production. Promoting
sustainable urbanization, land-use planning, and investing in renewable energy and water
conservation technologies can also be included [103].

5. Models and Principles of Socio-Economic Growth

Current Scenario

In the 21st century, the ideology of sustainability and sustainable development has
been globally accepted and gained momentum. While our understanding of sustainability
has significantly increased, development has become harder to define in many ways.
However, studying sustainable development is insufficient because it is time to act.

In this post-Brundtland era, sustainability, through the Sustainable Development
Goals, addresses challenges such as increasing conventional energy consumption, loss
of biomass and land degradation, skepticism of science, financial disparities in life and
opportunities, and a fragmented set of universal policies, institutional frameworks, and
governance. Furthermore, due to several interconnected phenomena, the difficulties of
sustainability and development are more complex today than they were in Brundtland’s
time. Adopting pluralistic and transdisciplinary approaches to sustainability analysis is a
crucial strategy to face the challenges of the present scenario around the globe.

The contentious nature of sustainability as a dominant policy discourse has encouraged
the formation of many public forums for discussion and engagement [117]. Though
idealistic, the concepts and methods point to the fact that the deliberative democracy, which
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includes open discourse, open decision-making, holding decision-makers accountable, as
well as reasoned and respectful debate, is essential to achieve green development in public
spheres wherein the various sustainable development ideas can be discussed and improved
upon and manage it socially, politically, and financially [118].

The task of defining sustainability and sustainable development has been a complex
and ongoing endeavor for researchers. The lack of a universally accepted definition stems
from the diverse interpretations attributed to the phrase, particularly in relation to its
association with “economic growth”. This has sparked a debate among scholars, as some
argue that traditional notions of development, synonymous with continuous economic
expansion, are incompatible with sustainability, given the finite resources of our planet [119].
Bringing together the diverse perspectives of sustainability under a unified framework
has proven to be a challenging task. Over the years, the definitions of sustainability
have evolved while retaining their core essence [105]. However, there is still a need for a
comprehensive explanation that can encompass all the different domains of sustainability.
Additionally, it is important to acknowledge that the concept of sustainability is influenced
by the economic growth and political ideologies prevalent in different nations. Table 4
presents a comparative analysis of different socio-economic growth models.

Table 4. Comparison of capitalism, socialism, and communism.

Pros Cons

Capitalism

Most efficient and effective way to
allocate resources

This leads to economic inequality,
environmental degradation

Create enormous wealth Focus on profit over the well-being of
people and communities

Encourages innovation and hard work. Different levels of government
regulation and intervention

Socialism

More just and fair economic system Lead to inefficiencies and a lack of
financial incentives

Reduce income inequality and provide
a safety net for all

Government has a low level of
control over the economy and the
lives of its citizens

Focus on the well-being of people and
communities

It can limit individual freedom and
personal responsibility

Communism

Meeting the basic needs of all members
of society and maximizing the
collective well-being

Economic inefficiency and
widespread human rights abuses

Seeks to eliminate the exploitation of
one person by another

Create a society based on equality and
cooperation

Capitalism: Capitalism is an economic system in which the means of production,
prices of commodities (goods and services), and distribution are privately owned and
operated. The prices are determined by supply and demand in a competitive market [120].
In a capitalist economy, the goal is to make a profit, and businesses are free to operate and
compete with one another [121].

Socialism: Socialism is an economic and political system in which the means of pro-
duction and distribution are owned and controlled by the state community rather than
private individuals [122]. In a socialist system, the wealth produced by the economy is
shared more equally among the members of society, and there is often a strong empha-
sis on providing for the basic needs of all people, including healthcare, education, and
social security [123].
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Communism: Communism is a political and economic ideology that seeks to create a
classless, stateless society in which the means of production and distribution are owned
and controlled by the community as a whole [124]. Most generally, communism refers to
community ownership of property, with the end goal being complete social equality via
economic equality. Under communism, the goal is to create a society where everyone works
according to their abilities and receives according to their needs [125]. Fundamentally,
communism argues that all labor belongs to the individual laborer; no man can own another
man’s body, and therefore each man holds his work.

The universally accepted capitalistic GDP growth-driven economic model, which
has prevailed for the last century, has proven to be a complete failure and is leading us
toward a disastrous path. Reliant on fossil fuel burning, this model exacerbates climate
change, pollution, biodiversity loss, and freshwater depletion while reinforcing unequal
wealth distribution. Its promises of economic success and improved quality of life for
citizens have come at the expense of the environment and social equity. In summary, these
socio-economic models have their drawbacks and challenges, and there is no one-size-
fits-all solution for achieving sustainable economic growth and development. Urgent and
comprehensive revaluation is needed to shift toward alternative mechanisms prioritizing
sustainable development, incorporating concepts such as the circular economy, nature-
based solutions, social innovation, and responsible consumption and production patterns,
to ensure a resilient and equitable future for all. A more holistic and inclusive approach
must be identified and developed to create a more sustainable and equitable future.

6. Global Sustainability and Sustainalism: An Integrated Framework

The world’s economic development model has become saturated with an excessive
focus on increasing consumption. As a result, humanity is confronted with many signif-
icant threats, including climate change, health crises such as COVID-19, and economic
instability. These crises have served as powerful reminders of the importance of coop-
erative actions and global solidarity. Therefore, the path to global sustainability lies in
educating the masses and nurturing a knowledge-based economy and socially responsible
society [126]. Sustainalism builds on the foundations laid by capitalism and socialism but
takes the broader view that the challenges of today and tomorrow demand of us. The more
considerable paradigm shift from capitalism, communism, and socialism is sustainalism.
We need a paradigm shift from capitalism or moderated socialism [127]. The new model of
social economy for the current generation is referred to as “sustainalism” [128].

6.1. Global Sustainability 6S Principles: A Tool to Achieve a Sustainable Economy

It is crucial to recognize that all life forms on Earth, including humans, animals, and
plants, are intricately interconnected. In the era of globalization and rapid digitalization,
countries worldwide, regardless of their size, wealth, or level of development, rely on each
other in various aspects. This interconnectedness is fostered through economic, cultural,
and social relations. The scientific community comprehends the inherent value of this
interconnectedness and its implications for our collective well-being. Furthermore, the
distribution of global resources is highly unequal, posing challenges to achieving sustain-
able development. A genuine appreciation for Mother Nature, the Earth, and its delicate
ecosystems is at the core of sustainable actions. This sentiment serves as the foundation
for sustainable practices. It drives individuals, organizations, and governments to adopt
a holistic approach to development that integrates economic, social, and environmental
considerations in every corner of the world.

A plan for a sustainable economy is presented in a simple equation format.

Sustainable Economy = 6S Principles of Global Sustainability
= Happiness + Well-being + Equality
= Regenerative Practices +Climate and Biodiversity Protection + Ecological
Restoration
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The “Global Sustainability Framework” is a novel comprehensive toolkit comprising
6S principles (Figure 5). This framework equips individuals, organizations, and govern-
ments with the tools to pursue global sustainability effectively. However, the responsibility
for creating a sustainable future lies on the shoulders of global citizens, who must embrace
this responsibility and work collectively to ensure a thriving and sustainable world for
future generations.

Figure 5. Tool for sustainalism (6S principles).

1S—Sustainable Energy, Resource Efficiency, and Circular Economy:

1S principle is a compelling approach highlighting the urgency of transitioning to
sustainable energy sources, promoting resource efficiency, and adopting a circular economy.
Our reliance on finite energy sources, such as fossil fuels, poses significant risks for future
generations [129]. By embracing sustainable energy, we can mitigate these risks and ensure
a more secure and stable energy supply for the long term.

The need for a sustainable energy transition is evident. Investing in renewable energy
infrastructure and promoting energy efficiency measures are crucial in reducing greenhouse
gas emissions and combating climate change [130]. Technologies such as solar panels, wind
turbines, and hydroelectric power plants offer promising avenues for generating clean and
renewable energy [131].

In addition to transitioning to sustainable energy sources, resource efficiency plays
a vital role in promoting sustainability. We can effectively utilize water, materials, and
energy resources across various sectors by optimizing resource consumption, minimizing
waste generation, and encouraging recycling and reuse [132]. Energy efficiency improve-
ments, in particular, offer significant opportunities to reduce energy consumption and
enhance sustainability [133].

The concept of a circular economy further strengthens the 1S principle. By designing
out waste and pollution, extending the lifespan of products and materials, and regenerating
natural systems, the circular economy offers a transformative approach to resource man-
agement (Figure 6). It shifts the focus from a linear take–make–dispose model to one that
values waste as a resource and prioritizes reuse, remanufacturing, and recycling [134]. Em-
bracing circular business models and strategies promotes sustainability, reduces resource
depletion, and minimizes environmental impact [135].

Adopting a circular economic model is crucial for overcoming the challenges posed by
climate change and resource depletion [136]. By fundamentally rethinking our approach to
resource utilization, we can break free from the unsustainable practices of the past and build
a resilient and sustainable economy. This shift benefits the environment, presents economic
opportunities, and fosters innovation in sustainable technologies and practices [137].
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Figure 6. Concept of circular economy.

2S—Sustainable agriculture, agroforestry, and bioeconomy:

2S—Sustainable agriculture and agroforestry present a compelling solution to ad-
dress food security challenges while promoting sustainability [138]. These practices go
beyond conventional farming methods and integrate environmental, social, and economic
considerations into agricultural systems [139].

Sustainable agriculture encompasses a range of practices prioritizing the conserva-
tion of natural resources, protection of the environment, and the well-being of farmers
and communities. By adopting sustainable farming techniques, such as organic farming,
precision agriculture, and crop rotation, farmers can minimize the use of harmful chemi-
cals, preserve soil fertility, and reduce water consumption [140]. This approach ensures
the long-term viability of agricultural land and safeguards the health of consumers
and ecosystems.

Conversely, agroforestry combines agricultural activities with cultivating trees and
woody plants in a mutually beneficial manner. This integrated approach offers numer-
ous benefits for sustainable land management [141]. Trees and wood plants serve as
natural allies, contributing to soil conservation by preventing erosion, enhancing soil
health through increased organic matter, and improving water retention capabilities.
They also play a vital role in conserving water resources by reducing evaporation and
promoting water infiltration into the soil. Furthermore, the carbon sequestration poten-
tial of trees and woody plants helps mitigate climate change by absorbing atmospheric
carbon dioxide [142].

Agroforestry systems also provide valuable habitats for wildlife, including birds,
insects, and mammals [143]. Creating diverse and interconnected ecosystems contributes
to biodiversity conservation and supports the preservation of valuable ecological ser-
vices. Moreover, agroforestry allows farmers to diversify their income streams and
improve economic stability by introducing a broader range of products and value-
added opportunities [144].

Bioeconomy encompasses various production sectors, such as industrial and economic
domains, which utilize biological resources and methods to produce bio-based goods and
services [145]. The bioeconomy concept revolves around achieving sustainability by lever-
aging natural resources and processes in economic activities [146]. In doing so, it fosters
the development of bio-based industries and generates employment opportunities [147]. A
regenerative economy and bio-economy provide the opportunity to fulfill the needs of all
individuals emphasizing the restoration, regenerative practices—embracing the potential
of the bio-economy—and renewal of natural resources, thereby safeguarding the health
and vitality of our planet.
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We can address food security challenges by embracing sustainable agriculture and
agroforestry while promoting environmental stewardship and social well-being [148].
These practices provide a holistic and resilient approach to agricultural production, en-
suring the long-term availability of nutritious food, safeguarding natural resources, and
supporting local communities.

3S—Sustainable building, health, and lifestyle:

Sustainable living is making environmentally, socially, and economically responsi-
ble choices to reduce one’s impact on the planet and contribute to a more sustainable
future [149]. This can involve making lifestyle changes, such as

Sustainable built environment: Incorporating sustainable transportation principles
into urban planning and infrastructure development [150]. This includes designing cities
and communities prioritizing walkability, cycling infrastructure, and efficient public trans-
portation systems, reducing the need for long-distance commuting and promoting compact
and sustainable development [150].

Green infrastructure/sustainable practices: Sustainable living often involves reducing
one’s consumption of resources, such as energy, water, and materials. This can be achieved
through energy conservation, water conservation, and waste reduction [151]. It involves
supporting businesses and organizations that adopt sustainable practices, such as using
renewable energy, reducing waste, and protecting the environment [152]. Additionally,
effective land use planning is vital in curbing and, ideally, preventing urban sprawl,
contributing to the depletion of natural and agricultural lands. A sustainable lifestyle
bestows positive effects on one’s physical and mental health. The integration of sustainable
building, health, and lifestyle creates a comprehensive approach to living in harmony with
the environment while prioritizing personal well-being.

Protecting natural habitats: Sustainable living often involves protecting and preserving
natural habitats, such as forests, wetlands, and oceans [153]. Implementing green infras-
tructure networks is crucial in filtering and purifying water and air while promoting energy
and water efficiency through retrofitting measures in new and existing developments. By
integrating human and environmental consciousness into our lives, we can make more
sustainable choices that benefit both people and the planet [154,155].

4S—Sustainable mobility, transportation, and eco-tourism:

4S—Sustainable Mobility, Transportation, and Eco-Tourism offer a transformative
approach to address sustainability challenges in transport and tourism. This comprehen-
sive principle encompasses various elements that can revolutionize how we move and
explore the world while minimizing environmental impact and fostering inclusive and
responsible practices.

Sustainable Transportation Systems are crucial in reducing carbon emissions, al-
leviating traffic congestion, and improving air quality [156]. By promoting and pri-
oritizing sustainable modes of transportation such as walking, cycling, public tran-
sit, and electric vehicles, we can create a more environmentally friendly and efficient
transportation network [157].

Efficient and Integrated Transport Networks are essential for optimizing travel
routes, enhancing connectivity, and reducing the overall environmental footprint of
transportation activities [158]. By designing and implementing integrated transport
systems that prioritize efficiency and sustainability, we can significantly improve the
overall transportation experience [159].

Active and Shared Mobility encourages individuals to embrace operational modes
of transportation such as walking and cycling while promoting shared mobility options
such as carpooling and ride-sharing [160]. These initiatives help to reduce the reliance on
private vehicles, decrease traffic congestion, and encourage sustainable travel choices.

Accessible and Inclusive Transport is vital to ensure that transportation systems
cater to the diverse needs of individuals, including those with disabilities, the elderly,
and those with limited mobility [161]. By designing infrastructure, vehicles, and ser-
vices that are accessible and inclusive, we can create transportation systems that leave
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no one behind [162]. Moreover, fostering sustainable supply chains and collaboration
across stakeholders is crucial. This involves promoting responsible sourcing, reducing
carbon emissions in transportation, and minimizing environmental impacts throughout the
supply chain.

Eco-Tourism and Sustainable Travel promote responsible tourism practices that mini-
mize negative environmental impacts, support local communities, and preserve natural and
cultural heritage [163]. Emphasizing eco-friendly behaviors, supporting local economies,
and raising awareness about sustainable travel choices can lead to a more sustainable and
enriching travel experience [164].

By integrating these elements within the 4S principle, we emphasize the importance
of sustainable mobility, transportation systems, and eco-tourism in mitigating climate
change, enhancing accessibility, and preserving our natural and cultural resources. It
calls for prioritizing sustainable travel choices, embracing efficient transportation modes,
and incorporating sustainability into urban planning and tourism practices for a more
sustainable and inclusive future.

5S—Sustainable Education, Innovative Research, and Entrepreneurship:

5S—Sustainable Education, Innovative Research, and Entrepreneurship form a dy-
namic and transformative approach to addressing sustainability challenges. This principle
highlights the critical need for an education system that actively prepares individuals
to contribute to sustainable development, fosters innovative research, and nurtures en-
trepreneurial endeavors for a sustainable future [165].

Sustainable Education is the cornerstone of this principle, advocating for educa-
tional systems that integrate sustainability principles at all levels, from primary to higher
education [166]. By infusing environmental awareness, social responsibility, and sus-
tainable practices into the curriculum, we can equip students with the knowledge and
skills necessary to navigate and thrive in a sustainable world. Hands-on experiences,
experiential learning, and lifelong learning opportunities further empower individuals
to adapt to evolving sustainability needs and foster a mindset of continuous growth and
development [167]. Education for sustainable development emphasizes critical think-
ing, problem-solving, and global citizenship, preparing future generations to address
sustainability challenges.

Education and Outreach initiatives are crucial in raising awareness about the im-
portance of sustainable energy and its various applications. By implementing public
information campaigns and sustainability education programs, we can engage and inspire
individuals to embrace sustainable practices and promote the adoption of sustainable
energy solutions [168]. These efforts contribute to a broader cultural shift toward sustain-
ability and encourage active participation in creating a more sustainable future.

Knowledge Transfer and Collaboration are fundamental aspects of sustainable edu-
cation, research, and entrepreneurship. Facilitating knowledge and technology exchange
between academia, industry, and communities creates synergies that drive sustainable
development forward [169]. Collaborative partnerships leverage expertise and resources,
fostering innovation and enabling the practical application of research outcomes. By es-
tablishing strong ties with local organizations and businesses, educational institutions can
provide students with real-world exposure to sustainability challenges and opportunities,
empowering them to impact their community [170] positively.

Entrepreneurship and Social Innovation are integral to addressing sustainability
challenges effectively [171]. We foster interdisciplinary collaboration and propel sus-
tainable development by supporting research endeavors that tackle these challenges
and contribute to innovative solutions. Cultivating an entrepreneurial culture encour-
ages individuals to generate ideas and develop solutions aligned with sustainability
goals [172]. Providing aspiring entrepreneurs in the sustainable sector with the nec-
essary support, resources, and mentorship enables them to translate their ideas into
impactful ventures.
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In the digital age, incorporating technologies such as digitalization, AI, IoT, and in-
telligent and automated systems further amplifies the potential for sustainable education,
research, and entrepreneurship. These tools enhance efficiency, optimize resource utiliza-
tion, and enable more effective decision-making, contributing to sustainable practices and
outcomes. This perspective empowers individuals to become agents of change, equipping
them with the knowledge, skills, and entrepreneurial spirit needed to address sustainability
challenges and create a more sustainable and prosperous future for all.

6S—Sustainable business, governance, and finance:

6S—Sustainable governance is a powerful approach that addresses sustainability chal-
lenges by promoting a culture of sustainability, ethics, and responsible decision-making
within organizations [173]. This principle recognizes the significance of integrating so-
cial justice considerations into sustainable organizational culture and ethical governance
practices [174]. We can leverage various approaches to achieve sustainable governance by
adopting a holistic perspective.

A sustainable organizational structure is crucial for long-term stability and effective-
ness while ensuring environmental, social, and economic sustainability. Organizations must
proactively design systems that align with sustainable principles, enabling them to adapt
to changing circumstances and prioritize sustainability in their operations. This involves
considering the environmental impact of business practices, fostering social responsibility,
and optimizing economic outcomes sustainably [175].

Ethical Leadership serves as a cornerstone of sustainable governance. Leaders at
all levels of an organization must embody moral values, champion social justice, and
address systemic inequalities. By embracing diversity and inclusion, ethical leaders create
an environment that values the contributions of all individuals and promotes a sense of
fairness and justice [176]. Ethical leadership fosters a culture where sustainable practices are
embedded into decision-making processes and guides the organization toward long-term
sustainability goals.

Social Justice values are integral to sustainable governance. Organizations must em-
bed equity, fairness, and social justice principles into their organizational culture and
decision-making processes [177]. This entails promoting inclusivity, embracing diver-
sity, and providing equal opportunities for all organization members. By aligning all
levels of the organization around shared values such as sustainability and social justice,
we create a foundation for sustainable practices and facilitate collective efforts toward
long-term sustainability.

Sustainable Policy and Stakeholder Engagement play a crucial role in sustainable
governance. Policy interventions, such as tax credits, incentives for renewable energy,
energy efficiency regulations, and funding for research and development, encourage
adopting sustainable practices [178]. Moreover, engaging stakeholders, including em-
ployees, communities, customers, and other relevant actors, allows for a collaborative
approach to decision-making [179]. By involving diverse perspectives, organizations can
make more informed and sustainable decisions that consider the needs and interests of
all stakeholders [180].

Collaborative Decision-Making is essential for sustainable governance. Encourag-
ing collaboration and participation from all levels of the organization enables a diver-
sity of perspectives and ideas to be considered. We can foster sustainable collaboration
and drive positive change by establishing common agendas, engaging in participatory
decision-making, and monitoring progress. This inclusive approach facilitates the identi-
fication of innovative solutions, ensures transparency in decision-making processes, and
fosters a sense of ownership and commitment among stakeholders. By embracing collab-
orative decision-making, organizations can effectively address sustainability challenges
and promote adopting sustainable practices. Figure 7 provides a concise overview of
the essential components of the 6S principles, which serve as a roadmap for attaining
global sustainability.
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Figure 7. Global sustainability 6S principles: A tool to achieve sustainability.

By incorporating sustainable energy practices, resource efficiency, and circular econ-
omy principles (1S), we can reduce reliance on finite resources, mitigate climate change,
and minimize waste. Sustainable agriculture and agroforestry (2S) contribute to food
security, soil conservation, and habitat preservation. Sustainable mobility and trans-
portation (3S) promote low-carbon options, reduce congestion, and enhance accessibility.
Sustainable habitat and lifestyle (4S) focuses on sustainable urban development, healthy
life style choices, physical and mental well-being, waste management, and responsible
consumption. Sustainable education, innovative research, and entrepreneurship (5S)
foster knowledge transfer, skills development, and solutions for sustainability chal-
lenges. Finally, sustainable governance (6S) promotes ethical leadership, social justice,
and stakeholder collaboration.

By embracing the 6S—Sustainable governance principle, organizations can create
a framework that fosters sustainability, ethics, and responsible decision-making. This
approach integrates social justice considerations into organizational culture, promotes

488



Sustainability 2023, 15, 10682

ethical leadership, engages stakeholders, embraces collaborative decision-making, and
leads to a more sustainable and equitable future.

6.2. Concept of Sustainalism

The term sustainalism has not gained widespread usage. It is not well-defined or
widely recognized in the literature. “Sustainalism” is a socio-political, economic, and envi-
ronmental theory of global social organizations as a whole that advocates for the means of
production, distribution, exchange, and symbiotic lifestyle to be owned or regulated by the
worldwide community holistically [127]. Sustainalism is a social equity and inclusiveness
theory built on the foundations laid by capitalism, communism, and socialism (Figure 8).
Sustainalism is the new, inclusive, and more equitable socio-economic–environmental
theory and practice model of the 21st century to meet the needs of the 10 billion people
who will share a single planet in just a few decades from now. Sustainalism is an Earth-
friendly conscious civilization that inculcates a socio-economic–environmental model to
decarbonize the physical economy and embrace green products and services. Sustainalism
is a term that has been used to describe a concept or approach that combines elements of
sustainability with elements of traditionalism [126]. Sustainalism is a resource-efficient
lifestyle wherein the materials are economically produced from 100% natural resources
such as wood, plant fibers, etc.

.
Figure 8. Concept of sustainalism.

Sustainalism is a new model of survival and a practice leading to a sustainable
era. Sustainalism paves the path to a “Sustainable Revolution” which satisfies the
needs of our future. Sustainalism is an art of social engineering toward a greener and
more sustainable lifestyle while promoting harmonious relationships within the envi-
ronmental, economic, social, political, and cultural domains (Figure 9). This includes
adopting ecological principles, eco-lifestyle, decarbonizing the physical economy, as
well as embracing green products and services [181]. Sustainalism is a collaborative
practice of all the stakeholders, including governments, organizations, private sector,
public sector, service sectors, corporates, entrepreneurs, investors, and individuals
who are collectively responsible for shifting the global socio-economy from the cur-
rent equilibrium, which is a status quo to a better, that is, cleaner, renewable, and
sustainable planet [182].
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Figure 9. Domains of sustainalism.

6.3. Objective of Sustainalism

The objectives of sustainalism are as follows:

• To create economic growth and prosperity while protecting the environment and
promoting social equality.

• To find ways to live and consume environmentally sustainably and maintain and
preserve traditional cultural practices and values.

• To focus on local communities, self-sufficiency, and intergenerational equity.
• To complement education, leadership, and collective consciousness to sustain a quality

life for society.
• To emphasize using nature-based solutions, such as green technology and carbon

pricing, to address economic, environmental, and social problems.
• To advocate for creating new businesses, policies, and regulations that promote envi-

ronmental, social, and economic sustainability in the short and long term.

6.4. Role of Individuals in Sustainalism: Sustainalist

“Sustainalist” is a term used to describe a person who prioritizes sustainability in all
aspects of life, including environmental, economic, and social domains. It emphasizes the
need to balance economic growth with environmental protection and social justice so that
current needs can be met without compromising the ability of future generations to meet
their own needs. The role of sustainalists in the future will be crucial in promoting and
advocating for sustainable practices and policies that prioritize the well-being of current
and future generations [183]. Sustainalists will work toward creating a more equitable and
environmentally responsible world by promoting environmentally friendly technologies
and practices, reducing carbon emissions, preserving natural resources, and practicing
social justice and equality. They will also play a key role in raising public awareness about
the importance of sustainalism, and influencing businesses, governments, and the public
to adopt a new socio-economic–environmental model of sustainalism. By working toward
a more sustainable future, sustainalists will help ensure that the planet remains habitable
and that future generations can thrive. Becoming a sustainalist involves incorporating
sustainable principles and practices into your daily life and advocating for policies and
initiatives that prioritize sustainability [183].

Here are a few steps to becoming a sustainalist:
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1. Educate yourself: Learn about the principles of sustainalism, including environmental,
economic, and social domains, and the impact of human activities on the planet.

2. Reduce your carbon footprint: Start by reducing waste, conserving energy, and using
environmentally friendly products.

3. Support sustainable businesses: Look for products and services that prioritize sustain-
ability and support companies that have environmentally friendly practices.

4. Advocate for sustainable policies: Write to your local representatives, participate in
environmental campaigns, and raise awareness about the importance of sustainalism.

5. Live sustainably: Incorporate sustainable practices into your daily life, such as cycling
or taking public transportation instead of driving, eating a plant-based diet, and
conserving water.

6. Lead by example: Encourage others to adopt sustainable practices by sharing your
experiences and knowledge with family, friends, and colleagues.

By following these directions, we can take a step closer to realizing the principles
of sustainalism.

6.5. Role of Society in Sustainalism

Sustainability, closely related to sustainalism, is a relatively new concept that has
gained widespread recognition and support in recent years, and this trend will likely
continue. However, the ideas and values associated with sustainalism will likely continue
to be meaningful and influential. As the global population continues to grow and the
impacts of human activity on the environment become more apparent, there will likely be
increasing emphasis on finding ways to live and consume more sustainably. We have an
exceptional opportunity for individuals, sectors, companies, and organizations to go down
in history as the generations that changed the course of the world for the better [183]. This
may involve a focus on local communities, self-sufficiency, intergenerational equity, and
other values and practices associated with sustainalism. A sustainable lifestyle consists of
promoting social equity, diversity, inclusion, social justice, fair labor practices, advocating
for human rights and reducing inequality. Adopting a sustainable lifestyle requires a shift
in our attitudes, values, and beliefs. It requires us to recognize our interconnectedness with
each other and the natural world. It also requires us to take collective responsibility for our
actions and their impact on the environment and society.

6.6. Role of Nations: Sustainable Revolution

Sustainable revolution refers to a significant transformation at the global level to
achieve a more sustainable future [184]. It involves a shift in values, attitudes, and be-
haviors toward sustainalism and adopting sustainable practices and policies at all levels
of society, from individuals to governments and various states [185]. The sustainable
revolution aims to create a more equitable and environmentally responsible world wherein
economic growth is balanced with environmental protection and social justice. “Sustainable
Era” refers to a time in which sustainalism is the dominant paradigm, and sustainable
practices and policies are widely adopted and implemented. A strong focus on environ-
mental protection, resource conservation, and social equity and the widespread adoption
of sustainable technologies and practices characterizes the sustainable era. In this era,
economic growth is decoupled from environmental degradation, and the world operates in
a way that prioritizes the well-being and survival of both current and future generations.
The sustainable era aims to create a more livable and sustainable world for all.

7. Conclusions

In conclusion, sustainability has emerged as a crucial response to environmental
degradation, social inequality, and economic instability. However, traditional approaches
to sustainable development have proven inadequate in tackling these complex challenges,
necessitating a more comprehensive and holistic approach.
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To address these limitations and foster a paradigm shift toward a more sustainable
and inclusive world, this paper proposes an integrated socio-economic and environmental
model, the 6S principles of global sustainability. We have presented a novel perspective
on achieving sustainable development goals through a social movement centered around
sustainable education, sustainable living, peace, social justice, social equity, sustainable
housing, sustainable networks (including mobility and health infrastructure), and sustain-
able energy. The 6S theoretical framework offers a clear roadmap toward achieving global
sustainability and effectively tackles the challenges related to sustainability through an
inclusive approach.

To enhance individual responsibility toward sustainable development, the concept
of sustainalism is introduced. Building upon the principles of sustainalism, the Global
Sustainability Framework recognizes the interconnectedness of different dimensions of
sustainability and the diverse Sustainable Development Goals (SDGs). It highlights the
importance of collective action, dedication, and collaboration among individuals, organi-
zations, and governments for a fair and inclusive quality of life. Sustainalists adopt this
new way of thinking and practice, recognizing the interdependence of all living beings and
advocating for social and environmental justice.

Implementing the Global Sustainability Framework and embracing sustainalism ne-
cessitates a sustainable revolution—an unprecedented collective movement to reshape
our societies, economies, and governance systems toward sustainability. The sustainable
revolution offers a transformative pathway toward achieving an equitable world, marking
a significant step toward a sustainable era.

By embracing the principles of sustainalism and adopting a sustainalist lifestyle, we
can pave the way toward a more sustainable economy that balances humanity’s and the
environment’s needs, benefiting everyone involved.
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Abstract: Naturally occurring resources, such as water, energy, minerals, and rare earth elements,
are limited in availability, yet they are essential components for the survival and development of
all life. The pressure on these finite resources is anthropogenic, arising from misuse, overuse, and
overdependence, which causes a loss of biodiversity and climate change and poses great challenges to
sustainable development. The focal points and principles of the bioeconomy border around ensuring
the constant availability of these natural resources for both present and future generations. The
rapid growth of the microbial bioeconomy is promising for the purpose of fostering a resilient and
sustainable future. This highlights the economic opportunity of using microbial-based resources
to substitute fossil fuels in novel products, processes, and services. The subsequent discussion
delves into the essential principles required for implementing the microbial bioeconomy. There is a
further exploration into the latest developments and innovations in this sub-field. The multi-sectoral
applications include use in bio-based food and feed products, energy recovery, waste management,
recycling, and cascading. In multi-output production chains, enhanced microbes can simultaneously
produce multiple valuable and sustainable products. The review also examines the barriers and
facilitators of bio-based approaches for a sustainable economy. Despite limited resources, microbial-
based strategies demonstrate human ingenuity for sustaining the planet and economy. This review
highlights the existing research and knowledge and paves the way for a further exploration of
advancements in microbial knowledge and its potential applications in manufacturing, energy
production, reduction in waste, hastened degradation of waste, and environmental conservation.

Keywords: sustainability; microorganisms; energy; biotechnology; biocatalysis; biotransformation;
industrial applications; circular bioeconomy

1. Introduction

Human survival and development depend on natural resources, such as water, energy,
and raw materials, which are unsteadily available. As human development increases and
the global population rises, based on predictions, from 7.6 to 9.7 billion by 2050 and further
to 11.2 billion by 2100 [1] the demand for available resources is increasing, making sustain-
ability one of the major challenges with which the world’s population is contending [2]
The need for optimal utilisation of available scarce resources in a sustainable manner that
guarantees their use for future generations can, therefore, not be overemphasised [3]. The
sustainable use of available resources secures a continuous food supply, renewable energy,
and a continuous raw materials supply, achieving zero hunger and other sustainable devel-
opment goals [4,5] Guaranteeing the continuous availability of these resources for present
and future needs is the core principle of bioeconomy [6].

The term “bioeconomy” was first coined by Zeman in the 1960s and is derived from the
Greek words “bios”, “oikos”, and “nomos”, which mean life, house, and law, respectively.
The German Federal Government Bioeconomy Council also defines bioeconomy as the
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utilisation and production of biological resources (with knowledge inclusive) to provide
services, processes, and products across all industry sectors and trade in a sustainable
economy [7].

In the bioeconomy, resources are either sourced through nature or recycled after human
usage. Besides land, water, air, biomass, technologies, and knowledge, microorganisms
are also a crucial resource in the bioeconomy. Microorganisms are genetically altered to
render them suitable for bioproduction processes [8] and serve as biocatalytic platforms for
the microbial bioeconomy. The microbial bioeconomy involves utilising microorganisms
to create sustainable and biodegradable products, replace non-renewable resources, and
reduce environmental pollution. This concept aligns with the circular bioeconomy, which
prioritises minimising waste and maximising resource efficiency [9].

The utilisation of microorganisms in the production of goods and services dates back
to ancient civilisations with examples such as the Egyptians using yeast to bake leavened
bread [10]. Recent developments in the microbial bioeconomy have focused on developing
new and enhanced microorganisms as well as optimising production processes [11] For
example, metabolic engineering and synthetic biology have allowed for the development
of microorganisms with enhanced capabilities, such as the ability to produce biofuels from
non-edible feedstock [12]. Additionally, advanced fermentation technologies have enabled
the creation of high-value products, such as biodegradable plastics and specialty chemi-
cals [13]. The microbial bioeconomy can promote economic sustainability and reduce the
environmental impact of production processes [14]. By replacing non-renewable resources
with renewable alternatives and using waste streams as feedstocks, the microbial bioecon-
omy can help reduce greenhouse gas emissions and other forms of pollution. For instance,
using rice hull ash instead of cement in making concrete mix reduces carbon emissions [15].
Similarly, leveraging microorganisms can improve production process efficiency, save costs,
and increase competitiveness [7].

By using microorganisms to produce biodegradable and sustainable products, the
microbial bioeconomy offers a viable alternative to traditional production methods, which
are based on the global economy principles. With continued advances and innovations, the
microbial bioeconomy will likely become an increasingly important part of the global econ-
omy [7]. Genetically modified organisms (GMOs) are vital for a sustainable bioeconomy;
they are employed in the creation of food and feed additives, pharmaceuticals, biomedicine,
bioenergy, biofuels, bioplastics, environmental remediation and waste management, build-
ing and transportation system, forestry and agriculture, and other recyclable bio-based
materials and products [7,16–21]. Wesseler et al. 2022. Some of these microorganisms and
the products formed are shown in Table 1.

Table 1. Examples of microorganisms and the biodegradable and sustainable products they can
produce.

Microorganism
Type

Microorganism
Biodegradable and

Sustainable
Products

Industry/
Application

Role in Achieving
Sustainability

References

Bacteria Escherichia coli Bioplastics Packaging
Reduces reliance on
fossil-fuel-based plastics,
reduces waste

[22]

Bacillus subtilis Enzymes Cleaning and
detergent

Reduces environmental impact
of cleaning products, promotes
sustainable practices

[23]

Saccharomyces
cerevisiae Bioethanol Fuel Provides sustainable alternative

to fossil fuels [24]

Pseudomonas putida Biodegradable
polymers

Biodegradable
materials

Reduces reliance on
non-biodegradable materials,
reduces waste

[25]
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Table 1. Cont.

Microorganism
Type

Microorganism
Biodegradable and

Sustainable
Products

Industry/
Application

Role in Achieving
Sustainability

References

Candida albicans Biosurfactants Cosmetics and
personal care

Provides sustainable alternative
to conventional surfactants [26]

Lactobacillus
acidophilus Probiotics Food and beverage

Promotes sustainable
agriculture practices, reduces
food waste

[27]

Fungi Trichoderma reesei Cellulases Paper and pulp Promotes sustainable forestry
practices, reduces waste [28,29]

Aspergillus niger Organic acids Food and beverage Provides sustainable alternative
to conventional food additives [30]

Rhizopus oryzae Biodegradable
plastics Packaging

Reduces reliance on
non-biodegradable materials,
reduces waste

[31]

2. Methodology

This review discusses the microbial bioeconomy principles, current state, and recent
advances and innovations. A systematic review was conducted to examine the applications
of the microbial bioeconomy in various sectors, including food and beverage production,
biotechnology, and environmental remediation. The review explores how microorgan-
isms can help achieve economic sustainability and discusses some of the future trends in
this field.

A keyword search of existing research, knowledge, and reports was performed using
the keywords “microbial bioeconomy,” “sustainability”, “microorganisms”, and “princi-
ples”. The results were filtered for relevance, the author’s authority, and timeliness and
synthesised.

3. Applications of the Microbial Bioeconomy for Economic, Environmental, and
Social Sustainability

3.1. Principles of the Microbial Bioeconomy

To achieve a sustainable and efficient microbial bioeconomy, adherence to certain guid-
ing principles is crucial. Adhering to these principles can help create an environmentally
friendly, economically sustainable, and socially responsible microbial economy.

Seven (7) Key Principles Central to the Microbial Bioeconomy

1. Use of renewable resources: The microbial bioeconomy relies on renewable resource
utilisation, such as plant biomass, organic materials, and agricultural waste, as feed-
stocks for the production of products of high value. This approach helps to not only
reduce reliance on non-renewable resources, such as fossil fuels, but also create a more
sustainable and efficient economy [32]

2. Sustainable production: The microbial bioeconomy produces products and services
that are environmentally friendly and sustainable. This involves using renewable
resources, converting waste materials into valuable products, and optimising produc-
tion processes to minimise waste and reduce greenhouse gas emissions [33].

3. Efficient utilisation of resources: The microbial bioeconomy seeks to use resources
efficiently to minimise waste and reduce the environmental impact of production. This
involves closed-loop systems where waste from one process is used as a resource [5].

4. Adaptability: The microbial bioeconomy technologies should be adaptable to different
environments and conditions and should be able to be easily modified or scaled up as
needed [34].

5. Innovation: The microbial bioeconomy should be driven by the development of new
technologies and approaches along with a focus on innovation [35].
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6. Collaboration: The development and implementation of the microbial bioeconomy
technologies often require collaboration between researchers, industry, and govern-
ment [36].

7. Transparency: The microbial bioeconomy should be transparent and open with infor-
mation about processes and products and make this information readily available to
stakeholders [33].

The seven principles are shown graphically in Figure 1.

 

Figure 1. Principles of the Microbial Bioeconomy.

3.2. The Microbial Bioeconomy Current State

Based on a report by the [37] the global microbial market is worth €250 billion, with an
annual growth of 5.6%. By 2030, it is predicted to reach €700 billion due to the rising demand
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for sustainable products, biotechnology advancements, and supportive policies. The
European Union (EU) bioeconomy generated €2.29 trillion turnover in 2015 [38] However,
the COVID-19 pandemic caused a 2% decrease in 2019 and a 0.4% decrease in 2020 in
employment and gross value addition [38].

One of the key trends in the microbial bioeconomy is the growing demand for renew-
able and sustainable products and services driven by a growing awareness of the social
and environmental impacts of non-renewable resources such as fossil fuels. Addition-
ally, an improved public understanding of climate change and the devastations caused
by non-renewable products have changed consumer preferences and resulted in more
robust regulatory policies [37]. This trend creates new products and processes that rely on
microorganisms, such as biofuels, biomaterials, and bioplastics [7].

Another significant trend is the increasing focus on waste management and resource
recovery. Microorganisms are expected to play a critical role in this area by using anaerobic
digestion and other processes to convert waste into valuable products, such as biogas,
fertilisers, and biochemicals [39].

The microbial bioeconomy contributes to economic sustainability through biocataly-
sis, biotransformations, anaerobic digestion, and bioremediation processes. Biocatalysis
has advantages over traditional chemical processes due to its improved selectivity and
specificity [40,41]. Similarly, biotransformation is used in industries, such as fine chemicals,
pharmaceuticals, food, and animal feed, to produce vitamins, flavour compounds, biofuels,
and other biomaterials [40,42]. Utilisation of these bio-based processes can offer several
advantages over traditional chemical processes, such as improved sustainability and lower
production costs. For example, this biologically dependent process can use renewable
resources, such as waste materials and biomass, as substrates either by decreasing or
eliminating the use of chemicals and their environmental impacts. This can also lead to
economic benefits, such as reducing raw material costs and developing new markets and
products [43]. Anaerobic digestion and bioremediation processes can convert waste mate-
rials and pollutants into valuable products, such as biogas, fertilisers, and biochemicals,
which can be used to produce other goods and services [44].

3.3. Recent Advances and Innovations in the Microbial Bioeconomy

Recent advances in biotechnology have led to significant progress, particularly in
the development and application of microorganisms for producing goods and services.
Advances in metabolic engineering and synthetic biology have made significant progress in
creating new microbial strains with improved productivity and efficiency. The Penicillium
chrysogenum X-1612 strain was genetically modified using X-ray mutagenesis for enhanced
genetic expression [45] (These advances have also paved the way for developing sustainable
products and processes, including the production of biofuels from waste materials and
using microorganisms to remove pollutants from water and air [46,47].

In addition to technical advances, there have also been significant innovations in
commercialising microbial products and services. For example, the rise of biotechnology
start-ups and the increasing availability of venture capital have facilitated the development
and growth of the microbial bioeconomy with greater availability in some countries than
others. The most common way through which start-ups are commercialising microbial
products and services is the repurposing of biomass from agricultural products, consultancy,
and training [48].

3.4. Applications of the Microbial Bioeconomy in Various Sectors

The microbial bioeconomy is a fast-growing field with various commercial and in-
dustrial applications, bio-based product production, food and feed, energy recovery and
composting, waste management, recycling, and cascading, as well as multi-output produc-
tion chains [48].
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3.4.1. Bio-Based Products, Food, and Feed

The use of microorganisms in producing bio-based products, including food and
animal feed, has been widely acknowledged for a long time. One key advantage of using
microorganisms to produce bio-based products is their capacity to utilise a variety of
feedstocks. For instance, microorganisms, such as yeast and bacteria, can convert plant-
based feedstocks, such as corn and wheat, into valuable products, such as lactic acid and
ethanol [49] This renders the use of microorganisms a more cost-effective and efficient
option to produce biofuels [50] Additionally, they can produce a variety of food products,
such as fermented foods including yogurt, which is made using Lactobacillus delbrueckii
subsp. Bulgaricus and Streptococcus thermophilus [51].

Similarly, Salmonella typhimurium, and Bacillus subtilis and Escherichia coli are well-
studied to produce vitamins [52]. Microorganisms can be used for the production of high-
quality proteins as animal feed, such as single-cell proteins (SCP) that include Rhodopseu-
domonas faecalis PA2 [53]. This can help reduce the reliance on limited and potentially
environmentally damaging protein sources, such as fishmeal and soymeal, yielding better
protein sources while promoting sustainability and environmental conservation.

3.4.2. Energy Recovery

Microorganisms are also used for energy recovery and composting by converting
organic waste into a valuable soil amendment that improves its physical properties, such
as drainage, water retention, structure, permeability, aeration, and water infiltration. There
has been a growing interest recently in composting to recover energy from organic waste
while promoting economic sustainability [54]. One of the main benefits of composting is
that it decreases the quantity of waste sent to landfills, where organic waste decomposes
anaerobically and produces methane, a potent greenhouse gas. In contrast, when organic
waste is composted, it decomposes in the presence of oxygen and produces carbon dioxide,
a less harmful greenhouse gas. By promoting anaerobic decomposition, certain microor-
ganisms can convert food waste into biogas, providing a renewable energy source while
promoting the sustainability of waste disposal processes by reducing the production of
methane [55].

3.4.3. Waste Management, Recycling, and Cascading

Human activities have led to the proliferation of landfills and incineration facilities,
which can be environmentally damaging and costly to maintain. Microorganisms can
convert organic waste, such as food and agricultural wastes, into biofuels and biochemi-
cals [46]. This reduces the amount of refuse that is sent to landfills and generates revenue
from selling these products.

Another important component of the microbial bioeconomy in relation to waste man-
agement is composting; it involves the breakdown of organic matter in waste, converting
them to compost. A diverse community of microorganisms, including bacteria, fungi, and
protozoa, conducts the composting [11,56].

Composting provides economic benefits by reducing the cost of waste disposal and
providing an alternative to landfill disposal [56]. It can also generate revenue through
selling high-demand compost among farmers and gardeners, supporting local agriculture
and food production for economic sustainability [57].

Several vital microorganisms play essential roles in composting; they include bac-
teria in the genera Clostridium, Bacillus, and Pseudomonas, and fungi from the Aspergillus,
Penicillium, and Trichoderma genera [52].

Additionally, the microbial bioeconomy can be utilised in a cascading approach, where
waste from one process is used as feedstock for another, allowing resources to be used
efficiently and multiple valuable products to be produced from a single waste stream, which
is a central principle of the circular economy approach [58]. For instance, Saccharomyces
cerevisiae can convert waste wood into bioethanol [47] which can then be used as a feedstock
for bioplastic production [59].
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3.4.4. Integrated and Multi-Output Production Chains

The microbial bioeconomy can also support integrated and multi-output production
chains, leading to cost-effective and efficient production. This method utilises microor-
ganisms to simultaneously produce multiple products from a single feedstock. Studies
have shown how effective this method is in producing biofuels and chemicals from a
single microbial strain [60–63] and in producing biofuels, animal feed, and bioplastics
using microalgae [64,65]. Such integrated production can increase the industrial process
efficiency and sustainability. The discovery of CRISPR/Cas9 and other genetic engineering
techniques has enabled the precise modification of various strains to produce targeted
products. This flexibility has facilitated rapid and efficient responses to changes in market
demand [66].

3.5. Role of the Microbial Bioeconomy in Achieving Sustainability in the Economy
and Environment

The microbial bioeconomy plays a significant role in achieving both economic and
environmental sustainability by using renewable resources and reducing waste and pollu-
tion. By using biomass and biological knowledge to provide food, feed, industrial products,
bioenergy, and ecological services, the microbial bioeconomy aligns with several sustain-
able development goals, such as affordable and clean energy (Goal 7), sustainable cities and
communities (Goal 11), and responsible consumption and production (Goal 12) [18,67,68].
By creating a balance between sustainability and economic aspirations, the microbial bioe-
conomy can help address global challenges, such as climate change mitigation, global food
security, and sustainable resource management, leading to a more resilient and sustainable
economy that benefits both people and the planet [69,70]. It creates a more resilient and
sustainable economy that benefits both people and the planet by utilising the unique capa-
bilities of microorganisms [18]. The contribution of the microbial bioeconomy to sustainable
economic development may vary depending on the resources available in different regions
and countries. However, the following sections outline potential ways that the microbial
bioeconomy can support the achievement of the Sustainable Development Goals (SDGs).

3.5.1. Job Creation and Rural Development

The microbial-based bioeconomy can create jobs, drive economic growth, and con-
tribute to achieving the Sustainable Development Goals of the United Nations, particularly
No Poverty (SDG 1), Zero hunger (SDG 2), and Decent Work and Economic Growth (SDG
8) [71,72]. As biomass is widely available, the microbial bioeconomy can create modern jobs
(biotechnologists and bioeconomists) in rural areas and promote social inclusion [69,73,74],
For instance, in 2019, approximately 17.4 million people in the EU were working in the
bioeconomy sectors, which was 8.3% of its total labour force. Bio-based employment can
be generated from advances in the microbial bioeconomy as described in the following
practical examples. Spirulina, a kind of blue-green algae, is an excellent source of protein
and other nutrients, making it a potentially sustainable and nutritious food source. Spir-
ulina cultivation can create jobs in the aquaculture and agriculture industries, as well as
in the processing and packaging of spirulina-based products [72]. Spirulina platensis is
also being explored for its potential use in animal feed production. Because of its high
protein content, spirulina is used in animal feed, which can create jobs in the animal hus-
bandry and feed manufacturing industries. Using microorganisms in waste treatment,
biopesticide production, and bioremediation products can create jobs in the environmental
industry and in research and development, engineering, and operations. Additionally,
biopesticides made from microorganisms can help control agricultural pests and reduce
the reliance on chemical pesticides, which have adverse effects on human health and the
environment [75,76]. This can create jobs in the agricultural and biotechnology industries.
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3.5.2. Climate Change Mitigation and Neutrality

Microorganisms play a vital role in mitigating and achieving climate neutrality, as they
are used in various industrial processes that can help reduce greenhouse gas emissions and
promote environmental sustainability. Using biological resources for food, feed, bio-based
products, and bioenergy can align with the United Nations’ Sustainable Development
Goals (SDGs), such as Affordable and Clean Energy (SDG 7); Industry, Innovation, and
Infrastructure (SDG 9); and Responsible Consumption and Production (SDG 12) [7]. Mi-
croorganisms, such as yeast and algae, can produce biofuels, such as ethanol and biodiesel,
as alternatives for fossil fuels. The production of biofuels using microorganisms can reduce
lifecycle greenhouse gas emissions, as biofuels have a lower net GHG emission compared
to fossil fuels [77]. Additionally, microorganisms produce bioplastics from renewable mate-
rials, such as corn starch or sugarcane. Bioplastics reduce our dependence on fossil-based
plastics, which emit greenhouse gases. They can be biodegraded by microorganisms, reduc-
ing plastic waste in the environment. The microbial bioeconomy can help create greener
cities that operate on closed material and energy cycles, thereby, reducing emissions, waste,
and losses [69]. For instance, in Hamburg, Germany, the world’s first building with an
algae façade made of glass bioreactors produces heat and biomass, and binds CO2 through
the green algae’s photosynthesis. Model calculations suggest that the façade can convert
approximately 48% of the incoming sunlight into usable bioenergy [69].

3.5.3. Ecosystem and Biodiversity Restoration

Microbes play a crucial role in ecosystem and biodiversity restoration in several ways.
For example, certain bacteria can break down pollutants and waste products, making them
less harmful to the environment [78]. This process, known as bioremediation, can help
clean up contaminated soil and water, making it safer for plants, animals, and humans.
One example of a bacterium that can be used in bioremediation is Pseudomonas cepacia. This
bacterium secretes a bio-surfactant that cleans up hydrocarbon contamination [79]. Mi-
croorganisms, such as bacteria and fungi, can degrade organic waste and pollutants, aiding
in wastewater treatment and soil remediation. Specific examples of microorganisms that
are used in the bioremediation of crude oil include Pseudomonas cepacian [79,80]. Bacillus
cereus [81], Aspergillus oryzae [82], Bacillus coagulans [80], Citrobacter koseri [80] and Serratia
ficariam [83]. These microorganisms can degrade pollutant hydrocarbons, heavy metals, and
pesticides and are also used in the bioremediation of dyes in textile industry wastewater.
Specific examples of microorganisms effective in dye bioremediation include Exiguobac-
terium indicum [84] (Exiguobacterium aurantiacums [85] Bacillus cereus [86] and Acinetobacter
baumanii [87].

Penicillium, which is known for breaking down cellulose, a major component of plant
cell walls [88] can help release nutrients into the soil, making them more available to plants.
Additionally, Penicillium can produce antibiotics that can kill or inhibit the growth of other
microbes, which can help control soil-borne diseases. Other fungi involved in this process
include Trichoderma, Rhizopus, and Fusarium.

Trichoderma is a diverse genus of fungi. Some can break down varieties of organic
compounds, including lignin, cellulose, and hemicellulose [89]. This renders it an effective
tool for improving soil health and supporting the growth of plants. Rhizopus is another
fungus in which most group members can help decompose organic matter and release
nutrients into the soil, and it is known for its ability to break down starch and other
complex sugars. One of the most well-known is Rhizopus stolonifer (the common bread
mould), making it an essential contributor to the soil nutrient cycle [90].

Furthermore, bacteria, such as Microcystis aeruginosa, for example, are responsible
for converting carbon dioxide into organic compounds, which can be used as a source of
energy by other organisms [91]. By participating in this process, microbes help maintain
the balance of carbon in the atmosphere, which is essential for the planet’s health. By
cleaning up pollutants and improving soil health, microbes can help support crops and
other vegetation growth, providing food and other resources.
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3.6. Barriers to the Development of the Microbial Bioeconomy

Several limitations must be considered when using microorganisms in the bioecon-
omy [92]. One of the main limitations is the complexity of the microorganisms themselves.
The genetic makeup of microorganisms can vary significantly, even within the same species,
making it challenging to standardise the production process. Major advances are required,
including genome sequencing and the creation of systems that can facilitate multitrophic
and multi-layered production of microorganisms [93]. In addition, the process of genetically
modifying microorganisms, an important component of the microbial bioeconomy, is com-
plex and expensive, making it difficult to scale up production for commercial viability [93].
The use of these organisms raises ethical and safety concerns as they could escape into the
environment and potentially cause harm to other organisms and could also spread to wild
populations. Addressing these limitations is important for the successful implementation
of the microbial bioeconomy.

To ensure sustainable production and prevent environmental harm, the microbial
bioeconomy must consider resource availability and feedstocks. It involves developing
microbial-based products and services while addressing bottlenecks through scientific
policy and economic approaches. Policy recommendations include increasing research
investments, incentivising microbial-based products, and facilitating public–private part-
nerships. Multi-disciplinary research from microbiologists, chemists, economists, and
farmers is necessary, as in the case of biogas production, to evaluate the innovations’ scien-
tific and societal impacts. Clear communication and close engagement with society are also
crucial [94].

Another barrier lies in combining biodiversity with synthetic biotechnology for
industrial-scale CO2 capture. The CO2 emission from fossil fuels and increased global
warming are major challenges that will have significant and lasting implications for future
generations. The first indicators of artificial climate change are the rising frequency of
droughts, wildfires, heat waves in southern nations, excessive rainfall, and flooding [95,96].

Microbial genomes hold valuable instructions for developing long-term CO2 col-
lection methods. There are seven distinct pathways involved in CO2 fixation with the
pathway used by cyanobacteria, green plants, algae, and related microbes being the most
familiar. Additionally, the Wood–Ljungdahl pathway, an ancient evolutionary route, is
well-preserved in acetogenic bacteria and methanogenic archaea that are commonly found
in harsh environments [97,98].

The reverse tricarbonyl acid cycle, the 3-hydroxypropionate bicycle, the 3-hydroxyprop-
ionate/4-hydroxybutyrate cycle, the dicarboxylate/4-hydroxybutyrate cycle (DC/HB cy-
cle), and a few more highly effective methods to fix CO2 from the environment have also
been developed by nature [99]. Thus, there can be an improvement in the methods for
designing the artificial creatures and procedures required for industrial CO2 capture by
better understanding the molecular and structural principles [97].

4. Conclusions

The rapid growth of the microbial economy promises to advance sustainability through
its positive implications on environmental conservation; reduced wastage, particularly in
the food and agriculture industries; the repurposing of waste; and the development of new
products using alternative cheaper and environmentally friendly raw materials. In the past
decades, significant advancements in research and knowledge in the microbial economy
have driven the increased application of the concept in the energy sector through the
production of biofuels; the increased application of the concept in the manufacturing and
processing sectors through the use of microorganisms to enhance, improve, and transform
some processes; and entrepreneurship through the rising number of start-ups whose
products and services capitalise on biological knowledge. The observed proliferation of
the adoption of the microbial economy across several sectors of the economy has shown
all indications of continuing in the foreseeable future. Future studies should explore the
above-identified barriers to the mass adoption and application of the microbial economy
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in different industries, processes, and activities to drive better waste utilisation, new
product and process innovation, environmental conservation, energy reclamation, soil and
environmental conservation, and sustainability.
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