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Sustainability is expanding the discipline and practice of systems engineering. The In-
ternational Council on Systems Engineering (INCOSE) has foreseen the critical importance
of addressing sustainability issues in their Systems Engineering Vision since 2007 [1,2].
As a concept, sustainability covers a broad range of issues ranging from the concern for
rapidly depleting natural resources to the concern for the welfare of the earth’s popula-
tions. Domains such as health care, transportation, natural resource management, social
economics, and governance recognize the value of applying systems thinking and systems
engineering practices to finding solutions that go beyond temporary Band-Aid solutions
for symptoms and that instead address the root causes of these problems.

Traditionally, the discipline and practices of systems engineering are associated with
solutions for technological systems and products. The term has been used since the late
1950s, and over the intervening decades, systems have been increasing in complexity. A
realization that these practices, which have evolved to cope with technological complexity,
are equally equipped to cope with political and society issues has gradually emerged [3].
Applying the concepts of systems thinking and systems engineering is both acceptable
and expected [4]. Research applies these methods to various grand challenges and the UN
Sustainability Development Goals (SDG) [5,6].

The 14 articles in this Special Issue are from researchers representing Brazil, Ireland,
Germany, the Netherlands, Norway, Poland, Spain, and the USA. The contributions cover
a range of industries. Of the articles in this Special Issue, four cover topics pertaining to
the energy sector, three include work pertinent to the food, higher education, and regional
planning sectors, respectively. Topics span sustainable business models, resilience and
post-COVID recovery, models for working to achieve SDG targets, and one application of
system dynamics to explore the peace nexus.

Seven of the contributors to this issue are young researchers who are also graduates
of the NTNU industrial ecology program, the first such academic initiative of its kind,
started in 1993 [7]. Systems engineering and industrial ecology both build on the strengths
of interdisciplinary theory and practices [8]. This Special Issue of Sustainability features
original papers by young and established researchers in systems engineering leading the
advancement of this rapidly expanding discipline.

Addressing resilience in the energy sector, Neumann, van Erp, Steinhöfel, Sieckmann,
and Kohl studied business model patterns for achieving corporate resilience. The identi-
fied patterns were analyzed and validated by expert interviews in the German electrical
industry, confirming their usefulness in providing guidance for organizations to tackle
industrial resilience by adapting their business models [9]. In the same sector, this time
considering the oil and gas industry on the Norwegian continental shelf, Czachorowski
also uses systems engineering to innovate business models for use in the exploration and
production phases of a major operator. She applies morphological analysis to identify
discrete components that can be applied in the industry as they “clean up their act” to
address SDG targets [10]. Against the backdrop of energy transitions, Kirkels, Evers, and
Muller contribute a position paper exploring the challenges facing systems engineering
when it is applied to sociotechnical problems. They offer two approaches to address the

Sustainability 2021, 13, 10293. https://doi.org/10.3390/su131810293 https://www.mdpi.com/journal/sustainability
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limitations [11]. Muller also presents a case study of an energy transition in the Nether-
lands, applying roadmapping and conceptual modelling to support policy and decision
makers who must cope with a large heterogeneous set of stakeholders. [12].

Agriculture, fisheries, and food waste in the hospitality arena provide examples of
how applying methods from systems engineering can help formulate solutions to move
the food sectors toward meeting SDG targets. Palmer, Burton, and Haskins propose a
framework called MPAST: Mapping Problem Archetypes to Solutions for Transitions,
then apply it to a Norwegian agricultural bioeconomy transition using data collected
from a recent survey [13]. Building on research conducted around lost fishing gears and
ghost fishing, Deshpande and Haskins apply a disciplined systems engineering process
to examine ways to address the root causes of this problem. The study yields some
interesting suggestions [14]. Finally, Buczacki, Gładysz, and Palmer propose a framework
that is suitable for illustrating the dependencies between different micro actions and macro
policies that impact the ability to meet SDG targets. They conclude that to resolve a
pervasive issue, such as food waste, requires the concerted collaboration of consumers,
businesses, and governing authorities [15].

Communities hoping to preserve their natural resources and regional planners also
benefit from systems engineering research. Johansen, Aspen, Sparrevik and Æsøy de-
veloped a system-oriented sustainability scoring model that they apply to the port of
Geiranger, Norway in an effort to balance the negative effects of cruise tourism [16]. A
case study from a regional planning process in the Aalesund region in Norway was used
by Aspen and Amundsen to demonstrate their participatory planning support system
(PSS), derived using systems engineering methods, for integrating and operationalizing
the SDGs [17].

Themes from industrial ecology inform two of the articles. The Capacity-building
in Sustainability and Environmental Management model (the CapSEM-model), presents
organizations a systemic way to transition to sustainability through the application of
systemic methodologies that gradually help increase environmental and sustainability
performance. Fet and Knudson map the SDGs onto the CapSEM model as an example
of how they can be useful in the transition to sustainability [18]. A case of industrial
symbiosis (IS) in Spain was analyzed by Ruiz-Puente and Jato-Espino. They concluded
that the changes implemented in industrial parks resulted equated to contributions to nine
SDGs and fourteen of their specific targets, proving the domino effect associated with the
application of IS policies by governments and public entities [19].

In the domain of higher education, Lynch, Andersson, and Johansen address the poten-
tial for courses in entrepreneurship to establish a mindset in students toward a sustainable
future. They assert that a systems perspective must be integrated into entrepreneurial
education and suggest that merging systems thinking and entrepreneurship can be used
to nudge students towards sustainability [20]. Yang and Cormican conducted a scoping
study that analyzes extant evidence to uncover the contributions of systems engineering in
advancing progress towards the SDGs. They conclude that systems engineering has been
an active catalyst promoting the SDGs with the potential to encourage the transdisciplinary
research necessary to achieve long-term transformational and sustainable change across
sectors and disciplines [21].

The pièce de résistance is provided by Amadei, who addresses one of the quintessential
SDG goals to promote peace. He examines the value proposition of adopting a systems
approach to capture the linkages between the SDGs and peace sectors using basic system
dynamics models to illustrate peace–development nexus dynamics [22].
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Abstract: Resource efficiency is a strategy with great potential to make progress towards the UN
Sustainable Development Goals (SDGs), since it can contribute to meeting a variety of economic,
environmental and social targets. In this context, this investigation developed a systemic analysis of
co-located Industrial Symbiosis (IS) synergies in an industrial park formed of four companies. To this
end, public data showing that the main activity in this park concerned materials, water and steam
flows were supported with short visits to the companies for verification purposes. Then, the effects of
nine exchange and twelve share synergies were analysed at different scales according to their impacts
on sustainable development. The changes caused by these synergies in the flows in the industrial
park enabled saving more than 10 k tonnes of raw materials and waste disposal and almost 10 Mm3

of raw water per year, as well as six auxiliary service systems. In the end, these figures might be
translated into more than 200 kt CO2 eq. and EUR 6M saved per year, which in turn corresponds to
0.05% of the Gross Domestic Product (GDP) of the region in which the park is located. In terms of
sustainable development, these modifications were translated into contributions to nine SDGs and 14
of their specific targets, proving the domino effect associated with the application of IS policies by
governments and public entities.

Keywords: circular economy; systems thinking; industrial symbiosis; resource sharing; steam;
sustainable development; synergy; industrial sustainability

1. Introduction

Resource efficiency has been proposed by the UNEP International Resource Panel (IRP) as a means to
decouple economic growth from environmental deterioration while protecting human well-being, which
is crucial for achieving the Sustainable Development Goals (SDGs) [1]. The worldwide consumption of
primary materials was 90 billion tons by 2017, a figure which is expected to increase up to 186 billion tons
by 2050 [2]. This trend has resulted in diverse negative impacts on soils, aquifers and biodiversity, whilst
increasing food and water demands.

Industrial Ecology (IE) has been found to have huge potential to attenuate the effects of these
harmful prospects [3]. IE is an interdisciplinary area whose goal is to reproduce the characteristics of
natural ecosystems in the industry, closing material loops and searching for sustainable development [4].
Hence, IE requires industrial areas not to be isolated with respect to their surroundings, but considered
alongside them to optimize the handling of resources from extraction to disposal [5]. Apart from this
global and systemic vision of the industry as a natural ecosystem, IE must be based on the creation
of dynamic networks of entities or companies within their area and the promotion of sustainable
development [6]. In this vein, the retrofitting of industries by increasing resource efficiency has been
identified as a means to contribute to the SDGs [7].

Sustainability 2020, 12, 5802; doi:10.3390/su12145802 www.mdpi.com/journal/sustainability5
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Industrial Symbiosis (IS) is a branch of IE aimed at creating cooperation networks whereby two or
more industrial entities carry out mutually beneficial relationships, with emphasis on cases in which
one entity makes productive use of streams that are considered as wastes by another [8]. The other
main means of symbiotic association concerns the shared use of facilities, equipment and/or utilities for
saving resources purposes [9]. As a result, there is a reduction in the amount of waste and emissions,
as well as economic advantages for the industrial entities involved [10]. Geographical proximity is an
essential factor in facilitating IS [11], since it increases the feasibility of opportunities through which
to exchange products and/or share components [12]. Despite the additional complexity entailed by
IS practices in relation to other alternatives (e.g., direct disposal), IS has been found to be capable of
producing economic and environmental benefits at regional scales [13].

As a result, the principles of IS crystallize in Eco-Industrial Parks (EIP), which consist of
communities of companies located in a common area that seek to improve economic, environmental
and social performance through collaboration in managing resources [14]. EIPs differ from other forms
of cooperation such as industrial clusters, whose main focus is to gain economic benefits and, therefore,
disregards other aspects of sustainability [15]. They also differ from industrial districts, which are more
specific and mostly refer to co-located small and medium companies devoted to light manufacturing
sectors of the economy [16]. Although all these terms have limited geographic boundaries, they
are closely linked to regional innovation systems, which in turn relate to the existence of learning
experiences based on localized nodes of industrial activity. These nodes can lead to developing policies
whereby a region is considered the most suitable scale to foster innovation-based economies [17].

Under these premises, the research community has produced a variety of scientific studies to explore
the nexus between IE (including IS and EIPs), systems engineering and sustainability. More than two
decades ago, Côté and Cohen (1998) [18] highlighted the need for widening the perspective on EIPs,
which tended to be limited to waste exchange, and used a systems-approach to involve environmental,
economic and social aspects within and outside of the park. In this vein, Haskins (2006) [19] studied
existing eco-industrial developments and pointed out the adoption of regional approaches to achieve
stable and sustainable ecosystems. This path was found to be hindered by geographic dispersion, as well
as by additional efforts in terms of trust, coordination and data collection. As a contribution to deal with
these barriers, the same author proposed [20] and applied [21] a systems framework to form and sustain
industrial parks, including aspects such as stakeholder coordination, interdisciplinarity, unification and
monitoring. The use of indicators to track sustainable development progress was identified as one of the
main lines of additional work to develop. Similarly, Sopha et al. (2010) [22] built a systems framework
for assessing IS, including its application through a case study. Although the approach served for
stakeholder identification and reveals the need and means to solve the problem under consideration,
facilitating communication was argued to be a field to explore in the future. The dynamic nature of EIPs
was also addressed by Romero and Ruiz (2013) [23], who developed a framework expected to form the
basis on which to build mathematical models for analyzing EIPs. Their objectives, surroundings and
the relationships and decisions of stakeholders were underlined as key features to properly modelling
these systems.

The link between territorial policies and sustainability was explored by Deshpande and Aspen (2018) [24],
who provided a systems engineering framework to ensure sustainable resource management. The approach
taken was found to facilitate the nexus between the SDGs and policymakers, such that the latter gained
understanding of a complex process and improved their decision-making. In relation to the SDGs focused
on zero poverty and hunger, Ginige (2018) [25] combined systems engineering with smart computing to
support the coordination of agricultural production in Sri Lanka. The proposed framework was presented
to provide a long-term solution to the complex multi-disciplinary nature of this problem. On a smaller scale,
Moldavska and Welo (2019) [26] defined a corporate sustainability assessment method based on systems
thinking to measure the links of manufacturing companies with the SDGs. The proposed approach proved
to address the shortcomings of previous methods by using a set of sustainability criteria. This was in line
with the perspective of van den Hoven (2019) [20], who emphasized the need for using a systemic and
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comprehensive engineering approach to couple technical issues with social and ethical aspects. Brooks
(2020) [27] explored the link between systems engineering and the SDGs by adopting a design science
research method to examine the elicitation of sustainability requirements in aerospace and healthcare
facilities. The preliminary results achieved suggested that the application of the proposed method may lead
to the enhanced coverage of the SDGs in most organizations.

The trend of these studies showed that previous research focused on developing theoretical
frameworks to couple systems engineering with the monitoring of the SDGs. However, their use for
cultivating symbiotic relationships in EIPs is still limited, especially under the consideration of how
these potential processes of IS might contribute to achieving the SDGs. Therefore, this revealed a
gap in what concerns the assessment of IS in industrial systems, whereby synergies are presented
and analysed to assist public and private sector organizations in developing and implementing EIPs.
This needs to be supported with an examination of the potential benefits that IS may have at meso
(city and region) and macro (country) scales, including their evaluation using the SDGs as a benchmark.
Consequently, this research concerned the identification of synergies in an industrial park, their analysis
at different scales and the relationships of such synergies with the targets forming the SDGs, thereby
providing an overview of the contributions of IS to sustainable development.

The rest of the article is structured as follows: Section 2 includes the methodology proposed to
collect and process the data characterizing the main companies in the industrial park under study,
as well as the framework used to value the contributions of synergies to be identified in terms of
sustainable development. Section 3 starts by describing and illustrating the situation of the three main
flows (materials, water and steam) in the industrial park. Then, potential direct and indirect synergies
are overviewed according to their feasibility, such that a set of opportunities is selected and assessed
based on their impacts of the three flows under consideration, The section ends with the estimation and
discussion of the benefits to which these synergies may lead, emphasizing their associated economic
and environmental savings. Finally, Section 4 contains the main findings of the study, highlighting
both their implications for its research field and future lines of action to address its limitations.

2. Materials and Methods

The approach taken to conduct this research is depicted in Figure 1. It stemmed from a collaboration
agreement between the city council to which the industrial park under study belongs and the university
of the region. Therefore, the project involved the three main stakeholders required for promoting
IS, namely public institutions, research centres and private companies, whose interests focused on
welfare, knowledge and benefits, respectively. In this vein, the results to be obtained in this study were
expected to work as the basis for developing future IS projects in the city. To this end, first was the
acquisition of information from the public Integrated Environmental Authorisations (IEA) of the main
companies (C1–C4) in the industrial park. Then, guided visits to their facilities and work sessions were
arranged to corroborate these data and understand the processes leading to them. Finally, an analysis
of potential IS opportunities in this industrial park was undertaken by taking into account both the
contributions of the identified synergies to sustainable development and their scaling to regional and
national levels.

2.1. Study Area and Industrial Park Description

The industrial park under study is located in the north of Spain and formed of more than 100
companies, most of which belong to a first subsystem of small and medium-sized enterprises (SMEs).
Still, the four large companies forming the second subsystem are responsible for most of the material
and energy resources in the area. Furthermore, since the park is an open industrial ecosystem, they
can perform as a node to enable potential expansions involving other companies and/or industrial
parks within the city or region. Consequently, this study focused on these dominant companies, since
they might act as a catalyst in terms of IS due to their intense activity and turnover. Data for the
characterization of these companies were acquired from their IEAs, which contain their global resource
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flows and can be publicly accessed on the official bulletin of their region. Nevertheless, in no case
will details about the location and names of these companies be disclosed, since confidentiality has
been maintained to prevent any leakage of sensitive information. Suffice it to state that the distance
separating the companies is as follows: 2.6 km (C1–C2), 0.7 km (C1–C3), 2.7 km (C1–C4), 2.15 km
(C2–C3), 4.0 km (C2–C4) and 2.3 km (C3–C4).

Figure 1. Graphical abstract of the steps taken to carry out a systemic analysis of Industrial Symbiosis
(IS) synergies in an industrial park in the context of the Sustainable Development Goals (SDGs).

C1 was a company devoted to the conversion of plastic materials into flexible packaging and
amounted to 490 employees on the date the study was conducted. With 466 workers, the area targeted
by C2 was the manufacture of tires for private cars, trucks, tractor and industrial vehicles, pre-rolled
treads and compound strips. C3 was the largest company, with 517 employees operating in facilities
for the production, distribution and/or treatment of cellulose, inorganic chemical products (gas),
electric energy, pressurized steam, viscose fibre, sodium sulphate organic chemical products (plastic
materials and salts). Finally, C4 staff (463 people) were dedicated to several production processes
with multiple applications, such as manufacturing of sodium carbonate, electrolysis, preparation of
hydrogen peroxide solutions and cogeneration with thermal coal and cooling systems.

The input and output patterns observed in the companies forming the industrial park led to
limiting the study to three flows: materials, water and steam. This particular trio of flows was selected
because of their predominance in the activities carried out in the industrial park and their greater
potential impacts with respect to others such as electricity, compressed air, nitrogen and fuels. Materials
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included raw materials, auxiliary materials and auxiliary production services, as well as the wastes
derived from their production, such as hazardous and non-hazardous substances and emissions and
discharges to air and water. Water included the consumption and waste flows required for its analysis
as a resource, without taking into account temperature. Finally, steam concerned water thermal flows
used in the companies as a process fluid or for power generation purposes.

2.2. Preparation of Questionnaires

The first step to undertake an inventory gathering information about the activity of the companies in the
industrial park was the delimitation of the systems included in a company. According to Casals et al. (2008) [28],
a company can be divided into five systems: management, operations, finance, marketing and human
resources. Since the circulation of physical resources within the companies mainly concerns the
operations system, this was the focus of the study hereinafter. This system refers to the set of activities
oriented to the transformation of raw materials into products or the production of services demanded
by the market, as well as to the auxiliary tasks required to carry out such processes. Material, water
and steam flows circulate throughout several areas forming the operations system, such as production,
auxiliary systems, general systems, waste treatment, storage and staff services.

With the support of these concepts, a questionnaire was designed to inventory data describing the
different flows present in the industrial park. This questionnaire was structured according to three
main parts: (1) an introduction showing the proposed workflow and a glossary of terms, (2) general
information that must be provided by the companies regarding their organization and location maps
and (3) specific data to be collected during the visits about the input, distribution and output flows in
the companies. As proofs of the contents of these questionnaires, Supplementary Materials shows the
data requested to compile information about the three flows analysed in this study: materials, water
and steam. The questionnaires were filled out during short stays in the four companies forming the
industrial park during 2011, in order to gather information about materials, water and steam flow
inputs and outputs, as well as their distribution in the companies. The questionnaire was sent in
advance to the technical coordinators of the companies to guarantee the effectiveness of the stays, which
were divided into two main components: visits to facilities and office works sessions. The former were
supported with explanations by technicians regarding the processes in their respective companies,
whilst the latter consisted of putting together the information collected about the different flows,
enabling the completion of the questionnaire.

2.3. Processing and Analysis of Data and Identification of Synergies

Once the stays were over, the data collected were processed and analysed according to the
following sequence: inventory, flow schemes and floor plans. The inventory consisted of organising
and simplifying the data collected during the stays independently for each company, and then
combining them to represent the whole industrial park. Flow data were arranged to include quality
specifications and details about the generation, distribution and treatment facilities, specifying their
nominal and maximum capacities. Finally, the analysis was completed with the floor plans of the
industrial park. Although this information was not strictly necessary for the identification of synergies,
their consideration enabled the determination of the preliminary technical viability of some of them by
locating consumption and waste generation spots.

The processing and analysis of data was the premise required for the identification of synergies.
From a conceptual point of view, this research considered two types of synergies: substitution and
mutuality. The former consists of replacing the consumption of input flows in a company by waste or
output flows from another company, such that there is a reduction in resource needs and environmental
impacts. Unlike this type of synergies in the form of exchanges, mutuality synergies refer to the
shared use of services and/or infrastructures between different companies. In line with the most recent
developments in the field of IS at the European level, the terminology used in the SCALER project [29]
was adopted for this investigation. This project, which aimed at increasing the uptake of IS across

9



Sustainability 2020, 12, 5802

Europe through a systemic approach that considered all stakeholders, translated exchange and sharing
practices into direct and indirect synergies, respectively. The criteria followed for the identification of
materials, water and steam synergies in the industrial park are summarised in Table 1.

Table 1. Considerations for the identification of materials, water and steam synergies.

Flow Synergy Description Parameters

Materials

Direct Use of wastes as raw materials Type and amount of materials and wastes
Indirect Shared supply Type and amount of materials

Shared storage Type and amount of materials; Storage capacity

Indirect Joint management of waste Type and amount of wastes;
Current management

Water

Direct Use of wastewater as raw water
Type and amount of raw water; Raw water uses;
Water with similar quality; Type and amount of

wastewater; Wastewater destination

Indirect Shared collection Type and amount of raw water; Raw water uses;
Water with similar quality

Pre-treatment of water
Type and amount of water; Water uses;

Ownership of facilities for water pre-treatment;
Pre-treatment capacity

Steam
Direct Use of non-recovered steam as

consumption steam

Waste steam generation; Steam consumption;
Physical characteristics of waste and

consumption steam
Indirect Shared supply Production and consumption

Supply from one company to another Production and consumption; Supply capacity

Due to their intrinsic characteristics, materials data could not be arranged in the form of a network
using an origin-destination structure based on nodes and arrows. This was because these data consisted
of separate lists of different materials and wastes, without sharing intermediate processes or treatments.
Instead, water and steam uses were formed of a sequence of steps going from their collection to
their disposal or recirculation. Consequently, their representation differed from that of materials,
whose visualization was approached through bar charts detailing the variety of substances used in the
industrial park.

Regarding water and steam, their graphical depiction was addressed with the support of Sankey
diagrams, which display resource flows through directed arrows whose width is proportional to the
quantity represented [30]. This concept was originally published by Riall Sankey at the end of the 19th
century to analyze the efficiency of steam engines [31]. The need for improving material management
in the steel production sector during the 1930s popularized the application of balances with the support
of Sankey diagrams [32]. Since then, they have become particularly important in industrial ecology,
due to their capacity to depict all relevant flows and their interdependences [33]. This trend provides
evidence of the suitability of Sankey diagrams to represent both water and steam flows.

2.4. Industrial Symbiosis and Sustainable Development Goals (SDGs)

The broad implications of IS, whose consideration helps to promote economic growth and the
safeguarding of the environment, have great potential to unlock mechanisms aimed at fostering
sustainable development [3]. These potential contributions can be measured using the Sustainable
Development Goals (SDGs) as a benchmark, which are 17 objectives that were set in the United Nations
Conference on Sustainable Development held in Rio de Janeiro in 2012 for the period 2015–2030 [34].
In fact, the UN International Resource Panel highlighted the ripple effect of IS on sustainability,
provided by its linked benefits across different SDGs [1].

Schroeder et al. (2019) [7] identified the extent to which circular economy practices may be
relevant for achieving the SDGs. Overall, they found that a circular economy can contribute with
greater or lesser intensity to all SDGs, either directly or indirectly. The strongest relationships were
found to correspond to the targets of SDGs 6 (Clean Water and Sanitation), 7 (Affordable and Clean
Energy), 8 (Decent Work and Economic Growth), 12 (Sustainable Consumption and Production) and
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15 (Life on Land). These inferences provided an overview of the association between circular economy
and the SDGs; however, further analysis is required to explore the relationships between sustainability
and particular branches of circular economy, such as IS.

Hence, the synergies identified in the industrial park under study through the proposed
methodology (Figure 1) were evaluated in terms of their potential contributions to achieving the
169 targets included in the SDGs. To the extent possible, this analysis was supported with coarse
quantifications of the economic and environmental benefits derived from the implementation of the IS
practices identified. In turn, this course of action was intended to enable making estimates about the
scale effects of IS at regional and national levels.

3. Results and Discussion

In what concerns material flows, IS was aimed at (1) reducing the consumption of materials and
the generation of wastes, (2) minimizing and centralizing the storage of input materials and wastes
to increase space availability and (3) sharing supply services to save costs due to economies of scale,
thereby improving the logistics in the industrial park. Overall, the consumption of virgin materials
was distributed as follows: raw materials (2,906,119 t/yr., 96%), auxiliary materials (87,061 t/yr., 3%)
and auxiliary production services (34,676 t/yr., 1%). Regarding the destination and type of wastes
generated, 242,648 t/yr. (99.6%) were found to be non-hazardous, which means that only 1006 t/yr.
(0.4%) were hazardous.

The breakdown of materials and wastes according to their types is depicted in Figure 2. C4 was
the greatest contributor to the consumption of raw materials, since it was responsible for brine and
limestone, which amounted to a yearly consumption of 1,576,974 and 930,646 t. Similarly, C3 was the
dominant company in the consumption of auxiliary materials and auxiliary production services, with
17,280, 15,515 and 2191.6 t/yr. of sulphuric acid, sodium hydroxide and oxygen, respectively. Regarding
hazardous wastes, sludge from ink distillation processes (253.8 t/yr.) and Industrial Wastewater
Treatment Plants (IWTP) (179.3 t/yr.) were the main sources of generation. The fact that calcined
calcium carbonate (205,684 t/yr.) and brine (110,000 t/yr.) were the main flows in terms of non-hazardous
wastes and emissions and discharges supported the feasibility of some potential synergies, since both
products were consumed as materials in the industrial park (Figure 2).

Apart from generic reduction and minimization considerations as mentioned for the materials,
the analysis of water flows also required taking into account the following Spanish and European
standards concerning the Hydraulic Public Domain: Royal Decree-Law 995/2000 (Quality objectives for
certain polluting substances), Royal Decree-Law 60/2011 (Environmental quality standards in the field
of water policy), Directive 91/271/EEC (Urban wastewater treatment) and Royal Decree-Law 1620/2007
(Legal framework for the reuse of purified water).

Overall, more than 94% of water (3739 m3/h out of 3966 m3/h) was captured from a river. Assuming
an annual continuous work regime (8760 h) and according to the values represented in Figure 3,
this volume amounted to 32,753,640 m3/yr. Therefore, reducing the consumption of this source was a
priority. From less to more quality, the types of water used by the companies are raw, filtered, clarified,
decarbonated and demineralized (equivalent to osmotized). Since the most widely consumed type of
water by all the companies in the industrial park was clarified (2746 m3/h, 41% of the flow processed
through either coarse filtering, osmosis, clarification, demineralization, decarbonation or chlorination),
this was a flow of interest for the reduction in the amount of water used in the park. A small part of
the flows derived from these treatment nodes was straightforwardly connected to output nodes, since
it was associated with purges.
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Figure 2. Breakdown of materials and wastes in the industrial park.
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Figure 3. Sankey diagram of water flows in the industrial park.

The total flow consumed in intermediate nodes amounted to 12,811 m3/h. In particular, three
groups represented the main uses given to water: processes, steam production and cooling towers.
These groups were taken as a criterion to determine whether any of their associated uses might
admit lower quality water without compromising the performance of the companies. The highest
consumption within this group corresponded to processes (3448 m3/h, 82%), followed by steam
production (469 m3/h, 11%) and cooling towers (265 m3/h, 7%).

Water destination plays an important role in this systemic analysis, since this concept is related
to the minimization of discharge rates and potential reuse of water according to the implementing
legislation. Most of the water used in the park was sent to an IWTP (1834 m3/h, 46%), a marine outfall
(1510 m3/h, 38%) and the atmosphere (512 m3/h, 13%). Instead, only 3% ended up being used as
products (111 m3/h).

The optimization of steam consumption in the industrial park aimed at achieving a higher efficiency
in the companies and minimizing the presence of unnecessary infrastructures, while centralizing steam
flows and achieving continuous operating regimes. The fulfilment of these targets was conditioned by
the potential use of the steam produced in the park for generating electricity to be either sold externally
or consumed in internal processes. Therefore, the approach taken to address the steam flow considered
its link with electricity. The quality demands for the production of steam required demineralized water,
such that 317 m3/h out of the 365 m3/h flow depicted in Figure 3 performed as an input (317 t/h) in the
Sankey diagram represented in Figure 4.

The joint analysis of the four companies revealed that the steam and hot water generated in
the industrial park amounted to 469 t/h (carbon boiling, gas boiling and gas cogeneration), which
were produced in the range from 1.2 to 140 kg/cm2. Most of this steam (420 t/h) was produced at
high pressure (58–140 kg/cm2) and then was turbined (Figure 4) for the generation of electric energy.
The low and medium-pressure steam (5.5–33 kg/cm2) derived from turbines, along with the remains
of the production nodes (49 t/h) at 1.2–16.5 kg/cm2, were used in different processes: Processes 1
involved input flows at medium pressure (9–33 kg/cm2), such as steam recovery or drying, whilst
Processes 2 (e.g., distillation) corresponded to low-pressure processes (1.2–5.5 kg/cm2). Heat exchange
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was left apart as a single process to provide more details about C2, since the steam scheme of this
company would be too simplified otherwise. Overall, the steam consumption in the industrial park
was balanced in terms of pressure: 344 t/h were consumed at medium pressure (Processes 1 +Heat
exchange) and 303 t/h at low pressure (Processes 2). In the end, the steam consumed in the processes
was either recirculated as condensates (152 t/h) or converted into 21 t/h of non-recovered (atmosphere)
or 296 t/h of condensate steam (marine outfall and IWTP), amounting to the 317 t/h that originally
entered the system.

Figure 4. Sankey diagram of steam flows in the industrial park.

To quantify all these stages, Table 2 collects the path followed by steam in the companies that
consumed it (C1’s was a dry process), including those nodes involving production, pressure drops
and consumption. Carbon was used only by C4, which also produced steam through cogeneration.
This system was also used by C3, whilst C2 resorted to a gas boiler to generate steam. Table 2 specifies
the amount of steam generated by each company using these systems, as well as their corresponding
values of pressure. Once produced, high-pressure steam (>35 kg/cm2) derived from carbon boiling and
cogeneration in C3 and C4 was turbined in steam turbines at a medium (8–35 kg/cm2) and low pressure
(< 8 kg/cm2), respectively (Table 2). Similarly, the flow generated in C2 through gas boiling was laminated
at a medium and low pressure through heat contact and exchange, as indicated in Table 2. To support
the consideration of potential synergies based on this scheme, Table 3 summarizes the situation of the
companies involved in the steam flow in what concerns their use, capacity, needs and margin.

In addition, Table 2 also indicates the role played by steam at the scale of the whole system, specifying
the electric production and consumption patterns of the companies. In this sense, the sole purpose sought
by C2 with respect to its steam production was its subsequent consumption in processes associated with
this flow. Thus, all the electricity consumed by this company (30,600 MWh/yr.) was supplied by the
national electrical grid. Instead, C3 devoted part of its steam production to electric energy. This company
sold the energy produced in its cogeneration system (719,300 MWh/yr.) to the national electrical grid,
whilst the portion of high-pressure steam produced through steam turbines (81,600 MWh/yr.) was used for
the generation of electric energy for self-consumption. The origin of C4 electricity stemmed from turbined
steam derived from carbon boiling (208,139 MWh/yr.) and the national electrical grid (125,308 MWh/yr.).
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Most of this electricity ended up being consumed in the processes (268,718 MWh/yr.), while a smaller part
was returned to the national electrical grid (64,729 MWh/yr.).

Table 2. Scheme of the path followed by steam in the companies forming the industrial park.

ID Flow Production Pressure drop 1 Pressure drop 2 Consumption

System Amount * Node Amount * Node Amount * System Amount

C2
Steam Gas boiling 14 {16.5} Heat exchange 14 {7} − − Processes 2 13

Electricity National
electrical grid 30,600 − − − − Processes 30,600

C3

Steam

Gas cogeneration

110 {63}
Steam turbine

6 {33} − − Processes 2 130
4 {20} − −

100 {5.5} − −
20 {6} − − − −

Electricity Gas cogeneration 719,300 − − − − National
electrical grid 719,300

Steam turbine ** 81,600 − − Processes 81,600

C4

Steam Gas cogeneration 50 {58} Steam turbine 50 {13} − − Processes 2 50
10 {13} Processes 1 10 {1.2} − − Processes 2 10
5 {1.2} − − − − Processes 2 5

Carbon boiling 260 {140} Steam turbine 50 {33} − − Processes 2 50
210 {13} Processes 1 155 {1.2} Processes 2 155

Processes 2 55

Electricity Gas cogeneration NA Private company NA
Carbon boiling Steam turbine *** 208,139 Processes 268,718

National
electrical grid 125,308 National

electrical grid 64,729

* Values in t/h (pressure in kg/cm2); ** From gas cogeneration; *** From carbon boiling.

Table 3. Situation of steam flow use, capacity, needs and margin in the companies forming the
industrial park.

ID System Status Pressure Use Nominal Needs Available Margin

(kg/cm2) (t/h) Capacity (t/h) (%) (%) (t/h)

C2

Global Installed − 14 65 21 79 51
Production Active * 16.5 14 40 35 65 26

Backup ** 16.5 0 25 0 100 25
Pressure drops Active *** 7 14 40 35 65 26

C3

Global Installed − 130 295 44 56 165

Production
Active * 63 110 125 88 12 15

6 20 35 57 43 15
Backup ** 63 0 150 0 100 150

Pressure drops
Active ***

33 6 21 28 72 15
20 4 19 21 79 15
5.5 100 115 87 13 15

C4

Global Installed - 325 530 61 39 205

Production

Active* 140 260 270 96 4 10
58 50 60 83 17 10
13 10 20 50 50 10
1.2 5 15 33 67 10

Backup ** 58 0 185 0 100 185
Pressure drops

Active ***
33 50 60 83 17 10
13 270 290 93 7 20
1.2 170 190 89 11 20

Backup **** 13 0 185 0 100 185

* C2: Gas boiling; C3: Gas cogeneration; C4: Gas cogeneration (140 kg/cm2) and Carbon boiling (58/13/1.2 kg/cm2);
** C2: Backup gas boiling; C3: Backup carbon boiling; C4: Backup gas boiling *** C2: Heat exchange; C3: Steam
turbine; C4: Steam turbine (33/13 kg/cm2) and Processes 1 (1.2 kg/cm2); **** C4: Steam turbine.

3.1. Direct Synergies

Table 4 summarises the purpose, participating companies and characteristics (Ch.) of the proposed
direct synergies, as well as their identification through a three character code indicating type (S—Substitution),
resource (M—Materials; W—Water; S—Steam) and number. The amount of limestone waste (calcined
CaCO3) generated by C4 is currently poured into the sea through marine outfall, since it is not harmful for
the environment as long as long the spillage is restricted. This was a priority due to its great proportion in the
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wastes generated by C4 (99%). C2 consumes this material as an additive in the production of tyres, whilst
C3 uses dolomite that can be partially replaced by CaCO3 in the production of cellulose (SM1). According to
the BAT (Best Available Techniques) documents [35], about 70% of dolomite might be substituted by CaCO3

(2650 t/yr.). Overall, the residual mass flow of CaCO3 produced by C4 (205,684 t/yr.) would completely meet
the demands of C2 and C3 (2826.4 t/yr.).

Table 4. Summary of direct synergies identified in the industrial park.

ID Purpose Donor Recipient

Company Type Ch. 1 * Ch. 2 ** Company Type Ch. 1 *** Ch. 2 ****

SM1
CaCO3

exploitation C4 Calcined
CaCO3

205,684 Suspended C2 CaCO3 176.4 Powder

C3 Dolomite 2650 Solid

SM2
CO2

distribution C1 CO2 (VOCs
combustion) 435 Adequate

quality C4

CO2
(limestone &

anthracite
calcination)

666,000 95% pure

C2 CO2 (VOCs
combustion) NA Adequate

quality

SM3 Oil
exploitation C2 Oil 20.7 Used as a

lubricant C1 Reused oil NA ***** Impurities
are allowed

SM4 Brine
exploitation C4 Used brine 110,000 NA C3 Brine 8965 Low salt.

Mercury

SW1 Purified
water reuse C3

IWTP
(purified

water)
1230 Suspended

solids C4 River (filtered
water) 993

<35 mg/L
suspended

solids

SW2 Purified
water reuse C3

IWTP
(purified

water)
1230 Suspended

solids C1 Well (raw
water) 8

<5 mg/L
suspended

solids

SW3 Rainwater
reuse C3 Rainwater 200 Suspended

solids C4 River (filtered
water) 993

<35 mg/L
suspended

solids

SW4 Purified
water reuse C4

IWTP
(purified

water)
604

Mercury
(5×10−5

ppm)
C3 River (raw

water) NA <5 × 10−5

ppm mercury

SS1 Unrecovered
steam reuse C3 Waste steam NA NA C1 Hot steam 150 95 ◦C

* Amount in t/yr. (SM1–SM4)/Amount in m3/h (SW1–SS1); ** Qualitative feature (SM1–SM4, SS1)/Outflow condition
(SW1–SW4); *** Amount in t/yr. (SM1–SM4)/Amount in m3/h (SW1–SW4, SS1); **** Qualitative feature (SM1–SM4);
Limit values for water reuse (SW1–SW4); Temperature in ◦C (SS1); ***** NA: not specified.

Both C2 and C1 generate controlled CO2 emissions through Regenerative Thermal Oxidizers
(RTO) for Volatile Organic Compounds (VOCs) that may fit the interests of C4 (SM2). Along with
calcium oxide (CaO), CO2 was the main compound of CaCO3 calcination, which is a reactant involved
in C4’s main chemical process for manufacturing sodium carbonate. However, C4 was found to have
no CO2 deficit, to the extent that part of its CO2 exceeded the amount necessary for the reaction
and was released to the atmosphere. Hence, a complementary option may consist of creating some
infrastructure for capturing the CO2 emissions produced by all these companies.

In a similar vein, C1 consumes oil previously used in its own combustion engines for subsequent
reuse in the removal of polyethylene pigments. Consequently, this company has no deficit either,
thereby not requiring the oil produced by C2 (SM3). C4 generates brine waste from electrolysis processes
with an initial concentration of 250 g/kg of NaCl. Then, this flow is purified in the IWTP to reduce the
amount of mercury to the allowed limits. Although C3 consumes brine in its production processes,
the characteristics of this waste should be analysed more in detail to guarantee the compatibility of this
synergy (SM4).

Two potential synergies (SW1 and SW2) were identified to reuse water from C3 IWTP in C4 and
C1. The amount of suspended solids in the IWTP would not be a problem, since it is within the limits
to reuse water for industrial purposes. Therefore, it might be used by C4, since most of its consumption
is filtered water from a river, whose quality requirements meet those of the IWTP outflow. On the
contrary, the amount of suspended solids in C3 water exceeds that of the raw water collected from the
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well by C1. Although C1 facilities have the capacity for reducing dissolved solids, chlorine and organic
matter, this treatment would produce new wastes that were not previously generated by this company.

The collection of rainwater in C3 is discharged into the river. Thus, its reuse by C4 as filtered or
raw water (SW3) would require some treatment to ensure it meets current standards of quality [36].
Furthermore, since most of the water consumed by C4 is filtered, rainwater could be recirculated and
reused to moisten ashes in generators and refrigerate the electrolysis unit.

Some of the processes carried out by C3 do not require high quality water, such as wood barking.
Hence, wastewater from C4 might be used as a replacement in these situations (SW4), since its mercury
contents meet the standards of environmental quality [37]. However, C3 water supply is undertaken
through a pressurized circuit, whose flexibility should be studied to evaluate more in depth the
suitability of this synergy. Additionally, it is also necessary to detail the use and conditions of water
quality in C3 to assess the adequacy of this substitution.

The steam-related direct synergy (SS1) involved reusing non-recovered steam from C3 in C1. Hot
water consumption in C1 was carried out at 95 ◦C; however, there was no certainty about whether
this temperature may be reached by some non-recovered steam flow from C3. Hence, although this
substitution might be potentially feasible, the lack of data regarding the flow and characteristics of
non-recovered steam in C3 precluded its implementation (Table 4).

3.2. Indirect Synergies

Table 5 is analogous to Table 4 but applies to the indirect synergies identified, such that the first
character in their codification denotes mutuality (M). The analysis of auxiliary material consumption
in the industrial park revealed that some companies shared input flows. In particular, C3 and C4 were
found to consume brine in their respective production processes. Hence, improvements in economies
of scale might be obtained in case both companies had the same brine supplier (MM1). Since C4 is
self-dependent in the extraction of brine from salt surveys, it may directly supply C3, whose stock
stems from a company belonging to the same corporate group.

In the same vein, there were a list of synergies based on sharing the same supplier of auxiliary
production services (MM2). These implementations would not only yield economic improvements,
but also environmental benefits in distribution logistics. The role played by C4 was particularly relevant
in this synergy, since it owns the facilities required to provide C1 with hypochlorite and C1–C2–C3
with hydrochloric acid, chlorine (own internal generation) and caustic soda. Data availability hindered
the proposal of specific actions for other cases involving aluminum polychloride, oxygen and hydraulic
oils, which were limited in providing details about suppliers and/or amounts.

The common storage of these same auxiliary production services (MM3) would result in the
optimization of logistics, since the supply of materials would be limited to only one location, and an
increase in room availability. C4 proved to be capable of storing the whole amount of hypochlorite,
hydrochloric acid and hydraulics oils in the industrial park. C2 was found to have space for storing
hydraulic oils too, as well as oxygen. Caustic soda was storable by C3 and C4, whilst data scarcity
precluded determining the situation of aluminium polychloride.

MM4 and MM5 sought to produce economic and environmental gains in the industrial park
by jointly managing both hazardous and non-hazardous wastes. C1 was the company producing a
wider variety of shared wastes (8 hazardous and 6 non-hazardous), followed by C3 (4 hazardous and
6 non-hazardous) and both C2 (6 hazardous and 3 non-hazardous) and C4 (9 hazardous). C4 was
the greater contributor to generating hazardous wastes with the potential for cooperation (MM4),
especially with regards to the amount produced (82.3 t/yr.), followed by C1 (67.8 t/yr.), C3 (38.7 t/yr.)
and C2 (37.7 t/yr.). Used oils (81.1 t/yr.) and plastic and metal containers (73.2 t/yr.) were the most
shared hazardous waste in the industrial park. The same external company was in charge of the free
pickup of used oils for C1, C2 and C4; instead, this information was unspecified for C3. The remaining
8 shared hazardous wastes (Table 5) were handled by different external managers (unknown in
some cases). Therefore, an improvement may consist of homogenizing the management of these
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wastes and reducing the number of external companies involved. However, this option should be
considered carefully, since it may eventually lead to a monopolistic situation characterized by rising
collection prices.

Table 5. Summary of indirect synergies identified in the industrial park.

ID Purpose Type Characteristics C1 C2 C3 C4

MM1 Shared supply of
auxiliary materials Virgin brine Amount (t/yr.) − − 8965 1,579,974

MM2
Shared supply of

auxiliary
production services

Hypochlorite Amount (t/yr.) 3.4 − − 589
Aluminum polychloride Amount (t/yr.) − NA * 510 −

Hydrochloric acid Amount (t/yr.) − 180 637 4850
Chlorine Amount (t/yr.) 0.5 3.8 3 Internal

Caustic soda Amount (t/yr.) 1.2 25 15,515 25,552
Oxygen Amount (t/yr.) 1 3.6 3.2 External

Hydraulic oils Amount (t/yr.) 4 6.6 NA 26

MM3
Shared storage of

auxiliary
production services

Hypochlorite Storage capacity N ** − − Y
Aluminum polychloride Storage capacity − N NA −

Hydrochloric acid Storage capacity − N NA Y
Chlorine Storage capacity N Y N −

Caustic soda Storage capacity N N Y Y
Oxygen Storage capacity N Y NA −

Hydraulic oils Storage capacity N Y Y Y

MM4 Joint management
of hazardous waste

Water with hydrocarbons Amount (t/yr.) 3.8 (E) *** − − 33.5 (E)
Metal/plastic containers Amount (t/yr.) 60.2 (E) − 9.5 (E) 3.5 (E)
Solids with oily waste Amount (t/yr.) − 7.8 (E) 0.6 (E) 5.1 (E)

Oil filters Amount (t/yr.) 0.1 (E) 0.2 (E) − 13.2 (E)
Equipment Amount (t/yr.) 0.5 (E) − 0.6 (E) 1.6 (E)

Non-halogenated
solvents Amount (t/yr.) 0.4 (E) 0.9 (E) − 0.1 (E)

Batteries Amount (t/yr.) 0.4 (E) 2 (E) − 0.1 (E)
Fluorescent tubes Amount (t/yr.) 0.2 (E) 0.6 (E) − 0.5 (E)

Used oils Amount (t/yr.) 2.2 (E) 26.2 (E/FP) 28 (FP) 24.7 (FP)

MM5
Joint management
of non-hazardous

waste

Solid urban waste Amount (t/yr.) 8.2 (L) − 111.3 (E) −
Debris Amount (t/yr.) 97.8 (L) − 249 (E) −

Wood waste Amount (t/yr.) 86.1 (FP) − 7445 (FP) −
Paper and paperboard Amount (t/yr.) 227.1 (FP) 42.5 (FP) 22.4 (FP) −

Scrap Amount (t/yr.) 85.6 (L) 249.6 (C) 324.7 (E) −
Plastics Amount (t/yr.) 5046 (C) 126.6 (FP) 60.7 (FP) −

MW1
Pre-treatment of
demineralized

water
Demineralized water

Amount (m3/h) − 13.75 110 241
Nominal capacity (m3/h) − 30 280 480
Available margin (m3/h) − 16.25 170 69 ****

MW2 Pre-treatment of
clarified water

Clarified water
Amount (m3/h) − 17.3 1628 1101

Nominal capacity (m3/h) − 120 7000 1500
Available margin (m3/h) − 102.7 5395 399

MW3 Joint collection of
river water

River water
Amount (m3/h) 8.3 17.3 1628 2094

Nominal capacity (m3/h) 10 120 7000 7000
Available margin (m3/h) 1.7 102.7 5018 4906

MS1 Steam supply from
C3 to C2

C3 supply options to
meet C2 needs

Amount in t/yr.
{Pressure in kg/cm2}} − 14 {7} 15 {20} −

MS2 Steam supply from
C4 to C2

C4 supply options to
meet C2 needs

Amount in t/yr.
{Pressure in kg/cm2} − 14 {7} − 205 {13}

MS3 Steam supply from
C3 to C4

C3 supply options to
meet C4 needs

Amount in t/yr.
{Pressure in kg/cm2} − − 15 {33/20}

15 {6/5.5}
270 {13}
170 {1.2}

MS4 Steam supply from
C4 to C3

C4 supply options to
meet C3 needs

Amount in t/yr.
{Pressure in kg/cm2} − − 110 {63}

20 {6}
195 {58}
205 {13}

* NA: not specified; ** N: there is not enough capacity to store the flow of auxiliary production services/Y: there is
enough capacity to store the flow of auxiliary production services; *** E: external management/FP: free pickup/C:
sale to company/L: landfill; **** restricted capacity due to the decarbonation step previous to water demineralization.

The management of non-hazardous wastes (MM5) was even more difficult to characterize due to
the lack of detailed data. C3 was the main producer of non-hazardous wastes suitable for synergies,
generating 8213 t/yr. C1 and C2 were responsible for 5524 and 419 t/yr., respectively. Although C4
produced 205,715.9 t/yr. (mostly calcined calcium carbonate), none of its residues were suitable for
sharing. In those cases in which the same approach was used to manage waste (wood, scrap and
paper and paperboard), there was at least one company that did not provide any details about the
destination of either their companies or landfills. Potential alternatives to better handle hazardous
wastes might focus on the coordination of their management methods, such that transportation costs
and emissions may be reduced. These actions should be especially oriented to wood waste (7531 t/yr.)
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and plastics (5233 t/yr.), which were the shared non-hazardous waste generated in a greater quantity in
the industrial park.

Two of the three water-related synergies consisted of the pretreatment of either demineralized
(MW1) or clarified water (MW2). The use of demineralized water was common for C2, C3 and C4.
Both C3 and C4 had the capacity for supplying the needs of C2 (13.75 m3/h). Water in C4 went through
previous treatments before demineralization, whereby the amount available was reduced to 69 m3/h,
which would only cover 55.25 of the 110 m3/h required by C3 (50.23%). Instead, this figure increased
up to 64.73% (156 of 241 m3/h) when the supply was from C3 to C4. Similarly, C3 was found to be
capable of supplying C2 (17.3 m3/h) and C4 (1101 m3/h) in terms of clarified water (MW2), due to its
77% available margin (5390 m3/h). Finally, the last water synergy (MW3) concerned the collection of
river water from the same point. In this case, three companies (C2–C4) collected river water, whilst C1
used water of similar quality from a well. Therefore, this synergy would involve C1 replacing well
water by river water from a common collection point, in order to obtain economic savings in terms of
collection fees.

The remaining indirect synergies consisted of the supply of high and medium pressure steam
from one company to another. To enable these types of synergies, the companies involved must meet
certain conditions. First, recipient companies should be inefficient in terms of steam use with respect to
their nominal capacity; otherwise, the supply of steam from another company might not be beneficial
at the scale of the whole industrial park. Additionally, recipient companies should have steam needs
that were replaceable without compromising its linkage to the generation of electric energy. From the
point of view of suppliers, they must have the available margin to provide recipients with steam.
In addition, the levels of pressure at which such margin was available should not involve large leaps
with respect to the uses of recipient companies, in order to make optimal use of steam.

The first opportunity identified concerned the supply from either C3 or C4 to C2, since the latter
was found to be very inefficient in using steam. It only used 21% of its nominal capacity (Table 3) and
operated under a discontinuous working regime with weekly breaks, whereby a synergy for the steam
supply to C2 might increase the productivity in the industrial park. C2 was also suitable in terms of
electricity, since its production was null in this sense (Table 2) and a potential steam-related synergy
would not interfere in its energy flow. C2 needs included the production of 14 t/h at 16.5 kg/cm2 to be
used for heat exchange at 7 kg/cm2, as represented in Tables 5 and 6.

MS1 involved C3 as a supplier, which had 56% of the margin with respect to its nominal capacity
to supply C2. Due to the values of pressure at which flow was available in C3 (Tables 5 and 6), the first
option would consist of supplying 14 t/h at 63 kg/cm2 to be used at 7 kg/cm2; however, this was
discarded too due to the large pressure difference it involved. Instead, C3 may shorten that leap by
supplying the 14 t/h required by C2 at 20 kg/cm2, once the steam produced through cogeneration was
turbined (Table 3).

In the case of MS2, the options were rather similar. The margin available in C4 was 39% of its
nominal capacity (Table 3). Again, the pressure drops caused by turbines made available 10 t/h at
33 kg/cm2 and 205 t/h at 13 kg/cm2 that would be sufficient to cover C2’s requirements. Thus, C2 may
use 14 t/h at 13 kg/cm2 to replace C2 uses at 7 kg/cm2.

The two remaining synergies implied the supply from C3 to C4 (MS3), and vice versa (MS4).
Again, the aim of these synergies was to improve the efficiency of the suppliers and reduce the
equipment used by the recipient companies. In this sense, both companies proved to be more efficient
than C2. C4 was found to operate at 61% of their nominal capacity, whilst this figure decreased to 44%
in the case of C3 (Table 3).

The applicability of MS3 would be limited to supply part of the uses derived from C4 carbon
boiling, since the flow generated by C4 through cogeneration was linked to the sale of electricity to a
private company (Table 2). Since the steam produced in C4 through carbon boiling was at a much
higher pressure (140 kg/cm2) than any flow available in C3 (Table 3), the feasible options associated
with MS3 were restricted to subsequent lamination steps (Table 5). Hence, C3 may substitute part of
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C4 uses at 33, 13 and 1.2 kg/cm2 through the supply of flow at 33, 20 and 6/5.5 kg/cm2, respectively,
as collected in Table 3.

Table 6. Sustainable Development Goals (SDGs) and targets to which the selected Industrial Symbiosis
(IS) synergies can contribute.

SDG Target

3. Good health and well-being 3.9. By 2030, [ . . . ] reduce [ . . . ] deaths and illnesses from hazardous chemicals
and air, water and soil pollution [ . . . ]

6. Clean water and sanitation

6.3. By 2030, improve water quality by reducing pollution, eliminating dumping
and minimizing [ . . . ] hazardous chemicals and materials [ . . . ]

6.4. By 2030, [ . . . ] increase water-use efficiency across all sectors and ensure
sustainable withdrawals and supply of freshwater [ . . . ]

7. Affordable and clean energy 7.3. By 2030, double the global rate of improvement in energy efficiency

8. Decent work and economic growth 8.4. Improve [ . . . ] resource efficiency in consumption and production and [ . . . ]
decouple economic growth from environmental degradation [ . . . ]

9. Industry, innovation and infrastructure 9.4. By 2030, [ . . . ] retrofit industries to make them sustainable, with increased
resource-use efficiency and [ . . . ] clean [ . . . ] technologies [ . . . ]

11. Sustainable cities and communities 11.6. By 2030, reduce the [ . . . ] environmental impact of cities [ . . . ] by paying
special attention to air quality and [ . . . ] waste management

12. Responsible consumption and production

12.2. By 2030, achieve the sustainable management and efficient use of
natural resources

12.4. By 2020, achieve the environmentally sound management of chemicals and
all wastes [ . . . ] and [ . . . ] reduce their release to air, water and soil [ . . . ]

12.5. By 2030, substantially reduce waste generation through prevention,
reduction, recycling and reuse

12.6. Encourage companies, especially large and transnational companies, to
adopt sustainable practices and to integrate sustainability information [ . . . ]

14. Life below water 14.1. By 2025, prevent and significantly reduce marine pollution of all kinds,
in particular from land-based activities [ . . . ]

17. Partnerships for the goals
17.13. Enhance global macroeconomic stability, including through policy

coordination and policy coherence

17.14. Enhance policy coherence for sustainable development

The viability of MS4 (from C4 to C3) was limited too, in this case by the double role played by
the C3 turbine: it not only served to laminate steam, but also to generate the 81,600 MWh/yr. that
was consumed by this company in its own processes (Table 2). Taking into account this link with the
electricity flow, the only feasible option in synergy MS4 was the supply of steam from C4 at 58 and
13 kg/cm2 to replace the whole flows produced in C3 through gas cogeneration, which amounted to
110 t/h at 63 kg/cm2 and 20 t/h at 6 kg/cm2, respectively (Table 2).

3.3. Implementation of Selected Synergies

Figure 5 summarises the synergies selected for subsequent analyses, which were shortlisted
because of their feasibility and potential benefits for the industrial park as a whole. Most of these
synergies involved C3 and C4, which was logical due to the larger size and capacity of these two
companies. Still, although some of the selected synergies might be feasible based on the information
collected throughout the study, the existence of data for their numeric characterization was limited
due to their especially indirect nature. This was the case of MM1, MM2, MM3, MM4, MM5 and MW3.

In the case of materials, both feasible and selected synergies coincided. This was because of the
absence of overlaps, whereby the same synergy in conceptual terms might be posed using different
companies as donors and/or recipients. Instead, the water-related synergies required selecting among
different feasible options according to their potential positive impacts on the industrial park. This was
the case of SW1, which was chosen over SW4 due to the larger capacity of C3 for supplying purified
water meeting the required water quality standards for reuse.
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Synergy Companies Effect 
SM1 C4  C2, C3 176.4 t/yr. CaCO3 (C2); 2,650 t/yr. dolomite (C3)  

2,826.4 t/yr. calcined CaCO3 wasted (C4) 
SM4 C4  C3 8,965 t/yr. brine (C3)  

8,965 t/yr. used brine wasted (C4) 
MM1 C3, C4 Shared supply of brine 
MM2 C1, C4 Shared supply of hypochlorite 
 C1, C2, C3, C4 Shared supply of hypochloric acid, chlorine and caustic soda 
MM3 C4 Shared storage of hypochlorite, hydrochloric acid and hydraulic oils 
 C2 Shared storage of hydraulic oils and oxygen 
 C3, C4 Shared storage of caustic soda 
MM4 C1, C4 Joint management of water with hydrocarbons 
 C1, C3, C4 Joint management of metal/plastic containers and equipment 
 C2, C3, C4 Joint management of solids with oily waste and used oils 
 C1, C2, C4 Joint management of oil filters, non-halogenated solvents, batteries 

and fluorescent tubes 
MM5 C1, C3 Joint management of wood waste 
 C1, C2, C3 Joint management of paper and paperboard 
 C2, C3 Joint management of plastics 
SW1 C3  C4 793 m3/h river water (C4) 
SW3 C3  C4 200 m3/h river water (C4) 
MW1 C3  C2, C4 1 demineralizer (C2) 
MW2 C3  C2, C4 1 clari er (C2); 1 clarifier (C4) 
MW3 C1, C2, C3, C4 8 m3/h well water (C1); + 8 m3/h river water (C1) 
MS2 C4  C2 1 gas boiler (C2) 
MS4 C4  C3 1 gas cogeneration (C3); + 1 backup gas boiler (C4) 

Figure 5. Summary of the selected synergies identified in the industrial park under study.

Similarly, C3 was found to be the best company to perform as a supplier of demineralized and
clarified water (MW1 and MW2). Although both C3 and C4 could provide C2 with their needs in
terms of demineralized water, their available margin to supply each other was larger if the synergy
was posed from C3 to C4. In a similar vein, C3 proved to be capable of completely supplying both C2
and C4 with clarified water. Instead, C4 would only have capacity for supplying C2 and a small part
of C3 needs. The remaining water-related synergies (SW3 and MW3) were only addressable in one
manner, thereby not requiring any choice among companies.

The actions to be taken in the steam-related synergies were restricted by their potential impact
on the energetic strategy of the companies. Under these two premises, the best combo of indirect
synergies corresponded to MS2 and MS4 (Table 3). On the one hand, these two synergies involved the
same supplier (C4) and made using two infrastructures in C2 and C3 unnecessary (Figure 5), thereby
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meeting the first criterion related to global efficiency. On the other hand, these synergies were also
aligned with the requirement of not interfering in the electricity flow of the companies. C2 did not
produce electricity through steam, whilst C3 sold it to the national electrical grid. Thus, C3 was subject
to the uncertainty of demand and supply, such that the productivity of its energy sales would not be
solid enough as to discourage the implementation of synergies involving benefits at a larger scale.

Proposing C4 as a supplier was the best alternative, even when considering that part of its
production stemmed from carbon boiling, which is environmentally harmful in terms of greenhouse
gas emissions. In fact, MS2 and MS4 involved C4 backup gas boiler for supplying, thereby not
contributing to carbon burning. In this vein, the alternative of using C3 as a supplier would not cause
a significant variation in C4 carbon-related production, since only a small part of the steam required by
C4 could be supplied through MS3 (Table 5).

Hence, with respect to the diagrams in Figure 2, the consideration of the selected materials synergies
only affected three groups: auxiliary materials, non-hazardous wastes and emissions and discharges.
SM1 and SM4 were responsible for these changes, whereby both brine and calcium carbonate wastes were
recirculated from some companies for reuse as auxiliary materials in others (Figure 5). As a result, the
auxiliary materials’ bars representing brine and calcium carbonate production in Figure 6 were reduced
to zero, whilst that corresponding to dolomite was shortened by 70%. Consistent with these changes,
calcined calcium carbonate and brine non-hazardous wastes and discharges were diminished too.

Figure 6. Breakdown of materials and wastes in the industrial park after implementing the synergies.

The remaining cooperation opportunities identified in Table 5 (MM1–MM5) consisted of either
the shared use of supply or storage facilities for auxiliary production services or the joint management
of hazardous and non-hazardous wastes, which had no visual repercussion on the charts included in
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Figure 2. Although no data were found to quantify the contribution of these synergies, they would
produce positive impacts on the economic and environmental response of the park, optimizing its
performance by improving its logistics through the centralization of materials flows, as well as by
increasing its spatial availability in anticipation of potential future expansions.

Figure 7 depicts the evolution of the Sankey diagram for water flows once the synergies proposed
in Figure 5 were implemented. Direct synergies SW1 and SW3 enabled a reduction of 793 and 200 m3/h
in the amount of river water required in the industrial park, respectively. Both synergies involved C4
as a recipient, whose river water flow was completely directed to the coarse filtering node. Since the
water quality associated with these synergies was equivalent to that of filtered water, rainwater and
IWTP changed their previous roles, whereby the former flowed to marine outfall and the latter was an
output node exclusively, to flow to the clarification node. Additionally, IWTP maintained its output
role, whereby it received flows from the following nodes: cooling towers, toilets, processes, auxiliary
systems and generation.

 
Figure 7. Sankey diagram of water flows in the industrial park after implementing the synergies.

The river water node was also affected by MW3, whereby C1 stopped collecting 8 m3/h of
well water due to its similarity to the river water collected by the remaining companies in terms of
water quality. As a result of these synergies, the river water flow decreased from 3739 to 2755 m3/h
(3739 − 793 − 200 + 8). In the end, this caused a reduction in the economic costs associated with water
catchment fees. These variations also produce alterations in the overall water flows in the industrial
park. After the implementation of synergies, the input and output flows continued to be balanced
but decreased to 2974 m3/h. The breakdown of this figure in the case of the inputs was as follows:
2755 m3/h from river water, 200 m3/h from rainwater and 19 m3/h from network water. As for the
outputs, the distribution involved 1310 m3/h to marine outfall (200 m3/h less than before due to the
change in rainwater), 512 m3/h to the atmosphere and 1041 m3/h to IWTP (793 m3/h of the total 1834
m3/h were recirculated to C4 coarse filtering).

The remaining indirect synergies related to the supply of either demineralized (MW1) or clarified
(MW2) water from one company to others. Although the changes caused by these synergies were not
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noticeable at the scale of the whole system (they would be in the individual diagrams of the companies),
they involved 2 demineralizers (C2 and C3) and 2 clarifiers (C2 and C4) that were no longer necessary
for managing water flows in the industrial park, since other companies had extra capacity to satisfy
their needs.

The updated version of the steam Sankey diagram after implementing the synergies identified in
Figure 5 resulted in a variety of modifications in relation to Figure 4, whose main impacts were found
in the production nodes. On the one hand, MS2 involved C2 that was supplied using steam from the
C4 backup gas boiler, once turbined at 13 kg/cm2. On the other hand, MS4 consisted of C4 supplying
C3 needs with steam from backup gas boiling (58 kg/cm2) and turbined flows (13 kg/cm2). This caused
an increase of 130 t/h in the gas boiling node, resulting in a final value of 144 t/h (Figure 8). The gas
cogeneration node changed in the same proportion, decreasing to 65 t/h. Hence, the global value of steam
produced in the industrial park remained at 469 t/h. The breakdown of this figure into carbon boiling,
gas boiling and gas cogeneration evolved from 260, 14 and 195 t/h to 260, 144 and 65 t/h, respectively.

Figure 8. Sankey diagram of steam flows in the industrial park after implementing the synergies.

Apart from their implications in terms of the Sankey diagram, the application of these practices
might contribute to optimizing steam consumption in the industrial park. MS2 and MS4 would
result in an increase of 144 t/h in the production of C4, such that its efficiency would raise up to 88%
(27% more than in the original situation). Since the efficiency of C4 cogeneration was already high
in the starting situation (87%), both synergies were approached using its backup gas boiler, which
would work at 78% of its nominal capacity (144 t/h out of 185 t/h). In terms of equipment, the impacts
of these synergies would make the gas boiler used by C2 and the cogeneration system operated by
C3 unnecessary. In turn, this would help to achieve a centralization of steam flows and continuous
working regimes, avoiding unnecessary starts and stops that would raise operating costs.

The proposed synergies would also be feasible in what concerns the electric energy strategies
taken by C2 and C3. As mentioned before, C2 only focused on the generation of steam, whilst C3 sold
its energy to the national electrical grid. The convenience of these synergies would be justified by the
dependence of C3 action plan on the fluctuations in demand and supply, whereby the cost effectiveness
of its production would not be stable enough as to dissuade the consideration of alternatives involving
global benefits such as these. The energy consumed by C3 in its own processes would remain constant,
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since the steam turbine from which it stemmed (Table 2) continued to produce electricity after the
consideration of synergies.

3.4. Contribution to Achieving the UN Sustainable Development Goals

The consideration of the synergies compiled in Figure 5 resulted in a series of modifications in
the material, water and steam flows of the industrial park under study. The implications of such
changes in terms of sustainability can be addressed using the SDGs as a benchmark. Table 6 provides a
summary of the specific targets to which the implementation of IS synergies as those described above
might contribute.

Some of these targets were conceptually similar, such as 3.9, 6.3, 11.6 and 12.4, but differed in line
with the perspective from which they were considered. Thus, the amount of waste and air and water
emissions avoided due to the application of the proposed synergies can contribute to both protecting
the welfare of living beings, controlling water quality, reducing environmental impacts on cities and
optimizing consumption and production patterns.

Another group of targets associated with generic benefits derived from the synergies identified
were 7.3, 8.4, 9.4, 12.2 and 12.5, since they all concerned resource efficiency, either in terms of energy,
raw materials, water or waste management. As a result, the IS opportunities found in the industrial
park might strengthen sustainable and modern energy, economic growth, industry and infrastructure
innovation and conscientious consumption and production. In the same vein, synergies SW1, SW3,
MW1, MW2 and MW3 contributed to achieving water-use efficiency in the form of sustainable
withdrawals and the supply of freshwater (target 6.4). The recirculation processes involved in these
water-related synergies also helped to mitigate marine pollution, thereby having a positive impact on
life below water through target 14.1.

Finally, there is a last group of targets focusing on the main strengths of the approach taken,
consisting of the systemic assessment of entire industrial parks. The results collected in this research
can inspire other companies to adopt these kinds of strategies (target 12.6), thereby contributing to
extending the benefits of IS at local and regional scales. In such cases, the broader implementation of
these practices might favour the stability of industry-based economies (target 17.13), serving as an
exemplar for other regions in the adoption of policies oriented to promote sustainable development
(target 17.14).

The impacts of these links on economic and environmental terms were quantifiable in some
cases, depending on data availability regarding costs, emissions and the processes in the industrial
park. Table 7 summarises the approximate economic and/or environmental savings associated with
these cases, which corresponded to the following synergies: SM4 (brine), SW3 (river water), MS3
(cogeneration system), SM1 (dolomite) and MW2 (clarifiers). These values were combined using 2011
as a baseline, in accordance with the year when data were collected. In the case of economic values, first
was their conversion into 2011 figures according to the inflation rates of the corresponding currency.
Then, the 2011 values were transformed into EUR and multiplied by the amount of materials, water or
steam saved, as indicated in Table 7. Finally, these results were updated again based on inflation rates
to obtain 2020 savings.

Table 7. Estimates of the economic and environmental savings associated with computable synergies.

Concept Amount (Year) Savings 2020 Savings (SI) References

Brine 8965 t 0.21 (2015) $/gallon (962 gallons/t) 195 €/t [38]
River water 8,619,840 m3 0.02 (2007) €/m3 0.024 €/m3 [39]

Cogeneration 719,300 MWh 40 (2010) £/kW; 0.26 kg CO2
eq./kWh

57.96 €/kW; 0.26 t
CO2 eq./MWh [40,41]

Dolomite 2650 t 0.91 t CO2 eq./t 0.91 t CO2 eq./t [42]
Clarifiers (2) − 21,140 t CO2 eq./yr. 21,140 t CO2 eq./yr. [43]
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The production costs associated with brine were estimated at EUR 0.21/gallon (2015), which
involves 962 gallons/t [38]. Since the amount of brine saved during a year was 8965 t, the economic
savings associated with this exchange (Figure 6) were EUR 1,755,670/yr. (2020). As for the second flow,
the amount of river water required after the implementation of the synergies was reduced to 984 m3/h
due to the recirculation of wastewater. Considering a collection cost of EUR 0.02/m3 (2007) [39] and a
continuous operating regime throughout the year (8760 h), this would result in EUR 208,332/yr. (2020).

Regarding the steam flow, data in the industrial park were limited in what concerns the gas boiler
used by C2, such that the economic calculations only applied to the gas cogeneration system in C3,
which was no longer necessary after implementing the synergies depicted in Figure 5. The cogeneration
system, which produced 719,300 MWh/yr., involved GBP 40/kW (2010) [40] in terms of operation and
maintenance. Consequently, this resulted in GBP 4,499,035 (2020) saved per year with a continuous
work regime (8760 h/yr.). Overall, the implementation of these synergies would result in an annual
economic improvement in the industrial park of EUR 6,463,037/yr. (2020).

Similar calculations were carried out to determine the emissions saved due to the synergies,
expressed in t CO2 eq. Dolomite involved 0.91 t CO2 eq. per t saved [42], which yielded 2411 t CO2

eq./yr. when considering the annual amounts used in the industrial park (Figure 6). Based on the
study carried out by Heffernan et al. (2012) [43], the annual emissions associated with the two clarifiers
avoided thanks to MW2 could be estimated in 21,140 t CO2 eq./yr.

Since the cogeneration system in C3 produced 719,300 MWh/yr. and the emissions associated
with this process were 0.26 kg CO2 eq./kWh [41], the environmental savings in the steam flow were
187,010 t CO2 eq./yr. Again, the effects of the remaining synergies were not taken into account because
of the lack of data to determine their corresponding emissions. Hence, the calculable environmental
savings in the industrial park amounted to 210,561 t CO2 eq./yr.

The financial balance (incomes–expenses) and consumption expenses (raw materials, supplies and
commodities) of the industrial activity in the city where the park was located were EUR 33,292,281 and
EUR 868,798,157 in 2011, respectively [44]. Thus, the economic savings derived from the subset of the
synergies quantified above (EUR 5,850,672/yr. (2011)) would mean 17.57% and 0.67% of these values at
that time. Considering the limited number of synergies from which they stem, these rates provide
evidence of the capacity of these companies to be the cornerstone for future IS developments in the
city. To illustrate how the consideration of plausible IS practices might result in important benefits if
applied at larger scales, the savings associated with this subset of synergies, expressed as a percentage,
were applied to regional and national scales. Hence, the figures calculated above would reduce to
3.65% and 0.14% when referred to the region (autonomous community in Spanish), since 20.77% of
its industrial production corresponded to the city of the industrial park [44]. In turn, the economic
savings associated with the proposed synergies would mean 0.05% of the Gross Domestic Product
(GDP) of the region, which was EUR 12,622,706k in 2011 [45]. Finally, taking into account that this
region was responsible for 1.1% of the total GDP of Spain in 2011 (EUR 1,069,323M) [46], if the effects
of the subset of quantifiable synergies were applied to the scale of the whole country, the economic
savings would amount to approximately EUR 500M.

In the case of emissions, there were no available records of the environmental performance of
the companies in the industrial park. Instead, the Spanish Inventory System provided data about
the region where the park was located, which released 6,310,000 t CO2 eq. during 2011 [47]. Hence,
the environmental savings calculated for the subset of quantified synergies would amount to 3.34% of
the Greenhouse Gas (GHG) emissions of the region, since they were equivalent to 190,610 t CO2 eq./yr.
in 2011. Again, if the subset of actions calculated above as a percentage was proportionally applied to
the size of the country, which emitted 358 million t CO2 eq. in 2011, the emissions avoided in Spain
may amount to 11,953,958 t CO2 eq.

The Spanish Government has recently approved its Circular Economy Strategy to reduce the
generation of wastes and improve resource efficiency, whereby a series of targets were established to
be achieved in 2030, taking the 2010 data as the baseline. These targets included a 30% reduction in
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the consumption of materials, a 15% reduction in the generation of waste and a 10% improvement
in water efficiency [48]. At the scale of the industrial park studied, the amount of materials saved
and waste diverted from disposal (i.e., including discharged brine) through the proposed synergies
was 11,791.4 t (Figure 5). This figure represented 0.39% of the 3,027,856 t of materials consumed (raw
materials, auxiliary materials and auxiliary production services) and 3.33% of the 353,654 t of wastes
generated (hazardous and non-hazardous) (Figure 2). Therefore, more detailed information about
potential means of either reducing and reusing wastes as raw materials or extending the lifetime of
some products in the park should be collected and analysed to contribute further to meeting the first
two objectives. Instead, since the use of water in the park would be reduced by 993 m3/h out of the
initial 3,739m3/h (26.55%) when implementing the synergies related to the replacement of river water
(Figure 5), the water-related target would be amply met.

4. Conclusions

This research took the activity of an industrial park located in the north of Spain to undertake a
systemic analysis of co-located Industrial Symbiosis (IS) opportunities. To this end, information on the
three main flows observed in the park (materials, water and steam) was collected from public data of
its main companies and guided visits to their facilities. Next was the proposal and analysis of direct
(exchange or substitution) and indirect (share or mutuality) synergies to improve the sustainability of
the industrial park and explore its potential for future scaling-up.

As a result, 9 direct (4 materials, 4 water and 1 steam) and 9 indirect (5 materials, 3 water and 1
steam) synergies were identified during the study. Since 6 of them were discarded because of the lack
of some data and/or their incompatibility with other cooperation opportunities, the industrial park
was subject to a series of synergies that produced several changes in its flows. These changes involved
the following savings per year: 2826.4 t of virgin materials replaced by compatible wastes (176.4 t of
calcium carbonate and 2650 t of dolomite), 8965 t of brine replaced by used brine that otherwise would
be discharged into water bodies, 8,619,840 m3 of river water, 2 clarifiers, 1 demineralizer, 1 gas boiler
and 1 gas cogeneration system.

Overall, these figures would entail a reduction in the production and operation economic costs of
the companies, which in turn would crystallize in environmental savings due to the centralization of
flows and the increase in resource efficiency. In this vein, most of the water and steam-related synergies
would result in one company (C3 and C4, respectively) maximizing its capacity to act as a supply
node for the whole industrial park. In turn, this increased efficiency would result in a reduction in the
production unitary costs in this company, thereby putting it in a position to achieve competitive selling
prices. This would justify the remaining companies in the park putting aside some of their equipment,
such that purchasing from those supply nodes might be more profitable for them than generating their
own production services. The importance of these synergies would be especially remarkable due to the
connection among flows, whereby water performed as an input in steam, which in turn was partially
used for electric energy purposes.

Regarding the potential contributions of the selected synergies, only some of them could be turned
into preliminary economic and environmental benefits. Still, this limited quantification of synergies
would imply saving EUR 6,463,037 and 210,561 t CO2 eq. per year in the area where the industrial
park is located. The proportional application of these actions to the region in which this area is located
would result in 0.05% of its Gross Domestic Product (GDP) and 3.34% of its annual Greenhouse Gas
(GGE) emissions. Furthermore, when valuing their potential benefits at the scale of the whole country,
the implementation of these practices may mean about EUR 500M and more than 10M t CO2 eq. saved
per year.

Although approximate, the figures determined for Spain provide insight into the large annual
economic gains that might be obtained by companies involved in IS practices, as well as the associated
important benefits for the environment. In this vein, the selected synergies would result in reductions of
0.39%, 3.33% and 26.55% in the materials consumed, waste generated and water used in the industrial
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park, respectively, thereby contributing to meeting the targets established in the Spanish Circular
Economy Strategy for 2030, especially concerning water efficiency. Apart from this quantification,
the applied synergies were also analysed in terms of their contributions to achieving the Sustainable
Development Goals (SDGs). In total, they proved to be in line with 9 SDGs and 14 of their more specific
targets. The cascade effect inherent to these synergies explained the extension of their obvious benefits
for the industry to other areas, such as water pollution, clean energy, economic growth, responsible
consumption and production, sustainable cities and policy coherence.

The results achieved in this investigation are presented as a proof of the potential benefits of IS at
different scales and under the perspective of the three pillars of sustainability: economy, environment
and society. In this sense, they also served to prove the main assumption of the study, whereby the city
council requesting it expected that the analysis of these large companies may lay the foundations for
designing future IS strategies to strengthen the economy, environment and people’s welfare in the
area. Hence, new schemes of industrial production systems and retrofitting of industrial parks based
on the collaboration and partnerships of companies are highly recommended as the keys to future
business success. In addition, these approaches can improve both private and public decision-making
and support funding allocation, as well as raise awareness and provide reputational benefits and
marketing advantages. In the end, these outputs are expected to contribute to shedding light on the
multiple positive impacts associated with the promotion of IS policies by governments and public
entities. Despite its contributions with respect to recent related literature, this research still needs
further development in what concerns the automation of the systemic identification and analysis of IS
opportunities, in order to facilitate their future implementation.
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Abstract: To address sustainable development goals (SDGs), national and international strategies have
been increasingly interested in the bioeconomy. SDGs have been criticized for lacking stakeholder
perspectives and agency, and for requiring too little of business. There is also a lack of both systematic
and systemic frameworks for the strategic planning of bioeconomy transitions. Using a systems
engineering approach, we seek to address this with a process framework to bridge bioeconomy
transitions by addressing SDGs. In this methodology paper, we develop a systems archetype mapping
framework for sustainable bioeconomy transitions, called MPAST: Mapping Problem Archetypes
to Solutions for Transitions. Using this framework with sector-specific stakeholder data facilitates
the establishment of the start (problem state) and end (solution state) to understand and analyze
sectorial transitions to the bioeconomy. We apply the MPAST framework to the case of a Norwegian
agricultural bioeconomy transition, using data from a survey of the Norwegian agricultural sector on
transitioning to a bioeconomy. The results of using this framework illustrate how visual mapping
methods can be combined as a process, which we then discuss in the context of SDG implementation.

Keywords: systems engineering; bioeconomy; Sustainable Development Goals (SDGs)

1. Introduction

A central motivation for developing a bioeconomy is to foster “a continuing evolutionary process
of transition from systems of mining non-renewable resources to farming renewable ones” [1] (p. 1)—an
objective that ties the transition closely to the UN Sustainable Development Goals (SDGs) [2,3].
The SDGs are a network of interconnected goals used as a reference for the international community in
working towards sustainable development [4–6]. Yet, an analysis of the SDGs has found them to be
weak on agency, while requiring little from governments and nothing from business or consumers [7].
The SDGs focus on the state and impact, ignoring conflict and stakeholder knowledge of the issues [8,9]
and the pressures and drivers that counteract each other in competing impact categories in the same
or different geographic contexts [7]. This is of particular importance in bioeconomic transitions,
as agriculture has an important role in the bioeconomy and land use has a significant impact on the
environment [10], with Norway as no exception [11]. In addition, the economic development of rural
areas in a bioeconomy is unclear [12]. As the ambition of individual states varies, the focus on state
implementation of policies for increasing SDG impact means that targets will not be realized or there
must be new strategies for implementation. If bioeconomy transitions are to be used to reach SDGs,
new methods are needed to incorporate stakeholder perspectives and understand counteracting drivers
and pressures in the SDG network for successful policy implementation. In the bioeconomy, there is a
specific concern that policy implementation will be outside cultural norms in farming communities [13]
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and will require collaborative action within these communities to be successful [14]. In addition,
there is an established need to consider citizens and other stakeholders disrupted by bioeconomy
transitions [15].

Within this context, the conceptualization of bioeconomy transitions together with meeting SDGs
naturally lends itself towards to systems engineering because SDGs are easily framed in a systems
theoretical context [16], and capacity building to meet SDGs has been argued to require systems
thinking [17]. System archetypes [18,19] can be helpful to gain insight into patterns of behavior,
especially in contexts of interconnected and competing goals [20]. In addition, SDGs intersect many
societal domains, and a systems approach to investigating persistent social and environmental problems
has been shown to help policymakers tackle the complexity associated with many intersected societal
domains [21]. Concerning using systems archetypes as part of a methodological design, however,
there needs to be a systematic method for mapping archetypes rather than an arbitrary assignment of a
generic system structure to a specific situation [22]. This systematic mapping requires an identification
of a problem archetype to a solution archetype (the start and end points in a transition) with an
identified path between the problem and solution. For mapping bioeconomy transitions, this mapping
needs to be nested in the SDG network in order to complement national and international strategies
that seek to use the bioeconomy as a means of reaching SDGs, and which can be complementary to
SDG mapping [23].

We use systems engineering as the approach for developing a framework for a systematic and
systemic mapping of bioeconomic transitions in an SDG context because bioeconomic transitions are
transitions within and between socio-technical systems [24], and systems engineering has the potential
to significantly contribute to the evaluation of socio-technical systems [22]. Systems engineering is
developing ways to evaluate systems in social domains [25], and this paper provides a new arena in
which to apply systems engineering methods: the bioeconomy. In this paper, we develop a framework
for applying a qualitative systems engineering method: visual systems mapping. Qualitative methods
in systems engineering have been cited as being useful in the evaluation of socio-technical systems
because of their high degree of “messy complexity”, making quantitative methods much more difficult
to apply [26]. Szajnfarber & Gralla (2017) specifically mention the use of visual mapping techniques
for systems engineers for process-orientated analysis (in this case, transition processes).

Figure 1 illustrates the connection between systems engineering, bioeconomy transitions and
SDGs. Why are SDGs part of this process? The context of SDGs provides feedback for the success of
bioeconomic transitions. Since the bioeconomy is being used as a means to meet SDGs, a bioeconomy
transition should be planned and evaluated in an SDG context. The SDGs can then be used as
performance indicators of the transition. This then leads to the question of: how do we plan and
evaluate a bioeconomy transition in an SDG context? Using a systems engineering approach, this paper
addresses this question by developing framework for applying visual systems mapping techniques.
In doing so, we address the lack of social science inclusion in the study of bioeconomic transitions [9].
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Figure 1. Relationship between Systems Engineering, Bioeconomic Transitions and Sustainable
Development Goals (SDGs).

This is a methodological paper, where we use empirical data to develop the methodological
framework. Although we are working within systems theory to develop this framework, we do aim
for a theoretical contribution. The paper’s aim is two-fold. First, it seeks to build upon previous
archetype mapping methods in sustainability science to provide a system archetype process framework
for use in bioeconomy transitions in an SDG context [18,19,27–29]. We do not provide a new
framework for SDG modeling and scenarios (e.g., [30]), but rather build a process framework to
bridge bioeconomy transitions while addressing SDGs. Second, this paper applies this framework on
sustainable bioeconomy transitions in Norwegian agriculture. Given the brief background provided in
this introduction, the next section outlines the process framework (called MPAST: Mapping Problem
Archetypes to Solutions for Transitions) and the background on the framework application in the
Norwegian bioeconomy transition. The following section provides the results of the mapping
framework application, which is then discussed in the context of the SDGs. Lastly, this paper provides
areas for future research and for framework development in a more general context.

2. Systems Mapping for Bioeconomy Transitions

Systems mapping for the purposes of this study is the qualitative modeling of a system that
describes problematic and solution-orientated system conditions. We do not develop new system
mapping techniques but instead develop a process framework for applying them in bioeconomic
transitions. We do this because there are competing visions (solution states) of the bioeconomy,
and different sectors in the bioeconomy will have different pathways for reaching solution states [31,32].
The application of system archetypes and mapping them in this context requires a more rigorous sector
specific methodology than a simple selection of established system archetypes from those established
by systems thinking practitioners (e.g., [19]), which is why we developed a process framework for
applying them (within the agricultural sector). The background to the case application of this method
is Norwegian bioeconomy transitions. To ground the reader in the description of the methodological
design, we begin with a short background on the Norwegian bioeconomy.

2.1. Bioeconomy Transitions in Norway

One of the problems with transitioning to a bioeconomy is that while the development
of a bioeconomy in Norway necessitates integrated development across sectors, multiple actors
and institutions [33,34], industrial economies are siloed and sectorial. Each works on separate
problems, has different stakeholders and is guided by independent governance/policy-regimes (i.e.,
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different ministries). To achieve integration, Norway’s National Bioeconomy Strategy prioritizes
the development of cross-sectoral value chains in four areas, namely; cross-sectoral cooperation,
markets for bio-based products, processing of biological products and sustainable extraction of
bio-based products [35].

Within this framework, agriculture plays an economically limited, but politically important role
and is a key sector in the bioeconomy. Since 1972, the maintenance of rural communities has been a
key policy goal in Norway, with considerable amounts of public money flowing into decentralizing
funds and initiatives [36]. Agricultural bioeconomy developments also feature in government policies
to enhance food security and reduce climate emissions. Here, its main sectoral integrations are as
consumers of bioeconomic solutions for feed production (high-protein biosynthesized animal feed
from forestry to replace imported soy meal) and utilization of residual materials and waste (including
biogas) [35]. Overall, Norway’s vision of a bioeconomy transition is a fully integrated one and
“encompasses all sectors and related services, which produce, process or use biological resources
in whatever form” [37] (p. 15). In Norway, agriculture is a key part of this vision, as “it produces
for a protected domestic market and is expected to achieve such policy goals as food security,
food sovereignty, rural settlement and employment, and the maintenance of agricultural land and
cultural landscapes” [32] (p. 11).

2.2. MPAST: Mapping Problem Archetypes to Solutions for Transitions

The systems mapping framework we developed for bioeconomy transitions is called MPAST:
Mapping Problem Archetypes to Solutions for Transitions. Essentially, the MPAST framework identifies
the start and finish lines for evaluating bioeconomy transitions by sector. MPAST is a “framework
of frameworks”, where it facilitates the systematic application and validation of established system
archetypes to bioeconomy transitions. We do not develop established frameworks but put them
together in a new way, and there are many different methods for analysis that can be built into each of
the phases. There are three phases to this framework: Phase 1—start (problem state); Phase 2—end
(solution state); and Phase 3—pathway. There are start and end points for transitions (Phases 1 and 2):
we transfer from one (problematic) system condition/state to a new (solution) system condition/state.
In a systems approach, these start and end points can be conceptualized as problem archetypes and
solution archetypes. Between the start and ends points and their mapped archetypes is the pathway
from problem to solution (Phase 3)—see Figure 2 for an overview.

Figure 2. Mapping Problem Archetypes to Solutions for Transitions (MPAST) Process Framework.
The phases are the methodological application sequence; the order in the figure is the transition
process sequence.

2.2.1. Problem Archetypes (MPAST)–Phase 1

A system archetype is a generic qualitative description of a system structure that leads to
problematic behavior or unintended consequences over time [18]. There are ten system archetypes
that are generally acknowledged by systems thinking practitioners [19]. Although established as
“archetypes” in academic literature, this does not have to be the only list that those using archetype
mapping can look for to identify a system structure that describes a problematic system structure.
Any system model that describes a problematic behavior can be applied in the MPAST framework.
System archetypes in systems thinking are generic but not comprehensive for all problematic system
behavior. Another example beyond the traditional system archetypes is the list of syndromes.
Syndromes are a scaled-approach that identifies qualitative sub-models on an intermediate level that
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work towards global change [28,38]. As described in Section 2.1, the Norwegian bioeconomy and its
competing stakeholder perspectives by sector lends itself well to the use of syndromes in the application
of MPAST. The requirement of Phase 1 of MPAST application is that the problematic archetypes chosen
to describe the initial system condition in a transition. In a participatory mapping session, this would
require the stakeholders to acknowledge that the chosen problem archetype describes the system
well. To validate the chosen problem archetype without stakeholders requires validation through
consultation with subject matter experts (SMEs).

2.2.2. Solutions (MPAST)–Phase 2

The solution phase in MPAST may or may not depend on the set of problem archetypes chosen
in Phase 1. If, for example, system archetypes outlined by Braun (2002) [19] are chosen to describe
the problem, these archetypes also provide the solution archetype as well. However, when mapped
onto the specific bioeconomy transition problem, the solution may have to be adapted. There are
independent solution archetype sets that can be applied in Phase 2; for example, specifically for climate
change, see Eisenack (2012) [39]. A helpful, extensive example of sustainable business model archetypes
as solutions that can be applied to the bioeconomy is by Bocken et al. (2014) [27]. Validation of the
solution archetype—i.e., knowing whether the solution of the bioeconomy end goal for a specific
sector in a bioeconomy transition is a solution to the problem state (phase 1)—requires empirical
evidence in scientific literature. For example, in the bioeconomy, creating value through waste with
industrial symbiosis as a business model would be an empirically validated solution to a waste-based
bioeconomy transition [40].

2.2.3. Transitions (MPAST)–Phase 3

For the bioeconomy, transitions require the society to change from one that mines non-renewable
resources to a society that farms renewable resources [1]. A shift in system conditions has been
cited as a requirement of bioeconomy transitions [32]. For transitions in MPAST, it is possible
to use many pathway frameworks that work systematically towards a change in system states.
The requirement of Phase 3 is that there is a systematic process for transitioning from Phase 1 to
Phase 2. Methodological approaches to mapping transitions are found in fields such as strategic
planning and systems engineering. For example, backcasting is a well-established strategic planning
method often used in sustainability science [41]. Validation of Phase 3 depends on the transitioning
framework chosen.

As we will explain in Section 3, we have chosen a framework for bioeconomy transitions
from systems engineering—PADE. SPADE is an acronym, which stands for: Stakeholders,
Problem Formulation, Analysis, Decision-Making and Evaluation [22]. SPADE is a non-sequential
research process, each part can be taken individually or several simultaneously, and iteratively.

In the following section, we apply the MPAST framework to a sector-specific bioeconomy
transition evaluation.

3. Case Analysis: Application of the MPAST Framework

For each of the phases in MPAST, we were informed by data from a survey given as part of
a project that aimed to promote a smart transition to the bioeconomy [42]. The aim of the survey
was to identify how different relevant sectors in the bioeconomy believe that the bioeconomy will
look like in 2030, and what role they envisage playing in this economy. The survey was given to
businesses and other stakeholders (e.g., R&D, advisory services) in sectors that have a connection to
the bioeconomy. This included sectors such as industry, education and research, but also primary
industries such as agriculture, forestry and fisheries. In total, there were 1313 survey respondents.
We have chosen agriculture for the sector-specific bioeconomy transition evaluation using the MPAST
framework. Norwegian agriculture is an interesting case for examining bioeconomy transitions because
Norway’s approach to developing a bioeconomy is a particularly integrated one [37], and as mentioned
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in Section 2.1 is meant to serve multiple goals: “food security, food sovereignty, rural settlement
and employment, and the maintenance of agricultural land and cultural landscapes” [32] (p. 11).
The survey data and analysis can be accessed through the link provided in the reference list [42].

3.1. Application: Problem Archetypes (MPAST)–Phase 1

When we began this analysis, the intention was to use traditional system archetypes summarized
by Braun (2002) [19] for application in Norwegian agriculture bioeconomy transitions. However,
we felt that these were not specific enough to environmental challenges in Norwegian agriculture,
and we found that using syndromes of global change [28,38] was a better fit. Syndromes are sets of
underlying actions that have consequences (symptoms). For example, the overexploitation of natural
ecosystems is a syndrome that leads to a host of environmental problems that are symptoms (e.g.,
loss of biodiversity) of the underlying syndrome. In Phase 1, we identified each of the syndromes that
were applicable to Norwegian agriculture bioeconomy transitions based on the survey data. Table 1
lists these syndromes and their meaning.

Table 1. Applied Syndrome in MPAST Phase 1 from Schellnhuber et al. (2002) [28].

Syndrome Name Syndrome Meaning

Sahel Syndrome Overcultivation of marginal land
Overexploitation Syndrome Overexploitation of natural ecosystems

Dust Bowl Syndrome Non-sustainable agro-industrial use of soils and bodies of water
Aral Sea Syndrome Environmental damage of natural landscapes as a result of large-scale projects

Green Revolution Syndrome Environmental degradation through the introduction of inappropriate farming methods

The syndromes in Table 1 act as the initial starting point in bioeconomy transitions for Norwegian
agriculture. These issues must be solved by the solution phase of MPAST.

3.2. Application: Solutions (MPAST)–Phase 2

In Phase 2 of MPAST, we map solution archetypes to the problem archetypes identified in Phase 1.
Syndromes as problem archetypes do not have prescribed solution archetypes. Bocken et al. (2014) [27]
provide sustainable business model archetypes that fit well in a Norwegian agricultural bioeconomy
transition context. The reason for this is because the archetypes are specific to business models,
and business stakeholders by sector was the focus of the survey used in this analysis. Two sustainable
business archetypes address the syndromes listed in Table 1 (see Table 2).

Table 2. Mapping solution archetypes to problem archetypes for Norwegian agriculture
bioeconomy transitions.

Problem Archetypes-Syndromes [28] Solutions-Sustainable Business Archetypes [27]

Sahel Overexploitation Dust Bowl Aral Sea
Green Revolution

Adopt a Stewardship Role
Repurpose for Society and the Environment

The sustainable business archetypes by Bocken et al. (2014) [27] give examples of how these
solutions can be achieved. For example, in adopting a stewardship role, a business can create a business
model that focuses on biodiversity protection. However, there is a pathway to reaching these end
goals, and development of the specific business model is an iterative process, which we discuss in the
next phase of MPAST.

3.3. Application: Transitions (MPAST)–Phase 3

As mentioned, we used the SPADE, which is “a streamlined methodology that is visually
representative of the intrinsically iterative nature of systems engineering” [29] (p. i). We chose one
solution in Table 2 to evaluate further based on the opinions of farmers towards bioeconomy goals in
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the survey: Adopt a Stewardship Role. We organized the results of the SPADE analysis for MPAST
Phase 3 in Table 3.

Table 3. Overview of SPADE Analysis.

SPADE Analysis

Stakeholders Problem Analysis Decision/Tradeoffs Evaluation

Farmers Agri-Business
Local/Rural Communities
Consumers Cooperative

Agricultural Supplier
Academia/Research

Politician Environment

Energy Sources
Waste Soil

depletion Markets

Resource
Stewardship

Income and
Financing

Heritage/Cultural
Identity

Iterative evaluation of
the S,P,A,D parts of
SPADE framework

When conceptualizing the role of the SPADE framework and how to use it, we need to clarify its
role in MPAST. Table 4 shows this organization. Phases 1 and 2 set the goal posts of where a sector is
and where it needs to go in terms of bioeconomy transitions for a specific identified problem archetype
in one sector. For the SPADE analysis, the overexploitation syndrome with the “adopt a stewardship
role” was the best fit from the survey results as a solution for agriculture. The Phase 3 analysis of
MPAST organizes elements to begin transitioning from overexploitation to stewardship.

Table 4. Overview of the MPAST Application to Norwegian Agriculture Bioeconomy Transitions.

MPAST Phase 1: Problem Archetype Phase 3: Transition to Phase 2: Solution Archetype

Archetypes
Set/Framework Syndromes SPADE Sustainable Business

Model Archetypes

Analysis Overexploitation Resource Stewardship
Iterative Pathway Adopt a Stewardship Role

Referring to Table 3, the stakeholders part of SPADE is necessary to make sure that the problem
archetype (Phase 1) and solution archetype (Phase 2) includes all the relevant stakeholders. This may
have already been systematically covered in Phase 1 and 2 depending on which archetypes were
chosen, but Phase 3 ensures that they have been identified. The stakeholders listed in Table 3 were
provided in the application of MPAST by the survey (in addition to the environment, which must be
included as a stakeholder in sustainability analysis). The problem part of SPADE lists the problems
(symptoms related to syndromes in this application) that were identified in Phase 1. The analysis
part of SPADE lists the solution archetype identified in Phase 2. The decision/tradeoffs part of SPADE
identifies structural issues (in this case identified by the stakeholders from the survey) that inhibit
the transition from Phase 1 to Phase 2. The evaluation part of SPADE is an iterative evaluation of the
stakeholders, problems, analysis and decisions/tradeoffs over time. This is a non-sequential transition
analysis that can be updated as new data sources are used, new stakeholders are included and problem
and solution states (Phases 1 and 2) shift. We used survey data to begin the process of analyzing a
bioeconomy transition for Norwegian agriculture, but once started, this is an agile process, and no
pathway analysis is set in stone. What we mean by this is that no analysis is final, and future work
makes transition pathways clearer over time.

In the bioeconomy, we are transitioning from non-renewable to renewable resources. This can
lead to the overexploitation of renewable resources [43], and a sustainable business model must
exercise a stewardship role of the renewable resources. For this transition, it is critical to identify
all relevant stakeholders to increase policy implementation success (in addition to reasons of social
justice). In agriculture, the problems in the transition are (among others) energy sources, waste,
soil depletion and markets. To begin a transition to resource stewardship, decisions/tradeoffs must be
made. Agricultural stakeholders in the survey had many concerns related to income and financing
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and cultural heritage in bioeconomy transitions, which were identified as structural issues that inhibit
the transition in the SPADE analysis.

In a more concrete example, “laboratory meat,” despite its controversial status, offers a strong
illustrates how bioeconomic development (protein synthesis) could both improve food security and
address climate change as new industrial and scientific applications create entirely new platforms
of industrial production, eradicating the need for existing farming systems in particular product
sectors [44]. However, the energy consumption of the necessary bioreactors may be considerable,
necessitating a move to renewable energy sources if sustainability is to be assured [45]. We can identify
in this example competing SDG pressures (which we discuss in the next section), where a bioeconomy
transition is a solution (farming renewable energy sources). The new market for laboratory meat and
the energy sources are both identified problems in the SPADE analysis. The sustainable business
model needs a resource stewardship role, which needs to be iteratively designed in consultation
with stakeholders. Designing the transition with stakeholders must address the structural issues
identified in decisions/tradeoffs: income/financing and cultural heritage/identity. For laboratory meat,
this means the design must address the questions of: how new markets are going to affect farmer
income; how they are going to finance transitioning to new markets; how will farming as part of
cultural heritage and farmers’ cultural identity affect or be affected by this transition; and how will
renewable energy resources be sustainably harvested?

MPAST does not answer these questions, but it does identify, organize and gives power to
stakeholder voices in setting the goal posts of bioeconomy transitions and in the iterative process
of designing the pathway between the goal posts. In the next section, we discuss this in the context
of SDGs.

4. Discussion: MPAST and SDGs

Using a systems engineering approach, the methodological framework developed in this paper
seeks to build upon previous archetype mapping methods in sustainability science for use in in
bioeconomy transitions. In addition, MPAST seeks to strengthen the use of qualitative methods
in systems engineering for the evaluation of socio-technical systems [26]. The MPAST framework
provides a process for applying visual systems mapping to plan and evaluate bioeconomy transitions
to meet SDGs (see Figure 1).

Because the bioeconomy has garnered attention as a way of addressing SDGs, this section will
discuss how the application of MPAST can work in an SDG context. SDG mapping requires continual
improvement [23], and although this paper does not attempt a contribution to SDG mapping itself,
MPAST can act as a bridge between SDG mapping and concrete goal setting for the bioeconomy by sector.
To discuss how this bridge is built, we explain how the application of MPAST in Norwegian agricultural
bioeconomy transitions is nested in several SDGs. We highlight three SDGs for discussion [4]: SDG 8:
Decent work and economic growth; SDG 13: Climate Action; and SDG 15: Life on Land, which aims to
protect endangered animal species and terrestrial ecosystems.

The critical assessment by Spangenberg (2017) [7] of the SDGs regarding requiring little to
nothing from business and consumers, the counteracting drivers and pressures, and the lack of agency
represented in the SDGs is of particular relevance for applying MPAST for bioeconomy transitions.
MPAST provides a systematic framework for incorporating elements of agency and the identification
of counteracting pressures and drivers over time in one geographic context. Because MPAST is
sector-specific and has one geographic context per application, it does not address the criticism
regarding pressures and drivers counteracting each other in different geographic contexts. For example,
in Figure 3, the case application given in section three relates to SDGs 8, 13, and 15. Accomplishing these
SDGs requires economic growth while addressing environmental issues related to climate and land use.
These have counteracting pressures and drivers and require little to nothing from business, and agency
is not well represented. At its core, sustainable development is aiming to address the counteracting
pressure between economic development and climate action (in addition to all environmental impact
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categories). The bioeconomy is meant to help address this, but as bioeconomic industries develop,
this puts pressure on life on land as this will require the farming of bio-resources. In addition, although
the bioeconomy is politically assumed to be a win-win for rural areas and the environment, Burton and
Fuglestad (2020) [12] indicate that this is unlikely as biotechnologies improve. Life on land also has
a counteracting pressure with climate action as greenhouse gas emissions from agriculture, and the
changes in land use necessitated by a bioeconomy transition, have a significant effect on mitigating
climate change [10].

Figure 3. SDGs examples highlighting counteracting pressure.

MPAST facilitates pathways to address these criticisms when bioeconomy transitions are the
means to reach SDGs. The SPADE analysis requires a stakeholder assessment. It does not provide
the agency for SDGs, but it provides a tool for the incorporation of agency in the planning of SDG
implementation with bioeconomy transitions. MPAST is centered on planning bioeconomy transitions
by sector using established frameworks and works as a “framework of frameworks”. The focus on
sectors and stakeholders, rather than specifically the state, requires more of business in particular
sectors. Business stakeholders become part of the process of setting the goal posts for bioeconomy
transitions (MPAST Phase 1 and 2) and developing the transition pathway for meeting bioeconomy
(and hence SDG) goals (MPAST Phase 3). Counteracting drivers and pressure are more easily identified
with the application of system archetypes to problems and solutions, as illustrated with the laboratory
meat example in Section 3.3.

The economics of bioeconomy transitions are complex, and the boundaries of traditional
sectors may stretch or change shape in transitions as value-chains in the bioeconomy are not yet
well-defined [46]. Social considerations such as the development of social and cultural capital
also contribute strongly to the complexity of transitions—for example, by inhibiting adoption of
agri-environmental policies that fall outside cultural norms [13] or facilitating collaborative actions
within farming communities [14]. However, the social science perspective is not well developed
in bioeconomy transitions literature [9]. This is especially problematic in the case of Norwegian
agriculture because, as noted above, agriculture’s value in the bioeconomy is as much (or more) its
contribution to wider society as the economic value of production.

Stakeholder perspectives contributing to shared visions of bioeconomy solutions and transitions
through iterative strategic planning to shape new sectors and value-chains can facilitate the bioeconomy
as a means of addressing SDGs. The development and use of MPAST seems straightforward and clear
as a process of using archetype mapping for transitions, but this was not clear at the beginning of
MPAST development. There is an array of archetypes/frameworks that can be applied to sustainable
bioeconomy transitions. There is no systematic method for applying these frameworks. At the
beginning of the analysis of the Norwegian agricultural bioeconomy case, we identified many relevant
archetypes and mapping frameworks that were relevant for different stages of bioeconomy transitions.
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We knew that we needed to use systems archetypes in the analysis because of the systemic nature of
SDGs. However, the arbitrary and unsystematic process of using system archetypes for bioeconomy
transitions necessitated the development of MPAST.

There are limitations of the MPAST framework that require it to be developed for a more general
context. As stated, we developed this framework to analyze the Norwegian agricultural case because of
a lack of a mapping methodology that met the needs of our research design. While we see the potential
to develop this framework to other contexts, further empirical work is required. Although we used
Norwegian agricultural data in this study, this could also be applied in other geographic contexts using
country specific data (or in other industries with industry specific data). Further applications in other
contexts beyond Norwegian agriculture will allow further development of the MPAST framework.
In addition, as new SDG mapping evolves, as seen in Dalampira & Nastis (2019) [23], MPAST will
need to develop to match this evolution.

5. Conclusions

MPAST is a methodological framework using a systems engineering approach that maps processes
for bioeconomy transitions; it can more easily be described as a “framework of frameworks”. MPAST is
designed to make a clear identification of start and finish lines in transitions and the pathway between
using a systems approach. One could argue that MPAST could be used in any transition, but it is
particularly useful for the bioeconomy. The bioeconomy has either weak/nonexistent or differing
visions (solution states) of what the bioeconomy should be [31,32], and using MPAST is a way to
systematically incorporate stakeholder perspectives into the analysis of bioeconomy development
with a focus on sectors. Stakeholder perspectives are of particular importance given the focus the
bioeconomy has had as a solution to addressing SDGs, and criticism of SDGs has shown them to be
weak on agency. In addition to agency, SDGs have been criticized for their counteracting pressures
and drivers in the same or different contexts. The systematic use of systemic frameworks helps
identify what these drivers and pressures are, which is required for strategic planning to address them.
Although there are important criticisms of the SDGs, the criticism itself can help provide the solutions.
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Abstract: Oil and gas offshore exploration and production (E & P) will remain necessary to meet
increasing global energy demands. However, appraising and exploring these resources has a major
impact on sustainability and faces many challenges. Improving the supply chain operations that
support E&P activities presents opportunities to contribute to the United Nations (UN) Sustainable
Development Goals (SDGs), but relies on organizations being able to adopt new strategies and
technology and, innovate their current business models. Business model innovation (BMI) has not
been actively pursued in this industry, partially due to the traditional operation management and
due to the complexity in changing established models or adopting full-fledged archetypes. Thus, the
present study proposes a more flexible and granular approach to BMI by defining elements to be
adopted rather than proposing business models archetypes. To define the elements, an application of
systems engineering (SE) is adopted through a morphological analysis (MA). They are presented
in morphological boxes in three dimensions—technology, organization, and the human element—
inspired by sustainable business model (SBM) literature. The elements are proposed as “bricks” for
BMI where they can be adopted and re-arranged as necessary, providing granularity and flexibility
to facilitate BMI for organizations of varying sizes.

Keywords: offshore exploration and production; offshore supply chain operations; business model
innovation; sustainable development goals; morphological analysis; systems engineering

1. Introduction

The offshore exploration and production (E & P) industry will persist as a relevant
source of energy for many years as the global energy demand continues to increase [1–3]
and the renewable sources of energy are not sufficient to suppress the demand within
plausible cost and at large scale [3–5]. This industry contributes with resources that generate
electricity, heating, and other sub-products that are used as inputs in the fabrication of
plastic, rubber, solvents, and many other items [1,5,6]. Additionally, its petroleum sub-
products constitute the main source of fuel for almost all transportation modes utilized
in the transport of people and goods worldwide [5–7]. However, emissions from burning
fossil fuels impact the environment directly, resulting in global warming and climate
change [8–11]; also, minimizing the impact of industrial activity lies within the United
Nations (UN) Sustainable Development Goals (SDGs), a set of interconnected directions to
guide the international community towards a sustainability agenda [10].

Offshore E & P is an industry that plans, builds, and operates offshore structures in
the open sea to extract and retrieve resources through the execution of industrial activities
that range from the search for oil and gas and its exploration, to transportation to shore
and all steps in between [12]. Its value chain is divided into three major groups: upstream,
midstream, and downstream. The upstream consists of exploration and production (E & P)
activities that involve field appraisal and development, drilling, operations, maintenance,
and decommission activities. Oil refining is handled midstream, while wholesale, distribu-
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tion, and marketing are part of the downstream. As a general rule, upstream ends at the
extraction of crude oil and its transportation to another destination [8,13]. The present study
focuses on the E & P activities conducted offshore. These E & P activities are supported
by supply chain operations (hereby called SC) that are conducted by a vast network of
suppliers, terminals, vessels, and others operating in an intricate web that involves a large
amount of money, hazards, and possible environmental impact [14–16]. Figure 1 shows
this relationship. Building and delivering platforms and their parts, materials, equipment,
and offshore personnel are challenging tasks that depend on numerous stakeholders that
are directly and/or indirectly interrelated and inter-dependent to successfully perform the
tasks [1,14,15].

Figure 1. Offshore exploration and production (E & P) activities and its supply chain operations
support.

Offshore E & P SC operations increased in complexity as the search for resources
moved from shore and shallow waters to reach resources in deeper waters and more
remote locations with extreme operating conditions [1,8,13]. In turn, the added complexity
contributes to additional safety and environmental risks [1,17]; a higher level of environ-
mental impact, such as carbon dioxide (CO2) emission [1,18]; and other concerns that have
subjected the industry to strict regulation. Therefore, improving these operations can help
the industry achieve its SDGs, as suggested in Figure 2.

Figure 2. Supply chain management and Sustainable Development Goals (SDGs) relationships [9].

Despite many initiatives to contribute to SDGs, the industry is failing to meet its
goals [4,19], especially CO2 emission reduction [19]. The existing business models are
recognized as the reason because traditional organizational frameworks hinder the indus-
try from succeeding in its improvement efforts [20–22]. Instead, many have suggested
that business model innovation (BMI) and the adoption of sustainable business models
(SBMs) as a solution [23–25]. However, the literature available on BMI techniques seem
to disagree in regard to what is the best approach [24,26,27]. In addition, changing, inno-
vating, and adopting new business models may demand a near-complete organizational
restructure [26,28,29], which can be challenging for established organizations and a major
task for smaller ones. Therefore, a more flexible and granular approach to BMI has also
been recommended [26,28].
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The present study addresses this recommendation through the identification and
proposal of design elements to be adopted in the BMI process instead of creating another
business model archetype. Addressing complex structures, such as the offshore E & P SC
operations’ ecosystem, can benefit from a systematic approach [30,31]. As the industry is
already familiar with systems engineering methods, a morphological analysis [32–34] was
conducted to identify and define the elements proposed in this study, and Tukker’s [35]
product–service system framework is applied to identify the classic and the new business
models in the industry. The present study’s assumption is that, by adopting the identified
elements at different levels in the organization, they work to improve the offshore E & P
SC operations and thus contribute to the SDGs. The identified elements are examined in
morphological boxes, as presented by Kley, Lerch, and Dallinger [36], and are presented in
three main dimensions—technology, organization, and the human element—inspired by
the SBM archetypes proposed by Bocken, Short, Rana, and Evans [37]. Figure 3 shows the
conceptual framework adopted in this study.

Figure 3. Conceptual framework and study contribution: relationship between morphological analysis (MA) and SDGs.

The study then continues as follows. This section continues to present a literature
review on business models and BMI in the context of offshore E & P and its supply chain
operations. Section 2 presents the morphological analysis conducted; Section 3 presents
the identified elements to be adopted for BMI in morphological boxes and discusses their
characteristics. Section 4 discusses how the proposed elements related to “new business
models” typology can address SDGs and value proposition, creation, and capture in the
context of offshore E & P industry. Finally, Section 5 presents conclusions and future
research directions.

Business models and business model innovation. Existing business models have been
widely discussed, particularly addressing value realization from technology innovation [20,
38,39]. Even though many definitions exist in terms of what a business model is [27], the
present study adopts the concept that a business model is a structural tool for companies to
operate, manage, assess performance, and innovate their business [37,40,41]. Focusing on
technology, Chesbrough [42] argued that there are four functions of a business model: (1) to
articulate the value proposition for users, (2) detect a market segment where the technology
has a purpose, (3) state the value chain involved in realizing the offering, and (4) evaluate
the cost structure and profit potential from the offering(s). Trott [43] complements these
definitions by saying that a business model is the framework for an organization to realize
profit through the successful creation, marketing, and value delivery to its customer. As
such, the business model framework consists of three elements: (1) value proposition, (2)
value creation and delivery, and (3) value capture [37,41]. Value proposition concerns the
product and/or service offered in order to generate financial return, and which consumer
segments are in focus [37,44]. Value creation and delivery concerns the resources utilized
to deliver the value proposition, including the performed activities, partners, distribution
methods, and technology [37,41]. Finally, value capture concerns how revenue is captured,
including cost reductions [37,40,41].

According to Chesbrough [42], beyond describing how an organization works and
generates value, these elements present opportunities to capture value from innovation.
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Zott et al. [27] affirmed that business models are vehicles for innovation in organizations
and subjected to innovation themselves to fulfill that role. Consequently, a business model
is not a static framework that an organization must follow, but a transient, dynamic system
that must change and adapt so that the organization remains viable and successful in
the long term [28,45]. This continuous change process is referred to as business model
innovation [28]. Innovating business models go beyond the creation of new products and
services. It requires managers to break their cognitive barriers towards going beyond their
own or their organization’s culture of conservatism and passiveness towards adopting
new elements [39,46]. Business model innovation depends on the evaluation of how the
business model’s components work towards the organization’s desired outcome, and a few
tools are available to assist this process, such as the business model canvas by Osterwalder
and Pigneur [41], the St. Gallen business model navigator [39], and the triple-layered
business model canvas [47], which focuses on designing sustainable business models.

The offshore E & P industry has a traditional approach to business models, and
disruption of these models requires penetration of a high barrier imposed by conservatism
and vested interest [48–50]. Yet, technological advances and regulations are having an
effect in fostering the disruption of the traditional business models either by necessity or
competitive advantage [50–52]. Many changes in the oil and gas industry occur in response
to specific situations, such as low oil prices, and external pressure such as legislation and
other regulations [48,50,53]. Thus, in times where challenges are constantly threatening
“business as usual”, innovation provides opportunities and casts light on possibilities
for the industry. Early initiatives proved the possibility of success in changing business
models through innovation, such as through coopetition and the creation of joint ventures
and alliances [54–56]. A good example comes from the oil and gas industry in Norway,
where an alliance allowed Aker BP’s, a Norwegian operator, to deliver the Valhall Flank
West exploration platform in 14 months and under budget, from the first steel to first
oil [57]. This approach to the sharing economy proves that re-thinking how to conduct
operations together with suppliers and even competitors can have a long-term positive
impact on securing cash flow and stability in low markets, even if profits may be slightly
lower. It translates the idea of selling/buying a specific service, rather than managing the
whole supply chain. Such innovative initiatives affect business models as they disrupt
many parts of the industry. Other innovations include the use of drones for delivery and
inspection, robots for performing risky tasks, automation for operational efficiency, 3D
printing, etc. [21,22,53]. While not all of these initiatives are fully mature, they show that
stakeholders can become cooperative partners with a higher degree of resource sharing to
create a service-oriented culture and a communal approach to offshore E & P SC operations.
They are also good examples of why and how re-evaluating existing business models
is necessary.

2. Materials and Methods

The purpose of this study is to define elements that can be adopted for BMI in the
offshore E & P SC, identified through a morphological analysis (MA) [32–34,58]. According
to Martin [58], a morphological analysis is conducted to perform a systematic classification
and assessment of possible combinations of alternatives that can, together, provide a certain
function. To identify the elements to be included in the analysis, business models, BMI,
SBMs, offshore E & P, and E & P SC literature was examined (collected from databases such
as Scopus and Web of Science, among others); and information available from oil and gas
related organizations (such as IPIECA and DNV-GL, among others) was collected through
publications and reports made available by these organizations.

In the sequence, the identified elements were classified through the application of
Tukker’s [35] business model typology, which lead to the identification of the elements
that belong to classic business models and those that belong to new business models.
Tukker [35] classified a business model by the way it generates value, placing it within
a range that starts at value generation mainly from products (tangible) towards value
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generation from services (intangible). At an operational level, the value generation process
moves from being product-oriented towards being use-oriented and result-oriented [35].
Applying this framework (Figure 4) to the offshore E & P industry supply chain results in
three main categories: (1) the operator owns and/or manages all parts of its supply chain;
(2) the supply chain operations are purchased/offered as a service (defined by its use),
and (3) the operations have a communal approach, where assets and others are shared
within the supply chain, towards the outcome of the service. The first category represents
the classic business models in the industry, whereas the other two range towards new
business models.

Figure 4. Tukker’s [35] typology applied to the offshore E & P supply chain (SC).

To present the elements and their characteristics, the concept of morphological boxes
is applied, adapted from Kley et al. [36]. Subsequent to a morphological analysis, morpho-
logical boxes “represent a creative way to illustrate all the potential solutions to existing
problems in a structured format by defining different features with several configura-
tions with regard to a problem” [36] (p. 3395). Figures 5–7 present three morphological
boxes with the identified design elements for business model innovation. Addressing
sustainability, these elements are presented based on a list of characteristics related to the
three dimensions adapted from Bocken, Short, Rana, and Evans [37]; that is, technology
(Figure 5), organization (Figure 6), and the human element (Figure 7). Each box follows a
logic in its presentation regarding the infrastructure and organizational changes needed for
adoption—the elements more to the left are less complex and require the adoption of less
extensive changes. On the other hand, the elements more to the right are more complex
and thus require more changes. The proposed elements placed most to the right of the
morphological boxes are suggested as an ultimate goal for organizations to adopt, although
their complexity means it might not be possible for organizations to adopt them at first. For
this reason, the other elements situated to their left in the boxes are proposed to be adopted
as interim stages during business model innovation. After presenting the elements to each
factor, I discuss how the elements classified in the new business models typology address
sustainability and their value proposition, creation, and capture.

3. Results

3.1. Technology-Related Elements: Characteristics and Contributions to SDGs

The morphological box in Figure 5 presents elements and their characteristics related
to technological development and deals with different aspects of technology use and
application in the offshore E & P industry. From left to right, the presented elements
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increase system interoperability, proposing a higher level of automation as a value for a
business model if the alternative is to be adopted.

Figure 5. Morphological box for technology-related elements of business models (adapted from [36]).

The first row of design elements depicts technology applications to conduct basic
operations and the reliance on manual interaction with systems and software. It ranges
from operations being conducted manually, where human resources are needed to input,
verify, and exchange information and data throughout the software portfolio in order
for operations to be fulfilled. On the other extreme of the array, the presented element is
understood as an intelligent element, where the data collected from operations using digital
technologies are utilized as input for the system to conduct its own operations, based on
algorithms and possibly machine learning and artificial intelligence. Manual interaction
can still occur, but it is shifted from data input towards data usage for the supervision of
operations, higher-level decision-making and operations’ reporting indicators. The next
characteristic, infrastructure, evolves from left to right to support the level of automation
proposed in line with other elements. The same logic applies to the other characteristics
and their elements.

The last element, cash flow, proposes how operational cost is reduced by each element
as they help diminish the manual interference to daily activities, manual errors, and other
potential issues caused by the lack of integration between activity, process, and software.
Its first element relates to the possible level of cost cutting when operations are conducted
mostly manually, and technology infrastructure and administration is mostly managed
in-house. Once the elements evolve towards interoperability and automation, the cost
reduction possibilities increase, as operations are not reliant on manual interactions and
cost migrates to payment per service usage. The elements presented for each characteristic
introduce stability, efficiency, and resistance to human error due to the increased automation
levels they proportionate.

3.2. Organization-Related Elements: Characteristics and Contributions to SDGs

Similar to Figure 5, the presented design options for the organizational characteristics
(Figure 6) evolve from left to right with higher levels of interrelationship. In this dimension,
the further to the left the element is, the more internal it is to the organization and silo
based. The further to the right, the higher the level of partnership and collaboration with
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stakeholders is necessary and achieved. The presented organizational elements offer value
to the business model by providing the opportunity for organizations to change processes
that are inefficient and outsource activities that are not core to the organization. This also
creates value to the other stakeholders in the value chain, as each stakeholder can become
more specialized in its functional area, to innovate and reduce cost by eliminating non-core
related activities.

Figure 6. Morphological box for organization-related elements of business models (adapted from [36]).

The first characteristic in Figure 6 specifies the organizational structure of the offshore
E & P SC, ranging from closer operations handling within the operator (owned vessels,
warehouses, etc.) towards partnerships, alliances (strategic suppliers are preferred) and
sharing assets and other resources. For example, if the structure consists of alliances
involving strategic suppliers, the sourcing strategy will consist of selecting these suppliers
that already have certifications and contracts relevant to the operations to be conducted.
This logic also applies to the invoicing and payment strategy to be adopted, as well as to
the inventory, warehouse/terminal, contract, and transport sourcing ones. Accordingly, the
operational planning strategy is replicated through the organizational structure adopted.
Following the same example, if the suppliers involved are pre-selected and certified through
supply chain processes by the business units responsible for that process, a longer activity
span can be planned towards that partnership/alliance, which provides a longer-term
planning range. This directly impacts operations, as a longer planning range produces
visibility and better resource allocation. Transport, operations, and sourcing strategies are
also interrelated and highly dependent on the structure adopted. Continuing to follow
the above example, a fewer number of selected suppliers participate in the majority of
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operations, which makes it possible to share a higher level of information and data within
the network that can be used for operations optimization and cargo allocation, reducing the
manual input to handle operations. Therefore, data from operations becomes the trigger
and input towards reserving space and capacity for sourcing transport (that is, transporting
something from A to B for a fee) and handling transportation resource sourcing (that is,
the number of vessels needed to deliver items related to an activity). The way in which
these elements are combined and selected directly impacts the value capture element
proposed—cash flow. If the operational elements adopted relate to a closed structure, the
cost reduction opportunities are limited as there is lower flexibility in terms of pooling
suppliers and negotiation. On the other side of the array, costs are related to the used
services, depending on operational optimization and resource usage.

3.3. Human Element-Related Elements: Characteristics and Contributions to SDGs

In the offshore E & P SC context, the human element is two-fold, consisting of (1) the
people working on the offshore platforms, drilling rigs and FPSOs (floating production
storage and offloading), and (2) the people working onshore planning and executing
commands towards the operations execution. Hence, both aspects need to be considered
when evaluating the impact on the human element and its place in the organizational
structure and business model. The morphological box in Figure 7 presents business model
elements related to the management of the human element.

Figure 7. Morphological box for human-related elements of business models (adapted from [36]).

The proposed human-related elements related to operations handling, work orga-
nization, specialization, and schedule can nearly or completely eliminate the human
involvement in supply chain operations. However, this is not necessarily the intention.
The idea is that these elements change how and where humans interact and fulfill activities
in the organizations. Hence, when related to humans directly, the presented elements show
increased specialization and reduced commitment to one specific contract/organization
from left to right in Figure 7. This creates value to organizations by being able to work
with highly skilled professionals without worrying about talent retention. However, this
does not mean that the link to the organization should be weaker; it simply provides the
organization and the professionals with the opportunity to work with multiple parties
if they want, and gives flexibility to the professionals to elect the best possible places to
work, addressed by the work schedule and location elements. This allows organizations to
reduce personnel costs as they will not have to maintain several idle people that do not
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have constant activity in the company simply to avoid missing the skilled professional to
another organization, addressed by the contract/payment strategy element.

4. Discussion

There are many ways in which the offshore E & P industry can contribute to the
SDGs [9], although most efforts are directed to minimizing the impact of drilling and
platform operations [1,9,19], such as water and waste management [1,59], and managing
CO2 emissions [1,3,60]. However, many opportunities exist in the management of the
supply chain operations conducted to support the upstream activities.

In the offshore E & P industry, the supply chain is a complex “ecosystem” that includes
many internal and external stakeholders that must comply with many different legislations
and overcome many challenges. The SC operations are conducted by specialized suppliers,
supply bases, terminals and warehouses (referred to hereafter as support companies)
that provide vessels, transportation and storage, manning, and other services, usually
managed by the operator hiring them [14,61,62]. The vessels involved in the offshore
E & P SC to complete these activities are major contributors to CO2 emissions in the
offshore E & P industry [1] and most sustainable initiatives in this context are linked to
the reduction of CO2 emission from the vessels utilized in transportation, optimal vessel
and route allocation, vessel fuel usage, and route optimization for transportation [14,63,64].
Lately, the adoption of technology for this purpose has been widely discussed, such as the
implementation of 3D printing of spare parts for local supply to avoid transportation; and
the adoption of Blockchain, Internet of Things (IoT), and digital twins for supply chain
transparency [19,65,66]. For vessel and deck space optimization, the adoption of big data
analytics and machine learning/artificial intelligence has been widely discussed [67–69].

However, there are many other ways in which supply chain operations can improve to
contribute to SDGs, such as a more efficient management of inventory to increase inventory
usage and reduce new parts purchasing, reducing double-purchases, fostering inventory
sharing throughout the supply network, and other initiatives that could be adopted to
reduce the production of new items that rely on global natural resources [4,70,71]. A
more collaborative approach to supply chain handling can also provide results; instead of
each operator managing their own vessels, these can be pooled to promote sharing vessel
deck transportation capacity, leading to a better vessel capacity allocation and an overall
reduction in the number of vessels and vessel voyages required to transport cargo [4,70,72].
Table 1 summarizes potential areas of change that would effectively contribute to meet-
ing SDGs.

Table 1. Summary of potential contribution to SDGs.

SDG Number Main Potential Contribution

SDG 14 Minimize the impact of drilling and platform operations;
water and waste management in platforms and vessels

SDG 13 Managing CO2 emission

SDG 12 More efficient management of inventory leads to better purchasing
behavior and less consumption

SDG 9 Inventory sharing throughout the supply network reduces the
production of new items that rely on global natural resources

SDG 7 Less stranded inventory leads to less scrapping, leading to higher
savings and potentially reducing the final cost of energy provided.

Therefore, a more flexible and granular approach to setting and meeting goals toward
SDGs is suggested for designing business models that can support innovation, technology
adoption, and other changes without having to restructure the whole business model
and/or organization. The objective of the present study is to present elements that can
be more easily adopted and replaced as wished by organizations to create new business
models. Systems engineering methods are ideal to support this objective as they promote a

51



Sustainability 2021, 13, 2113

systematic approach to solving an array of complex issues in systems present in several
domains. The SE method adopted in this study—morphological analysis—provides this
systematic approach and supports non-quantified modeling that allows an in-depth analyt-
ical exploration to solve a complex issue [30,31,73]. Specifically, the present study used SE
methods to identify and propose design elements for BMI. The resulting elements presented
function as “construction bricks” that, once combined, allow the creation/innovation of
a business model that fits the organizations’ objectives and addresses sustainability at
the same time at different intra- and inter-organizational levels. This flexibility enables
organizations of different types and sizes to implement design elements that address sus-
tainability without having to replace their entire existing business model or implement
traditional sustainable business model archetypes. Therefore, if one desired element cannot
be implemented initially, another one can be utilized instead as an interim state, while the
desired element works as a final goal. Beyond sustainability, the elements are proposed to
foster technology adoption where it is needed, organizational innovation and collabora-
tion as value creation. These elements are presented according to Tukker’s [35] typology,
categorized as “classic business models” and “new business models”. The elements in-
cluded in the latter are suggested for the offshore E & P industry to adopt to manage its
supply chain operations. Once combined, these elements address SDGs in different ways,
and their recombination by the organizations can be re-adjusted to meet organization’s
strategies and purpose. How these elements address business models’ value proposition,
creation, and capture and contribute to the SDGs is summarized in Figure 7 and discussed
in the sequence.

4.1. Value Proposition

The elements value proposition is to offer the integration of offshore E & P SC opera-
tions through suitable technology to allow the stakeholders to reach a communal approach
to operations handling. By integrating operations, operators and other stakeholders can
make better usage of their own operational data, which provides insight regarding the
items to be purchased and transported and the services needed. Consolidating this demand
through data collection and predictive analysis provides opportunities for the support
companies to adjust their fleet according to the demand and forecast with a higher accuracy,
which, in turn, allows the support companies to adjust the level of service to the capacity
needed. Thus, vessels and other resources can be pooled and shared instead of each opera-
tor renting its own. The proposed elements also address the interconnection among vessels,
ports/terminals, platforms, other stakeholders and the human element in the industry. This
is essential to prepare the industry for implementing innovation and other technological de-
velopments such as autonomous vessels, cranes, ports, etc. These are in constant evolution
but cannot be adopted if the industry is not ready to adapt. The autonomous assets must be
able to intercommunicate to work beyond their technical aspects—an autonomous vessel
still needs to dock, just like an autonomous crane still needs to know what it will lift, from
where, and where to place the cargo. However, manual interference is not the solution, as
machines must be interoperable through machine understandable languages. Hence, the
automated and “intelligent” elements in this category define the solutions offered and the
stakeholders involved towards operations’ completion.

4.2. Value Creation

The elements create value creation through the adoption of automation and intelligent
elements to promote a more efficient handling of the supply chain operations and to allow
supply chain partners to offer a better service to its customers. Re-thinking how the stake-
holders collaborate, communicate, and work is a necessity not only for the stakeholders
themselves, but also for the industry to incorporate and benefit from the innovations
brought from technological advances being presented to address efficiency, safety and
environmental concerns. Even though the elements emphasize integration and automation,
people are not eliminated from the system. People have unique characteristics, such as
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creativity, negotiation, and problem-solving, that extend beyond what was coded into a
software for conducting operational tasks. However, people are being used as a cog in the
system, whereas they should be placed where interpersonal skills are needed the most,
leaving the machines to do what they do best and enabling people to do what they do best:
create, develop, and innovate. Hence, technology is part of this change, and technological
efforts to digitalize the synergies among the network participants are needed for them to
work together. Similarly, it is just as necessary for the offshore E & P domains to extend
their willingness for technology to go beyond machines and engineering to reach supply
chain operations, so that innovative ways of working can be developed and implemented,
thus creating value throughout the organization’s value chain.

4.3. Value Capture

The elements capture value by reducing costs and waste through better utilization
of resources, such as fleet, vessels, inventory, personnel, etc. This promotes operational
efficiency and reduces operational costs, increasing revenue and additional profit opportu-
nities for organizations. Using inventory as an example: better inventory visibility enables
a more efficient management of inventory and purchasing, which enables the use of the
available items instead of unnecessary double-spending for “emergency” purposes, thus
reducing the overall quantity of general and unused inventory. With less stranded inven-
tory, less scrapping is executed, and more money and taxes are saved and made available
to be used elsewhere, potentially reducing the final cost of energy provided.

4.4. SDGs

The “new business models’” elements address SDGs by changing how work is con-
ducted, as summarized in Figure 8. This shift from manual work to automation reduces
human interactions in operations, resulting in fewer error opportunities that could lead to
accidents, thus enhancing safety in offshore logistics operations. Together with automation,
increased collaboration allows streamlining planning and provides operational synchrony.
This results in better use of resources such as vessels, leading to a higher level of vessel
deck capacity usage and a reduced number of voyages from and to the offshore platforms,
contributing to safety and addressing environmental concerns due to reduced chances of
spillage and reductions of CO2 levels, in line with the UN’s SDGs. Finally, better purchas-
ing and inventory handling reduces the number of items that need to be purchased, which
reduces the need for transportation and fabrication. With fewer items to produce, less raw
material is needed, reducing the depletion of natural resources.

Figure 8. Value proposition, creation, capture and contribution to SDGs from the elements proposed in the “new business
models” category (adapted from [37]).

5. Conclusions

Potential new and adaptive business models that can lead to the success of innovations
and their diffusion are yet to be widely explored. In the meantime, new products, services,
and technology are constantly being released to the market. This gap between technological
advances and organizational needs must be addressed if the industry is to succeed in a
demanding future, where regulation is increasingly challenging due to environmental
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worries, technology develops faster than ever, and a globalized world created a complex in-
dustry that requires pioneering alternatives to overcome constraints and competition. The
offshore E & P industry must research, develop, and adopt not only technical innovation,
but also have a holistic approach to business model innovation that will help understand
which innovation and technological initiatives will promote sustainability and value cre-
ation in the organizations and their industry context. The existing business models that
are available no longer meet the industry’s needs to overcome its challenges and address
sustainability and SDGs. However, finding and adopting business model archetypes that
can handle such complexity and allow adopting innovative solutions might not be possible.
At the same time, the existing archetypes might be too complex or robust for organizations
to adopt as they imply changes necessary throughout the whole organization.

This conceptual study has applied systems engineering methods to explore the busi-
ness model innovation possibilities in the offshore E & P industry and its support ecosystem.
It offers a more flexible and granular approach to business model innovation through the
adoption of SE to propose elements to be adopted interchangeably that can be adopted at
different organizational levels and timeframes and can function as interim or final stages
for the organization. Through examining business models typology and the conduction of
a morphological analysis, possible elements for business models’ innovation are identified
according to classic and new business model typology and presented against three dimen-
sions: technology, organization and the human element. The elements are presented in
morphological boxes and can be combined and reorganized to change and build different
business models. Given the limitations that more established firms may face in adopting
certain elements, this study proposes elements as pieces for the organizations to adopt
instead of full-fledged archetypes, providing modularity and granularity to organizations
to replace certain parts when necessary without having to change the whole business
model many times. The presented elements show different levels of complexity and or-
ganizational change for their adoption, and the more complex ones are suggested as an
ultimate goal for adoption in business model innovation.

By adopting the elements in the new business model category, the expected end-state
for the offshore E & P SC is an ecosystem that includes stakeholders in the network as
collaborative partners to deliver higher operational standards. These include taking re-
sponsibility not only for operational execution, but also over safety and the environment,
thus addressing sustainability and SDGs in offshore E & P operations. How these elements
propose, create, and capture value has also been discussed. These elements create value
through giving organizations an opportunity to become more strategic as they shift the
daily activities from manually conducted to automated, conferring stability and reliability
to activity execution and, therefore, generating value from technology application and
organizational restructuring. Through more efficient information sharing, information
propagates to stakeholders in the value chain more quickly, which can change how the
stakeholders conduct their activities as well, taking the opportunity to remove inefficiencies
from their part of the operations. Finally, as the different design elements are adopted
by offshore E & P companies through business model innovation, a new method of col-
laboration within the industry can surge and evolve the industry to an ecosystem that
addresses sustainability, innovation, the organization, technology application, and focus on
their consequences to the human element. The measurement of the extent to which these
presented elements address sustainability is a limitation of this study and is suggested as
future research.

Funding: This research was funded by the industrial PhD funding by the Norwegian Research
Council and Aker BP, grant number 291198 and open access funding was financed by the University
of South-Eastern Norway.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

54



Sustainability 2021, 13, 2113

Data Availability Statement: Not applicable.

Acknowledgments: The author is grateful to Associate Ziaul Haque Munim and Cecilia Haskins for
feedback on earlier drafts of the manuscript.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Cassagne, T.; International Petroleum Industry Environmental Conservation Association; International Association of Oil & Gas
Producers. Environmental Management in the Upstream Oil and Gas Industry; IOGP: London, UK, 2020.

2. Alvik, S.; Bakken, B.E.; Onur, O.; Horschig, H.; Koefoed, A.L.; McConnel, E.; Rinaldo, M.; Shafiei, E.; Zwarts, R.J. Energy Transition
Outlook 2020—A Global and Regional Forecast to 2050; DNV GL: Hovik, Norway, 2020.

3. International Energy Agency. The Oil and Gas Industry in Energy Transitions: Insights from IEA Analysis; IEA: Amsterdam,
The Netherlands, 2020.

4. Alvik, S.; Bakken, B.E.; Onur, O.; Horschig, H.; Koefoed, A.L.; McConnel, E.; Rinaldo, M.; Shafiei, E.; Zwarts, R.J. Energy Transition
Outlook 2020—Power Supply and Use; DNV GL: Hovik, Norway, 2020.

5. Rodrigue, J.-P. The Geography of Transport Systems, 5th ed.; Routledge: New York, NY, USA, 2020.
6. Demirbas, A.; Bafail, A.; Nizami, A.-S. Heavy oil upgrading: Unlocking the future fuel supply. Pet. Sci. Technol. 2016, 34, 303–308.

[CrossRef]
7. U.S Energy Information Administration. Energy Use for Transportation. Use of Energy Explained. 2020. Available

online: https://www.eia.gov/energyexplained/use-of-energy/transportation.php#:~{}:text=Petroleumisthemainsource,
innaturalgaspipelinecompressors (accessed on 19 November 2020).

8. Oil Industry International Exploration and Production Forum; United Nations Environment Programme Industry and Envi-
ronment Centre. Environmental Management in Oil and Gas Exploration and Production: An Overview of Issues and Management
Approaches; UNEP: Oxford, UK, 1997.

9. United Nations Development Programme; International Finance Corporation; International Petroleum Industry Environmental
Conservation Association; Center on Sustainable Investment. Mapping the Oil and Gas Industry to the Sustainable Development
Goals: An Atlas. United Nations. 2017. Available online: http://www.ipieca.org/resources/awareness-briefing/mapping-the-
oil-and-gas-industry-to-the-sustainable-development-goals-an-atlas/ (accessed on 19 November 2020).

10. United Nations. United Nations Sustainable Development Goals—Climate Change. UN Knowledge Platform. 2015. Available
online: https://sustainabledevelopment.un.org/post2015/transformingourworld/publication (accessed on 19 November 2020).

11. Zalasiewicz, J.; Williams, M.; Steffen, W.; Crutzen, P. The new world of the anthropocene. Environ. Sci. Technol. 2010, 44, 2228–2231.
[CrossRef] [PubMed]

12. Van Dokkum, K. Ship Knowledge—A Modern Encylopedia; Dokmar: Enkhuzien, The Netherlands, 2003.
13. Inkpen, A.; Moffett, M.H. The Global Oil & Gas Industry: Management, Strategy & Finance; PennWell Books: St. Tusla, OK, USA,

2011.
14. Aas, B.; Halskau, Ø., Sr.; Wallace, S.W. The role of supply vessels in offshore logistics. Marit. Econ. Logist. 2009, 11, 302–325.

[CrossRef]
15. Olesen, T.R. Offshore Supply Industry Dynamics: Business Strategies in the Offshore Supply Industry; Copenhagen Business School:

Copenhagen, Denmark, 2016.
16. Stopford, M. Maritime Economics; Routledge: New York, NY, USA, 2013.
17. American Petroleum Institute; International Association of Oil & Gas Producers. Sustainability Reporting Guidance for the Oil

and Gas Industry. 2020. Available online: https://www.ipieca.org/media/5115/ipieca_sustainability-guide-2020.pdf (accessed
on 19 November 2020).

18. Jære, L.; Norwegian Environment Agency. Environmental Impact of Oil and Gas Activities. BarentsWatch, 25 August 2016.
Available online: https://www.barentswatch.no/en/articles/Environmental-impact-of-oil-and-gas-activities/ (accessed on
19 November 2020).

19. Bech, C.; Rashidbeigi, S.; Roelofsen, O.; Speelman, E. The future is now: How oil and gas companies can decarbonize. McKinsey,
7 January 2020. Available online: https://www.mckinsey.com/industries/oil-and-gas/our-insights/the-future-is-now-how-oil-
and-gas-companies-can-decarbonize (accessed on 21 November 2020).

20. Baden-Fuller, C.; Haefliger, S. Business models and technological innovation. Long Range Plan. 2013, 46, 419–426. [CrossRef]
21. Forbes-Cable, M.; Liu, W. Digital Disruption: Upstream Supply Chain Threats and Opportunities. Available online: https://www.

woodmac.com/reports/upstream-oil-and-gas-digital-disruption-upstream-supply-chain-threats-and-opportunities-310260/
(accessed on 19 November 2020).

22. World Economic Forum and Accenture. Digital Transformation Initiative—Oil and Gas Industry. 2017. Available online:
http://reports.weforum.org/digital-transformation (accessed on 19 November 2020).

23. Eglash, S.; Fisher, K. Sustainable Energy for All: Opportunities for the Oil and Gas Industry; Accenture: New York, NY, USA, 2012.

55



Sustainability 2021, 13, 2113

24. Evans, S.; Vladimirova, D.; Holgado, M.; Van Fossen, K.; Yang, M.; Silva, E.A.; Barlow, C.Y. Business model innovation for
sustainability: Towards a unified perspective for creation of sustainable business models. Bus. Strat. Environ. 2017, 26, 597–608.
[CrossRef]

25. Florescu, M.S.; Ceptureanu, E.G.; Cruceru, A.F.; Ceptureanu, S.I. Sustainable supply chain management strategy influence on
supply chain management functions in the oil and gas distribution industry. Energies 2019, 12, 1632. [CrossRef]

26. Al-Debei, M.M.; Avison, D. Developing a unified framework of the business model concept. Eur. J. Inf. Syst. 2010, 19, 359–376.
[CrossRef]

27. Zott, A.; Aamit, R. The business model: Recent developments and future research. SSRN Electron. J. 2011, 37, 1019–1042.
[CrossRef]

28. Bucherer, E.; Eisert, U.; Gassmann, O. Towards systematic business model innovation: Lessons from product innovation
management. Creat. Innov. Manag. 2012, 21, 183–198. [CrossRef]

29. Veit, D.; Clemons, E.; Benlian, A.; Buxmann, P.; Hess, T.; Kundisch, D.; Leimeister, J.M.; Loos, P.; Spann, M. Business models: An
information systems research agenda. Bus. Inf. Syst. Eng. 2014, 6, 45–53.

30. Arciszewski, T. Morphological analysis in inventive engineering. Technol. Forecast. Soc. Chang. 2018, 126, 92–101. [CrossRef]
31. Buzuku, S.; Farfan, J.; Harmaa, K.; Kraslawski, A.; Kässi, T. A case study of complex policy design: The systems engineering

approach. Complexity 2019. [CrossRef]
32. Im, K.; Cho, H. A systematic approach for developing a new business model using morphological analysis and integrated fuzzy

approach. Expert Syst. Appl. 2013, 40, 4463–4477. [CrossRef]
33. Kwon, M.; Lee, J.; Hong, Y.S. Product-service system business modelling methodology using morphological analysis. Sustainability

2019, 11, 1376. [CrossRef]
34. Zwicky, F. Discovery, Invention, Research through the Morphological Approach; MacMillan: New York, NY, USA, 1969.
35. Tukker, A. Eight types of product-service system: Eight ways to sutainability? Experiences from suspronet. Bus. Strateg. Environ.

2004, 260, 246–260. [CrossRef]
36. Kley, F.; Lerch, C.; Dallinger, D. New business models for electric cars—A holistic approach. Energy Policy 2011, 39, 3392–3403.

[CrossRef]
37. Bocken, N.M.P.; Short, S.W.; Rana, P.; Evans, S. A literature and practice review to develop sustainable business model archetypes.

J. Clean. Prod. 2014, 65, 42–56. [CrossRef]
38. Ahmad, N.K.W.; De Brito, M.P.; Rezaei, J.; Tavasszy, L.A. An integrative framework for sustainable supply chain management

practices in the oil and gas industry. J. Environ. Plan. Manag. 2016, 60, 577–601. [CrossRef]
39. Gassmann, O.; Frankenberger, K.; Csik, M. The St. Gallen business model navigator. Int. J. Prod. Dev. 2013, 18, 249–273.
40. Bouncken, R.B.; Kraus, S.; Roig-Tierno, N. Knowledge- and innovation-based business models for future growth: Digitalized

business models and portfolio considerations. Rev. Manag. Sci. 2019, 20, 1–14. [CrossRef]
41. Osterwalder, A.; Pigneur, Y. Business Model Generation: A Handbook for Visionaries, Game Changers, and Challengers; John Wiley &

Sons: Hoboken, NJ, USA, 2010.
42. Chesbrough, H. The role of the business model in capturing value from innovation: Evidence from Xerox Corporation’s

technology spin-off companies. Ind. Corp Chang. 2002, 11, 529–555. [CrossRef]
43. Trott, P. Business Models. In Innovation Management and New Product Development, 6th ed.; Pearson: New York, NY, USA, 2017;

pp. 412–444.
44. Chesbrough, H. Business model innovation: Opportunities and barriers. Long Range Plan. 2010, 43, 354–363. [CrossRef]
45. Morris, M.; Schindehutte, M.; Allen, J. The entrepreneur’s business model: Toward a unified perspective. J. Bus. Res. 2005, 58,

726–735. [CrossRef]
46. Markides, C. Disruptive innovation: In need of better theory. J. Prod. Innov. Manag. 2006, 23, 19–25. [CrossRef]
47. Joyce, A.; Paquin, R.L. The triple layered business model canvas: A tool to design more sustainable business models. J. Clean.

Prod. 2016, 135, 1474–1486. [CrossRef]
48. Ebneyamini, S.; Bandarian, R. Explaining the role of technology in the dynamics of the players business models in the global oil

playground. Int. J. Energy Sect. Manag. 2019, 13, 556–572. [CrossRef]
49. Raut, R.D.; Narkhede, B.; Gardas, B.B. To identify the critical success factors of sustainable supply chain management practices in

the context of oil and gas industries: ISM approach. Renew. Sustain. Energy Rev. 2017, 68, 33–47. [CrossRef]
50. Stevens, P. International Oil Companies; Chatham House: London, UK, 2016.
51. Gardas, B.B.; Raut, R.D.; Narkhede, B. Determinants of sustainable supply chain management: A case study from the oil and gas

supply chain. Sustain. Prod. Consum. 2019, 17, 241–253. [CrossRef]
52. Wendel, D. Maritime Forecast to 2050; DNV-GL: Hovik, Norway, 2017; pp. 1–17.
53. Hassani, H.; Silva, E.S.; Al Kaabi, A.M. The role of innovation and technology in sustaining the petroleum and petrochemical

industry. Technol. Forecast. Soc. Chang. 1027, 119, 1–17. [CrossRef]
54. Bengtsson, M.; Kock, S. “Coopetition” in Business Networks—To cooperate and compete simultaneously. Ind. Mark. Manag. 2000,

29, 411–426.
55. Cooper, M.C.; Lambert, D.M.; Pagh, J.D. Supply chain management: More than a new name for logistics. Int. J. Logist. Manag.

1997, 8, 1–14. [CrossRef]

56



Sustainability 2021, 13, 2113

56. Squire, B.; Cousins, P.D.; Brown, S. Cooperation and knowledge transfer within buyer-supplier relationships: The moderating
properties of trust, relationship duration and supplier performance. Br. J. Manag. 2009, 20, 461–477. [CrossRef]

57. Mackenzie, W. Upstream Supply Chain in Brief ; Wood Mackenzie: Edinburgh, UK, 2019.
58. Martin, M.J.C. Managing Innovation and Entrepreneurship in Technology Based Firms; John Wiley and Sons Inc.: New York, NY, USA,

1994.
59. Bergman, L. Ways the Oil & Gas Industry Is Trying to Become More Sustainable and Green. Biofriendly Planet, 7 March 2019.

Available online: https://biofriendlyplanet.com/eco-awareness/air-quality/emissions/ways-the-oil-gas-industry-is-trying-
to-become-more-sustainable-and-green/ (accessed on 19 November 2020).

60. International Petroleum Industry Environmental Conservation Association. Exploring Low-Emissions Pathways for Transport.
2019. Available online: www.ipieca.org (accessed on 19 November 2020).

61. Albjerk, N.B.; Danielsen, T.K.; Krey, S. Operational Planning and Disruption Management in Offshore Logistics. Master’s Thesis,
Norwegian University of Science and Technology, Trondheim, Norway, 2015.

62. Borch, O.J.; Batalden, B.-M. Business-process management in high-turbulence environments: The case of the offshore service
vessel industry. Marit. Policy Manag. 2014, 42, 481–498. [CrossRef]

63. Elhedhli, S.; Merrick, R. Green supply chain network design to reduce carbon emissions. Transp. Res. Part D Transp. Environ. 2012,
17, 370–379. [CrossRef]

64. Seuring, S.; Müller, M. From a literature review to a conceptual framework for sustainable supply chain management. J. Clean.
Prod. 2008, 16, 1699–1710. [CrossRef]

65. Wanasinghe, T.R.; Gosine, R.G.; James, L.A.; Mann, G.K.; De Silva, O.; Warrian, P.J. The Internet of things in the oil and gas
industry: A systematic review. IEEE Internet Things J. 2020, 7, 8654–8673. [CrossRef]

66. Wanasinghe, T.R.; Wroblewski, L.; Petersen, B.K.; Gosine, R.G.; James, L.A.; De Silva, O.; Mann, G.K.; Warrian, P.J. Digital twin for
the oil and gas industry: Overview, research trends, opportunities, and challenges. IEEE Access 2020, 8, 104175–104197. [CrossRef]

67. Ehret, M.; Wirtz, J. Unlocking value from machines: Business models and the industrial internet of things. J. Mark. Manag. 2017,
33, 111–130. [CrossRef]

68. Nguyen, T.; Gosine, R.G.; Warrian, P. A systematic review of big data analytics for oil and gas industry 4.0. IEEE Access 2020, 8,
61183–61201. [CrossRef]

69. West, B.; Lafferty, T. Synchronizing the offshore supply chain creates new value. Offshore 2008, 68, 78–81.
70. KonKraft. Project Competitiveness—Changing Tide on the Norwegian Continental Shelf ; KonKraft: Oslo, Norway, 2018.
71. McKinsey. Supply Chain 4.0—The Next-Generation Digital Supply Chain. 2016. Available online: https://www.mckinsey.

com/business-functions/operations/our-insights/supply-chain-40--the-next-generation-digital-supply-chain (accessed on
19 November 2020).

72. KonKraft. The Energy Industry of Tomorrow on the Norwegian Continental Shelf Climate Strategy towards and 2030–2050; KonKraft:
Oslo, Norway, 2020.

73. Hall, A.D. Three-Dimensional Morphology of Systems Engineering. IEEE Trans. Syst. Sci. Cybern. 1969, 5, 156–160. [CrossRef]

57





sustainability

Article

Systemic Modeling of the Peace–Development Nexus

Bernard Amadei

Citation: Amadei, B. Systemic

Modeling of the Peace–Development

Nexus. Sustainability 2021, 13, 2522.

https://doi.org/10.3390/su13052522

Academic Editor: Cecilia Haskins

Received: 16 February 2021

Accepted: 22 February 2021

Published: 26 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

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/).

Department of Civil Engineering, University of Colorado, Boulder, CO 80309-0428, USA; amadei@colorado.edu;
Tel.: +1-303-929-8167

Abstract: As we enter the third decade of the 21st century, the value proposition of promoting
sustainability and peace in the world has become more imperative than ever. It is an appropriate time
to pause and reflect on what a post-pandemic COVID-19 world will look like and what constitutes a
new mindset toward a more sustainable, stable, peaceful, and equitable world where all humans
live with dignity and at peace. As emphasized in this paper, the new mindset must acknowledge
that sustainability and peace are two entangled states of dynamic equilibrium. It is hard to envision
a sustainable world that is not peaceful and a peaceful world that has not endorsed sustainable
practices. This paper looks more specifically at the value proposition of adopting a systems approach
to capture the linkages between selected development sectors (e.g., SDGs) and peace sectors (e.g.,
positive, negative, and cultural). Basic system dynamics (SD) models are presented to illustrate the
peace–development nexus dynamics. The models are general enough to be used for different contexts
and scales.

Keywords: peace–development nexus; SDGs; system dynamics; mindset; COVID-19 pandemic

1. Introduction

The year 2020 is likely to be remembered as a pivotal moment in socio-economic devel-
opment worldwide. Starting with an outbreak believed to have started at the end of 2019,
COVID-19 has evolved into a “democratic super disease” [1] that “respects no borders” [2].
The pandemic has revealed existing forms of vulnerability, injustice, and inequality; pushed
more people into poverty [3]; and impacted peace negatively worldwide [4].

The pandemic has shown the fragility, interconnectedness, and diversity of human
life and the close linkages between humans and their environment. It has negatively
affected all the systems involved in socio-economic development and negatively disrupted
public life, predominately for humanity’s most vulnerable sections. As summarized in
the 2020 sustainable development report [5], “the world is facing the worst public health
and economic crisis in a century”. The World Bank predicts a “lost decade” for the world
economy [6]. On the flip side, the pandemic “has brought out some of the best human
characteristics; self-sacrifice in helping others; empathy and solidarity despite the need for
social distancing” [7]. It is also a “wake-up call and a training ground to enhance our joint
and resilient response to future pandemics and other external disturbances” [7].

The pandemic has also stressed the challenges in planning, designing, and imple-
menting humanitarian and development interventions and programs. According to the
Alliance for Peace Building [8], “In 2020, nearly 168 million people needed humanitar-
ian assistance and protection—about 1-in-45 people in the world—the highest figure in
decades”. Combined with the many planetary challenges already existing before 2020
(e.g., population growth and migration, urbanization, climate change, and environmental
protection, among many others), the pandemic has added confusion and uncertainty about
intervening appropriately in the systems (social, economic, cultural, ecological, and techni-
cal) deemed responsible for these challenges. There is a realization that the uncertainty and
predictability of these systems can only be handled using systems thinking and tools of
complexity science. In the context of a post-2020 world, systems thinking can be used to (i)
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capture various socio-economic development dynamics, (ii) explore different intervention
scenarios, and (iii) develop integrated and collaborative solutions that transcend local and
national boundaries [9].

As we enter the third decade of the 21st century and navigate through what Tooley [10]
referred to as “VUCA (volatile, uncertain, complex and ambiguous) times”, it is appropriate
to pause and reflect on (i) what a post-pandemic world would look like for a growing and
more urbanized world’s population [11]; (ii) how to build back better (rather than return to
the old normal) more resilient and equitable inclusive societies that put all people back at
the center of human and economic development [12]; and (iii) how to build capacity and
increase resilience at different scales (household, community, national, and regional) to
cope and adapt to future adverse events and challenging conditions (e.g., climate change
and natural disasters). Together, answering these questions will hopefully contribute to
creating a much anticipated sustainable and peaceful world for all.

Since 1990, many authors and organizations have advocated the need for a paradigm
shift in the way humans interact with each other and the environment on which they
depend. The overarching goal of building a more sustainable, stable, peaceful, and equi-
table world where all humans live with dignity and peace is not new. It has been in the
mind of many constituencies during the 20th century, starting with the League of Nations
(1920–1946), followed by the United Nations ever since. It was the underlying thrust behind
the publication of Common Future [13] and Agenda 21 [14], and in establishing the Millen-
nium Development Goals (1990–2015) and, more recently, the Sustainable Development
Goals (SDGs, 2015–2030) agenda, also known as Agenda 2030. This agenda represents a
comprehensive plan of action that involves five critical aspects of sustainability: people,
planet, prosperity, partnerships, and peace [15].

The noble vision of a more sustainable, peaceful, equitable, and stable world empha-
sized by the SDGs since 2015 is worthy of consideration. Paraphrasing Albert Einstein,
“Problems cannot be solved with the same level of thinking [mindset] that created them”;
a question arises as to whether the original SDGs’ vision and its associated mindset and
precepts are still relevant after 2020 or need to be updated. There seems to be a consen-
sus on the need to readjust socio-economic development to reflect the new normal of a
post-2020 world [16,17]. As noted by Sachs et al. [5], “COVID-19 will have several negative
impacts on most SDGs”. Implementing the SDGs agenda and mitigating these impacts
may take more years to implement than planned in 2015 or even early 2020.

As noted by UNDP [3], the value proposition of sustainability and peace in the world
of tomorrow has become more imperative than ever. Simply put, it is hard to envision a
peaceful and sustainable world in the foreseeable future with yesterday’s normal(s). It is
time to acknowledge that “a world divided by wealth and poverty, health and sickness,
food and hunger, cannot long remain a stable [and peaceful] place for civilization to
thrive” [18]. More than ever, science, technology, and innovation (STI) have a critical role
to play in creating a peaceful and sustainable world for all [7].

This paper presents first some insights into the new development mindset for a post-
2020 world. It builds on the joint dynamic of peace and development discussed in the
article by Amadei [19]. The paper looks more specifically at using system dynamics to
model the linkages and dynamic interactions between some development and peace sectors
of interest rather than modeling how to achieve a specific or a combination of several SDGs.
The generic models presented herein can explore the peace–development nexus in a high
abstraction and strategic level of decision-making and implementation and different con-
texts and scales. However, the models require policymakers and practitioners to develop
a systems thinking mindset first and be willing to explore the various interdependencies
between peace and development.

2. A New Post-2020 Mindset

A new mindset is urgently needed to implement humanitarian and development
interventions and programs in a post-2020 world. This recommendation is based on Mead-
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ows’ [20] observation that changing the mindset in any system represents the place (i.e.,
leverage) to intervene with the highest return on the investment. However, such interven-
tion is not as easy as it sounds, since the new mindset components must first be clearly
outlined, understood, and adopted by multiple stakeholders (e.g., insiders and outsiders in
development projects and programs) before they are implemented and assessed over time.
In general, adopting a new mindset is initially challenging since it implies behavior change,
which takes time and can be difficult for certain groups of stakeholders, policymakers,
and practitioners involved in humanitarian and development aid.

It is interesting to note that the recommendation for a new mindset is already part
of the post-2020 vernacular literature discussion. It is common to read, for instance,
that changing the mindset for many constituencies is about “adopting a new normal” and
“pivoting”. This naïve concept ignores the fact that there was never a one-size-fits-all
normal to start with before the pandemic but rather multiple normal(s), some better than
others. In addition, pivoting is fine if there is a vision attached to it. Without it, there is a
danger of ending up pointing in the original direction. With that in mind, creating a more
sustainable, stable, and equitable world where all humans live with dignity and peace
must be done in an intelligent, systemic, fair, and compassionate manner where normal is
seen “as a plural”. This approach departs from the dominant neoliberal capitalistic one that
was the de facto mindset of the 20th century and the first two decades of the 21st century,
characterized by determinism, compartmentalization, fear, greed, and benefit a few [21].

Let us explore some of the many characteristics of the new mindset that humanity
must embrace to address the challenges mentioned above and adequately handle potential
future crises (natural or human-made). First, the mindset must acknowledge that the
challenges facing humanity cannot be tackled in isolation. They are complex and involve
multiple interconnected components (social, economic, cultural, and technical) specific to
the context and scale of the landscape in which they unfold. At times, these components
may even transcend national boundaries requiring regional and international collaboration.
The uncertainty, ambiguity, and unpredictable nature of the systems involved in the various
challenges facing humanity imply that a systems/integrated approach to sustainability
and peace is better suited in the new mindset than a deterministic one to capture their
dynamics and linkages, explore different intervention scenarios, and develop integrated
solutions. There is enough evidence that repeating the past business-as-usual mindset of
ignoring the complexity of the systems at play in socio-economic development and treating
them in isolation has the potential to do more harm than good [22].

A second aspect of the new mindset is that it requires humanity to reconsider its
values and socio-economic priorities (i.e., how it sees reality) and put them into practice.
A more mature level of consciousness in the day-to-day management and operation of
our institutions and our occupations [23–25] is needed. As noted by Tanabe [2], “a critical
question is emerging that faces humanity as a whole: what should come in the first place—
society or economy, strong public health or profit, citizen’s physiological, psychological,
intellectual and spiritual well-being or plutocracy”. Another remark is how to incentivize
“each human citizen as a critical and transformative agent to contribute building sustainable
global peace”. These two recommendations represent a departure from the traditional
human development dynamics where citizens are passive actors subject to policies that
“maximize the economic advantage [for a strong capitalist class] while directing little
energy to humanity’s social, cultural, and even spiritual self-improvement or maturity” [2].

Third, the COVID-19 pandemic has demonstrated “the power of [scientific research]
collaboration to create solutions quickly” [26]. The new mindset must build on such
success stories and emphasize the importance of innovation in human and economic
development at different scales (individual, household, community, country, regional,
and planetary). As suggested by TWI2050 [7], “new thoughts, frameworks, and methods for
the STI [Science, Technology, and Innovation] ecosystem to promote innovation, efficiency,
and sufficiency for the achievement of the SDGs” are needed. Innovation must lead to
solutions that embody the five aspects of Agenda 2030, i.e., they must be good for people
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and the environment, be profitable, promote human security and social justice, and create
meaningful and just partnerships [27].

Fourth, collective activities at different scales from local to international are urgently
needed to prevent further decline in human development in a post-COVID-19 world [3,5].
According to Moritz [28], to avoid further instability worldwide, socio-economic partner-
ships and collaboration must simultaneously address short-term improvements to the
current situation and long-term sustainability planning along five tracks: (1) repair what
is currently most damaged; (2) rethink change without going back to how things were,
i.e., without rebuilding the vulnerability of business-as-usual; (3) reconfigure change so
that it can happen; (4) restart change with the recommendations mentioned above; (5) and
report how change progresses with the ability for course correction through monitoring
and evaluation. Simply put, yesterday’s socio-economic development tools have a limited
range of applications in developing the world of tomorrow. The metaphor of not placing
new wine into old wineskins but using new wineskins [29] comes to mind. Innovative
development tools and priorities are needed to operate in a new socio-economic structure.

An open-ended question arises as to how Moritz’s five changing tracks affect how
the SDGs and their respective targets and indicators must be addressed now and in the
future. Another aspect of these five tracks is that they emphasize the importance of
capacity building and resilience at different scales (individual, household, community,
country, region, and global) in the overall discussion on sustainable development for the
21st century. These two concepts are not new and have been part of the development
vocabulary for a long time. A traditional approach to building capacity and resilience
is to identify and address in a fragmented manner specific issues at play in the systems
(institutional, economic, social, environmental, and infrastructure) that may prevent the
delivery of services and meeting particular SDGs. This compartmentalized approach,
driven by a need to reach some form of satisfactory equilibrium, fails to account for
possible states of synergy and trade-offs at play between these systems and the changing,
adaptive, and dynamic nature of social networks [30].

Since the 2020 pandemic is a “wake-up call and a training ground to enhance our
joint and resilient response to future pandemics and other external disturbances” [7],
the concepts of capacity and resilience must be reimagined, redefined, and strengthened
to handle future crises (e.g., health). As discussed further in a paper by Amadei [31],
a systemic approach to capacity and resilience is needed to explore possible synergies and
trade-offs at play in humanitarian and development interventions in a specific context and
scale. At the community scale, capacity and resilience cut horizontally across multiple
vertical silos of community development. One type of capacity building to achieve a
specific goal, such as providing a reliable service (e.g., water, energy, food, transportation,
etc.), could affect achieving another goal associated with a different service type over time.
Likewise, the interaction between various systems at play (e.g., institutional, sociocultural,
infrastructure, environmental, economic, etc.) at some scale may contribute to resilience
when exposed to small and large adverse events over time.

Fifth, the dynamic between insiders and outsiders involved in development and human-
itarian projects and programs needs to be participatory. Until about 30 years ago, the Western
world’s traditional approach to humanitarian and development work was top-down contrac-
tual and consultative, with limited input from the bottom-up beneficiaries [32,33]. More re-
cently, there has been more emphasis on promoting collaborative and collegial approaches
and transformation through empowerment [32,33]. Yet, development and humanitarian
work shaped by external actors remains a dominant way of doing things today.

Sixth, the new mindset must recognize the linkages between sustainability and peace.
Simply put, it is hard to envision a sustainable world that is not peaceful and a peaceful
world that has not endorsed sustainable practices. Peace is fully integrated into the sustain-
able development agenda with SDG 16 (Peace, Justice, and Strong Institutions), which is to
“Promote peaceful and inclusive societies for sustainable development, provide access to
justice for all and build effective, accountable and inclusive institutions at all levels” [5].
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Meeting SDG 16 is about the right relationships, which is contained in principle 16f of
the Earth Charter [34], defining peace as “ . . . the wholeness created by right relation-
ships with oneself, other persons, other cultures, other life, Earth, and the larger whole
of which all are a part”. According to Gittins and Velasquez-Castellanos [35], such rela-
tionships’ core characteristics include freedom and “empathy, acceptance, and honesty”.
The National Peace Academy [36] sees the right relationships as part of a peace system that
encompasses five interactive spheres of peace at the personal, social, political, institutional,
and ecological levels.

Finally, the new mindset must also include the inner dimension of human develop-
ment, i.e., what Maslow [37] referred to as esteem and self-actualization. It is interesting to
note that such needs are not explicitly emphasized in the SDGs agenda, which prioritizes
addressing outwardly the bottom tiers of Maslow’s pyramid (i.e., meeting physiological
and safety needs). This inner dimension is critical if the SDGs need to be met and the
world does not revert to past practices. A quote of Meister Eckhart [38] to support the
inner dimension of human development is pertinent here: “the outer work can never be
minor when the inner work is a major one, and the outer work can never be major or
good when the inner work is a minor one and without value”. With that in mind, one can
question the quality of our western society’s inner work, institutions, and decision-makers
based on how such groups (including ourselves) have managed planetary challenges over
the past 200 years. Lessons can be learned from less well-known non-Western forms of
human development that emphasize strengthening the whole person’s inner dimension
concurrently with socio-economic development.

3. An Integrated Approach to the SDGs

The 17 SDGs and associated targets and indicators were introduced in 2015 as a
new 15-year long road map for worldwide sustainable development at the country level.
In launching the so-called Agenda 2030, the General Assembly of the United Nations
“recognize[d] that eradicating poverty in all its forms and dimensions, including extreme
poverty, is the greatest global challenge and an indispensable requirement for sustainable
development” [15]. Compared to the preceding Millennium Development Goals (1990–
2015), the SDGs apply to all countries regardless of their development level.

Fulfilling the SDGs by 2030 is indeed a daunting task, a truly formidable undertak-
ing, unparalleled in human history. Since 2015, the comprehensive SDGs agenda has
been a work in progress, and the SDGs’ targets and indicators have been refined further.
Significant additions include introducing the SDG index and dashboards to quantify the
progress of different countries on the SDGs [39] and introducing six SDG transformations
to operationalize the SDGs’ implementation at the country level [7,40]. They include (i)
education, gender, and inequality; (ii) health, well-being, and demography; (iii) energy
decarbonization and sustainable industry; (iv) sustainable food, land, water, oceans; (v)
sustainable cities and communities; and (vi) digital revolution for sustainable develop-
ment. The 2020 sustainable report [5] proposes short-term and long-term guidelines to
address these six transformations considering the COVID-19 pandemic. Despite such
efforts, the jury is still out on how the SDGs’ targets and indicators need to be updated
individually and together to match the post-COVID-19 world’s new reality.

Another question that has always been pertinent to the SDGs agenda since its incep-
tion is how to meet the goals across different physical scales (country, cities, communi-
ties, households, and individuals) and temporal scales (short-, medium- and long-term).
Scharlemann et al. [41] remarked that progress toward sustainable development might
have synergistic benefits at one physical or temporal scale but create negative impacts,
requiring trade-offs, at other scales.

Since 2015, there has been an increasing interest in understanding and quantifying
how the SDGs interact with each other, since sustainable development is more than meeting
a series of independent goals [42]. Zelinka and Amadei [43] noted that addressing the
connections among the SDGs in a multi-sectoral integrated approach is crucial to ensure
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the coherence of Agenda 2030. Although the SDGs represent an “indivisible whole” [44],
some goals are likely to affect others positively (i.e., creating synergies) or negatively
(i.e., requiring trade-offs). In contrast, others may only have indirect interactions or no
interaction at all. Furthermore, as noted by Scharlemann et al. [41], the nature of the linkages
across the SDGs being considered depends on (i) the context and “groups of actors” at the
country level; and (ii) the perspective (socio-economic, geopolitical, geographic) used to
explore the interactions (e.g., the environment-human linkage perspective).

The socio-economic development literature is rich in contributions that emphasize,
mostly qualitatively, the value proposition of using an integrated approach to Agenda 2030.
Landmark papers, among many others, include those of Griggs et al. [44]; Nilsson et al. [45];
Griggs et al. [46]; Waage et al. [47]; Coopman et al. [48]; Vladimirova and Le Blanc [49];
Barbier and Burgess [50]; Morton et al. [51]; Lim et al. [52]; and TWI2050 [53]. Qualitative
and semi-quantitative tools have been used to quantify the SDGs’ interactions [54–58].
A noteworthy contribution to understanding the SDGs’ interdependence is the report
entitled A Guide to SDGs’ Interactions [59]. The report examined the interdependence at the
target level between SDGs # 2 (zero hunger), 3 (good health and well-being), 7 (energy),
and 14 (life below water) with the other goals, using a semi-quantitative impact factor
ranging over a seven-point scale: neutral impact (0); different levels of positive impact (+1 to
+3); and different levels of adverse impact (−1 to −3). More recently, Scharlemann et al. [41]
provided an extensive review of the different formulations proposed in the literature since
2015 that capture the interaction between the SDGs, emphasizing other interaction types
between humans and their environment. Many of these formulations use a double-causality
analysis, which, in the case of the 17 SDGs, consists of creating a 17 × 17 matrix describing
the direct influence and dependence of each SDG on the other goals. The analysis would
become more complicated if one were to analyze the SDGs’ interaction at the target level.

Quantitative tools borrowed from systems science have also been proposed to model
the SDGs’ interactions. They include, for instance, neural network analysis [60,61], cross-
impact analysis [43], and system dynamics [62]. As summarized by Zelinka and Amadei [43],
using such tools to address the SDGs has a strong value proposition when exploring how
complexity and uncertainty in the country’s systems affect the decision-making process
of policymakers and practitioners. More specifically, using the habits of systems thinking
developed by the Waters Foundation as a guide [63], systems science tools can be used to:

• Make meaningful connections across the overall Agenda 2030 and within and between
the various systems that affect the SDGs.

• Understand the big picture of sustainable development at the country level while
simultaneously paying attention to specific details.

• Explore and evaluate different perspectives in the eyes of various stakeholders involved
in decision-making from the private and public sectors, civil societies, and others.

• Appreciate how different mental models of development shape views and actions
when addressing the SDGs and selecting strategies.

• Recognize that sustainable development is a dynamic process that requires flexible
and adaptive decision-making while recognizing patterns and trends.

• Explore the role that assumptions in decision-making play in shaping outcomes.
• Realize that the structure of the systems involved in sustainable development influ-

ences its dynamic.
• Account for time-delays (short and long-term) between making country-level deci-

sions and observing the associated outcomes and how such delays require monitoring
and evaluation.

• Consider possible intended and unintended implications of decision-making and policies.
• Explore the role of some structural variables, archetypes, reinforcing and balancing

feedback loops of cause and effect, and patterns of sustainable development play in
shaping emerging behavior and identifying possible leverage points in meeting the
SDGs with a higher return on actions taken.

• Identify how accumulations and rates of change control the behavior of multiple systems.
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• Realize that sustainable development requires a flexible and adaptive approach to decision-
making, leading to good enough solutions.

• Recognize that multiple strategies, approximations, parametric and sensitivity studies
need to be considered before coherent solutions are outlined, evaluated, and an
implementation plan can be selected and implemented.

• Better understand how meeting the SDGs (and their targets) depends on the initial
country capacity and resilience and the potential for capacity building over time.

• Predict how countries may respond to different strategies of capacity development
under constraints and disturbances.

In summary, using a systems approach to address the interactions among the SDGs
(and their targets) represents an alternative to the traditional deterministic and rigid
decision process used in development worldwide over the past 50 years. As discussed
in the previous section, a prerequisite for using such an approach is that decision-makers
and practitioners involved in development interventions and programs must be willing
to adopt a new mindset of systems thinking when working in partnership with other
stakeholders. Unfortunately, the history of human and economic development over the
past 50 years shows that a lack of will often hinders any change and progress [7].

4. The Peace–Development Nexus

Since its inception, Agenda 2030 has acknowledged the coherence between peace and
development and that “there can be no sustainable development without peace and no
peace without sustainable development” [15]. The two are entangled. Understanding and
modeling the peace–development nexus requires some preliminary discussion about peace.
This section summarizes key concepts about peace necessary to understand the narratives
behind the system dynamics simulations presented below.

The peace studies and conflict management literature is rich in contributions exploring
the different aspects of peace. Peace can mean different things to different people and
cultures [64–67]. As discussed in a paper by Amadei [19], there is no such thing as a
one-size-fits-all unified and optimized static state of peace, the same way as there is no
individual united and optimized stationary state of sustainability. It is more realistic
to talk about “many [dynamic] peaces” [68] and, along the same line, “many dynamic
sustainabilities”. What works in a specific context and scale does not necessarily work and
translate somewhere else.

This paper focuses on outer peace, which seems to be of higher priority in Western
cultures and religions. Another dimension of peace, inner peace at the individual level,
is also “an essential component and precondition for a peaceful world”. Inner peace is
more in line with the world’s rich spiritual-religious traditions, such as Hinduism and
Buddhism [64]. Regardless of the culture, inner peace is positively correlated with outer
peace and is often seen as the place where peace builds outward at the individual and
institutional levels [65].

Diamond and McDonald [69] suggested that peace is more than the absence of hostility
and violence, and should be considered as “a potential, a possibility, an ever-changing
condition [state] . . . a direction in which to head, one step at a time”. Peace can be
understood as a state or a process. As a state, peace emerges from the interaction of multiple
socio-economic, infrastructure, and environmental systems operating in a constrained
landscape of specific context and scale. These systems constitute what is referred to in the
peace studies and conflict management literature as peace infrastructure [70,71].

In that infrastructure, peace can be defined as “an organizing principle and an en-
abling violent-free state of dynamic equilibrium emerging from the right relationships
among different populations and their interaction with the various systems in the land-
scape upon which they depend” [19]. This systems-based definition of peace builds on that
of sustainability proposed by Ben-Eli [72] as: “an organizing principle and a dynamic [sym-
biotic] equilibrium in the processes of interaction between a population and the carrying
capacity of an environment such that the population develops to express its full potential
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without adversely and irreversibly affecting the carrying capacity of the environment upon
which it depends”. Both aforementioned definitions lend themselves well to using systems
modeling tools to capture how the two states of peace and sustainability interact.

As a process, peace unfolds over time through peacebuilding (building conditions
for peace), peacemaking (getting parties to find common ground), and/or peacekeeping
(supporting sustainable peace) efforts. Another way of looking at peace is to see it as a
noun (outcome) or a verb (process), depending on how peace is being addressed. It should
be noted that this last remark can also be made about health, sustainability, and resilience.

As noted by Gittins and Velasquez-Castellanos [35], “there are about 35 theories of
peace, at least at the university level”. The conflict and peace studies literature frequently
refers to Johan Galtung’s work, who pioneered the concepts of negative and positive peace
in the early 1960s [73,74]. In short, negative peace relates to the absence of war and direct
or organized violence. Undesirable violence and fear of violence cease to exist due to
activities such as “ceasefires, disarmament, prevention of terrorism and state terrorism,
nonviolence” [75].

On the other hand, positive peace relates to the presence and prevalence of positive
attributes, conditions, and priorities that promote “social and economic justice, environmen-
tal integrity, human rights, and development” and contribute to the structural “integration
of human society” [73]. As remarked by Fischer [75], positive peace activities may range
from “building a life-sustaining economy at the local, national and global level in which
everyone’s basic needs are met” to “good governance and participation, self-determination,
human rights”.

Galtung [74] added another dimension of peace (cultural peace) to positive and
negative peace. It refers to the “aspects of a culture that serve to justify and legitimize
direct [negative] peace and structural [positive] peace”. Cultural peace activities may
include: “promotion of a culture of peace and mutual learning; global communication and
dialogues; development of peaceful deep cultures and deep structures; peace education;
peace journalism” [75].

Since peace is not a direct “measurable commodity” [69] and is difficult to conceptual-
ize at different contexts and scales, questions arise as to how to (i) measure it indirectly
through indicators and proxies and (ii) monitor and evaluate peace over time. The chal-
lenge here is how to measure a state that is the outcome of many interacting systems and
sub-systems (e.g., social, economic, environmental, infrastructure) with different levels of
complexity, uncertainty, and adaptability, and subject to multiple constraints (geopolitical,
environmental, cultural, etc.).

At the national level, a measure of peace was suggested by the Institute for Economics
and Peace (IEP) in Sydney, Australia [76–78]. Two indices were proposed to semi-quantify
peace: the Positive Peace Index (PPI) and the Global Peace Index (GPI). The IEP considers
positive peace as being founded on eight interdependent pillars or domains, each con-
taining three weighted indicators (Figure 1). The domains contributing to positive peace
include (i) a well-functioning government; (ii) a sound business environment; (iii) equitable
distribution of resources; (iv) acceptance of the rights of others; (v) good relations with
neighbors; (vi) a free flow of information; (vii) high levels of human capital; and (viii) low
levels of corruption. Mathematically, the PPI is the weighted average of 24 indicators.

A second index called the Global Peace Index (GPI; values of country GPIs can be
found at http://visionofhumanity.org/indexes/global-peace-index/, accessed on 10 Janaury
2021) was also proposed by the IEP to measure negative peace (i.e., the level of country
peacefulness) for the same countries as the PPI [77]. It consists of 23 indicators (10 external
and 13 internal) distributed over three domains: ongoing domestic and international
conflict, societal safety and security, and militarization. Analysis of the PPI and GPI overall
scores at the country level indicates that both indices are highly positively correlated with
a coefficient of correlation of 0.75 for data obtained from 2008–2017 [78].

66



Sustainability 2021, 13, 2522

Figure 1. The eight pillars (domains) that create positive peace according to the IEP [76–78].

Based on the values of their GPI and PPI ranging between 1 (most positive peace)
and 5 (least positive peace), the IEP [78] ranks countries into four potential peacefulness
states (i) countries with sustainable peace (high positive and negative peace); (ii) countries
with a positive peace deficit (low positive peace and high negative peace) that are likely to
experience violence in the future; (ii) countries with a positive peace surplus (high positive
peace and low negative peace) with potential to become more peaceful over time; and (iv)
countries trapped into violence (low negative and positive peace).

Although not initially proposed by the IEP, a third index, the Cultural Peace Index
(CPI), can be introduced to measure cultural peace [79]. Even though its indicators are yet
to be determined, the CPI is assumed to range between 1 and 5 for consistency with the
PPI and GPI.

The interdependence of the three PPI, GPI, and CPI indices is illustrated in Figure 2
using the peace triangle representation of Galtung [74]. In this diagram, each type of peace
influences and depends on the other two. One can interpret the area of that triangle as
representing the extent of the enabling environment in which peace unfolds over time.
Outside the triangle is the external environment of a specific context that influences the
three interacting components of peace over time.

Figure 2. The peace triangle. The state of peace unfolds in the triangle (enabling environment), where
the three aspects of peace overlap.

Although peace is intimately linked to socio-economic development [80,81], not all
forms of peace contribute positively to development and vice-versa. Whether peace is
beneficial to development depends mostly on how peace resolution and transformation
are designed, implemented, and evaluated. For instance, not addressing the root causes of
conflict may result in resuming the conflict and negatively affecting the development in
the foreseeable future [82].
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Likewise, development can positively or negatively impact peace, depending on the
type of development being implemented. It can have intended consequences or create
unintended issues [83]. For instance, inappropriate decision-making and trade-offs in
activities such as the supply and demand of water, energy, and food resources, inadequate
associated infrastructure planning and design, poor decisions in resource management
and allocation, and poor governance may result in divisions, unrest, conflict, violence,
and insecurity.

In the SDGs sustainable agenda, peace is introduced through SDG 16 (Peace, Justice,
and Strong Institutions) and contains 12 targets [5]. Peace also appears in the SDG cross-
cutting issues of gender equality, governance, health, inequalities, security, support of
vulnerable states, and sustainable cities [84].

5. System Dynamics Modeling

5.1. Background

Since the 1940s, modeling tools have been proposed in various complexity science
disciplines to address ill-defined problems (see the map by Castellani [85]). One of the
challenges when modeling complex systems is to select the most appropriate tools to
model their dynamics. As noted by Rahmandad and Sterman [86], modeling the dynamics
of a given problem depends on “the purpose of the model and the level of aggregation
appropriate for that purpose”. In short, the selected level of aggregation must match the
level of details in the available data sources and provide a balance between “simplicity and
realistic depiction of the underlying mechanisms” expected to be at play in the problem
of interest. A discussion of the pros and cons of three commonly used modeling methods
(system dynamics, discrete event modeling, and agent-based modeling) can be found in
Borshchev and Filippov [87].

System dynamics is a branch of systems science originating from Dr. Forrester’s
work in the 1960s and 1970s [88]. The technique and its multiple applications are well
documented in the landmark books by Richmond [89], Sterman [90], and Ford [91], among
many others. The value proposition of the SD method in modeling the dynamics of complex
systems includes being able to (i) capture both qualitatively and quantitatively how systems
continuously change over time due to changes in their components and their interactions;
(ii) account for non-linearities, delays, and feedback mechanisms; and (iii) illustrate that as
the structure of a system changes, so does its behavior and vice-versa. System dynamics
models are causally closed and require selecting closed boundaries. Only endogenous
components and factors (those originating from within) are assumed to form the system
structure and predominantly dictate the systems’ behavior. Compared to other systems
modeling tools, the SD method is top-down and can be applied to systems with high
aggregation levels (i.e., high abstraction levels). It is appropriate at the strategic level of
decision-making [87].

In general, SD models use two types of graphical representations of systems dynamics.
Causal loop diagrams (CLDs), not used in this paper, show qualitatively how elements of
feedback mechanisms interact causally. The other graphical representation, stock-and-flow
diagrams, consists of combining several building blocks (Figure 3) to visualize qualitatively
and quantitatively accumulation, flows, delay, and dissipation.
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Figure 3. Basic building blocks of system dynamics models.

• Stocks correspond to accumulations of something that can be measured at one point
in time. They are state variables [88] that define the current state of a system (e.g.,
peace and development).

• Flow (inflow, outflow) is represented in the form of pipelines (with a faucet controlling
the flow). Flow (i.e., flux or rate) results in changes (dynamic behavior) in the stock
accumulations and in the entire system. Flows are control variables [88] that create
changes in the state (e.g., peace and development) of a system.

• Clouds indicate infinite sources or sinks, somewhere outside of the system boundaries.
• Converters are used to convert or transform information from one stock-and-flow

path to another, or to feed information into an existing flow. A converter can also
represent a stock if there is no flow in and out of the stock. They are converting
variables. Converters can change over time and be described in a functional form.

• Connectors indicate transmission or links of actions and information (i.e., causal con-
nections) between variables such as stock-to-flow, flow-to-flow, or between converters.
One or several variables can provide input to and have some influence on another
variable through connectors.

In general, system dynamics models (SD) consist of combinations of these five building
blocks. However, it must be kept in mind that there is no such thing as a one-size-fits-all
SD model that would capture all the possible dynamics in the interaction between peace
and development in multiple contexts and scales. We present two examples of SD models
to illustrate how to capture the general dynamics at play in the interactions between peace
and development. Both were developed using the STELLA Architect software (Version
2.0) by isee systems (www.iseesystems.com, accessed on 15 January 2021). The two models
come with two interactive interfaces available online that can be used by the readers to
explore different scenarios.

5.2. A Simple Peace–Development Nexus Model

Figure 4 shows a simple goal-seeking model of nonlinear interaction between de-
velopment and peace. The two main dynamic variables (stocks) are the current states of
development (D) and peace (P). Both are assumed to involve several endogenous factors
that are context-specific and interact within a specified boundary (e.g., country). An interac-
tive user interface for this model can be found on the web (https://exchange.iseesystems.
com/public/bernardamadei/peace-development-example-1, accessed on 15 February 2021).
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Figure 4. Systems dynamics (SD) model of the dynamic between states of development (D) and
peace (P).

Starting with an initial baseline (Do, Po), both D(t) and P(t) adjust over time toward
their respective desirable states of development (DD) and peace (DP) at different adjustment
rates, ARD (per year) and ARP (per year), respectively. The actual ARD (P) rate is assumed
to be the product of an estimated basic rate and a factor that depends on the current state
of peace (~influence factor P on ARD). In Figure 4, the change in the stock D over time
(“adjusting D”) is equal to the product between ARD(P) and the gap between the desired
development state DD and the actual state D as follows:

dD
dt

= ARD(P)× (DD − D)

Likewise, the actual ARP(D) rate is assumed to be the product of an estimated basic
rate and a factor that depends on the state of development (~influence factor D on ARP).
In Figure 4, the change in the stock P over time (“adjusting P”) is equal to the product
between ARP(D) and the gap between the desired peace state DP and the actual state P
as follows:

dP
dt

= ARP(D) × (DP − P)

Note that both ARP(D) and ARD(P) may also depend on other factors (e.g., socio-
economic, political, cultural, etc.) that may influence peace and development.

Solving these two nonlinear first-order differential equations with (Do, Po) as initial
conditions would give an expression for D(t) and P(t) if we knew the functional forms
of ARD(P) and ARP(D) and associated parameters and variables (dependent and inde-
pendent). It is noteworthy that Figure 4 contains two bi-flows instead of two uni-flows
feeding the current D and P stocks. The bi-flows model a possible increase or decrease in
the two stocks. The current states (D, P) may decrease, for instance, if the ‘adjusting D’ and
‘adjusting P’ flow rates become negative. In that case, the development and peace states
would degrade over time.

Let us consider that (D, DD), and (P, DP) can be expressed respectively in generic
development units (du) and peace units (pu) ranging over two 0–100 scales. Both units
are arbitrary and are introduced here as semi-quantitative measures of development and
peace. Examples of such measures are discussed in Section 5.4.

The development and peace scales can be broken down into several achievement
level groups on an as-needed basis. Each group is specific to the context in which the
development–peace nexus analysis is carried out. As an example, the state of development
is divided into five levels of development achievement: very low development level (1–20);
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low development level (21–40); medium development level with unlikely sustainability (41–
60); sustainability possible (61–80); and sustainability likely (81–100). The same approach is
used for the state of peace by introducing five levels of peace achievement: very low (1–20),
low (21–40), medium (41–60), peace possible (61–80), and peace likely (81–100).

The approach of using a semi-quantitative rating scale to describe the qualitative state
of a variable has been used by many authors. For instance, the Institute for Sustainable
Infrastructure [92] proposed a framework called Envision™ to evaluate and rate the sus-
tainability of infrastructure projects over their life cycle. The rating system consists of five
categories with credits. They include (i) quality of life (well-being, mobility, and commu-
nity); (ii) leadership (collaboration, planning, and the economy); (iii) resource allocation
(materials, energy, and water); (iv) the natural world (siting, conservation, and ecology);
and (v) climate and risks (emissions and resilience). Points are assigned to each credit
for different project sustainability achievement levels: improved, enhanced, superior,
conserving, or restorative. Each achievement level has specific characteristics.

Similarly, Schweitzer and Mihelcic [93] proposed an assessment tool to score the sus-
tainability of rural water systems in the developing world. It is based on eight indicators:
the activity level, participation, governance, tariff payment, accounting transparency, finan-
cial durability, repair service, and system function. Based on the indicators’ values, rural
water systems are scored into three groups: sustainability likely, sustainability possible,
and sustainability unlikely.

Finally, Bouabid and Louis [94] considered eight categories of capacity involved in
delivering municipal sanitation services: service level, institutional, human resources,
technical resources, economic and finances, energy, environmental, and social and cultural.
Each category consists of several requirements. Each requirement is rated with a score
ranging between 0 and 100, broken down into five rating groups with 20 units each.
For each category of capacity, a capacity factor is calculated as the weighted sum of its
requirement scores. The lowest capacity factor is understood as the most vulnerable
place in the community where intervention to improve a specific service is first needed.
According to Bouabid and Louis [94], it can be interpreted as a semi-quantitative measure
of the stage of development of a community and its readiness to provide the service. Based
on the value of the lowest capacity factor, the stage of development varies between 1 (no
capacity) and 5 (capacity to manage centralized systems).

An SD analysis was carried out assuming that (i) the development and peace levels
are initially low with Do = 20 development units (du) and Po = 10 peace units (pu);
(ii) DD = 100 du and DP = 100 pu; (iii) the basic ARD = 0.02/year, the basic ARP = 0.01/year;
(iv) P does not impact ARD; and (v) D does not impact ARP. The other factors affecting ARP
and ARD remain constant and equal to 1. Figure 5 shows the corresponding asymptotic
increase in D and P toward their desired values. Peace increases from being initially
low to reach a low to medium achievement level. Likewise, development starts at a low
achievement level and reaches a “sustainability possible” level after 50 years.

As a second numerical example, let us consider the case where the “influence factor of
P on ARD” and the “influence factor of D on ARP” have functional forms. They are both
assumed to vary linearly between −0.2 and 1 as P and D vary between 0 and 100 peace
and development units, respectively. In this example, the initial development and peace
levels are very low with Do = 20 du and Po = 5 pu. Figure 6 shows the variation of D and P
over 50 years. Both development and peace decrease over time to very low values.
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Figure 5. A numerical example showing the variation of development and peace states with time.
The two influence factors are equal to 1.

Figure 6. A numerical example showing the variation of development and peace states with time.
The two influence factors in Figure 3 are linear functions of P and D.

Note that other numerical examples can be conducted with the STELLA-Architect
software. The software includes various functionalities that allow users to carry out
sensitivity and parametric studies and optimization.

5.3. A More Complex Peace–Development Nexus Model

The SD model in Figure 3 represents a simplified picture of the more complex dynamic
usually at play between different aspects of the peace and development states at some
specific scale and context. The second model shown in Figure 7 generalizes the dynamics
of Figure 3 when several interacting development and peace sectors are considered.

To illustrate some possible interactions, we will consider three peace sectors Pi (i = 1–3)
(positive, negative, and cultural peace) interacting with three development sectors Di
(i = 1–3) (food security, energy security, and water security). In Figure 6, layered stocks
represent the current development and peace states as (3 × 1) arrays.

Compared to Figure 3, the converter “~influence factor P on ARD” is now a 3 × 3 array
with nine components. Each represents how each peace sector affects the adjustment rate
of a development sector in a functional form. Since three peace sectors influence each
development sector, a weighted average of that influence is determined in the 3 × 1 array
converter “weighted influence P on ARD”. The user selects the weights. For instance,
positive, negative, and cultural peace may affect the adjustment rate in water security
differently. The weighted average determines how peace, in general, involves a change in
water security. The same can be done for energy and food security. The actual adjustment
rate ARDi (i = 1–3) for each development sector Di is calculated as the product between
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the “weighted influence P on ARD” for that sector and the basic adjustment rate and other
factors affecting that sector.

 
Figure 7. SD model of the dynamic between states of development (D) and peace (P). Three sectors of development and
peace are considered.

The same approach is used for the “~influence factor D on ARP”. The user selects
nine functions to describe how each development sector affects the peace sectors. In our
case, how water, energy, and food security affect positive, negative, and cultural peace.
Since three development sectors influence each peace sector, a weighted average of that
influence is determined in the (3 × 1) array converter “weighted influence D on ARP”.
For instance, water, energy, and food security may affect the adjustment rates of the three
peace sectors differently. The actual adjustment rates ARPi (i = 1–3) for each peace sector Pi
are calculated as the product between the “weighted influence D on ARP” for that sector
and the basic adjustment rates and other factors affecting that sector.

A numerical example is shown in Figure 8. In this example, the three peace sectors
and the three development sectors’ initial values are equal to 5 pu (very low peace) and 20
(low development) du, respectively. All weighing factors P on D and D on P are equal to
1/3. The desirable development and peace sectors values are equal to 100 du and 100 pu,
respectively. The basic development and peace adjustment rates are constant and equal
to 0.02/year and 0.01/year, respectively. Linear functions were selected to capture the
positive influence of peace on development and development on peace. An interactive
user interface for this model can be found on the web (https://exchange.iseesystems.com/
public/bernardamadei/peace-development-example-2, accessed on 22 February 2021).
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(a) 

(b) 

Figure 8. Variation of the three sectors of development (a) and peace (b) with time.

5.4. Discussion

The models considered above are two of many possible SD models that could be
developed to explore the linkages and feedback mechanisms between development and
peace at the country level. Both models are general enough to allow users to consider
specific development and peace sectors deemed necessary for the case study.

The arbitrary development units (du) and peace units (pu) used in the two models can
be related to existing measures of peace and sustainability. For instance, in the first model,
the overall state of peace P could be related to SDG 16, the positive peace index (PPI),
the global peace index (GPI), or a combination of PPI and GPI. Likewise, the D variable
could be some measure of development. As an example, if food security (SDG 2), energy
security (SDG 7), and water resources security (SDG 6) at the country level are assumed to
be indicators of development, D could be related to the FEW Security Index proposed by
Willis et al. [95]. This index is calculated as the geometric mean of three sub-indices related
to the food, energy, and water sectors. Finally, a third option to quantify D is to relate it to
the SDG index, which is a recent index introduced to monitor and evaluate in an integrated
way the evolution of the 17 SDGs at the country level [40].

In the second model, the development and peace states are represented by multiple
sectors. More development sectors can be included in the model, such as various SDGs,
the six SDG transformations [7,40], or the five sectors of sustainability [15]. One sector (SDG
16) or multiple sectors (positive, negative, and cultural) can represent the state of peace.

In Figures 3 and 7, the basic adjustment rates of peace and development (ARD and
ARP) and the other factors affecting peace and development, can themselves be time-
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dependent functions if necessary. Whether they are positive or negative will dictate how
one or several development sectors and peace sectors may increase or decrease in value.

It should be noted that the second model does not account for the interaction be-
tween the sectors that define the state of development and those that define the state of
peace. Accounting for such interactions would require developing more complicated SD
models [19].

Finally, it is the experience of the author that one of the challenges of developing
system dynamics models of the peace–development nexus is finding a balance between
simplicity and a realistic depiction of the structural mechanisms underlying the problem
being analyzed. SD models can quickly become overwhelming, as it is easy to fall into
selecting too many details that lead to “model paralysis in analysis”. Another challenge
related to the previous one is finding realistic data sources to estimate the model parameters
and their linkages. A third challenge is to recognize that system dynamics modeling is
not a random process. As shown in Figure 9, the comprehensive modeling of complex
peace–development nexus problems requires the following stages: (i) identification of
development and peace problems; (ii) definition of these problems; (iii) formulation of
possible SD models using causing loop diagrams and/or stock-and-flow diagrams; (iv)
selection of input parameters; (vi) model calibration to reproduce problem current and past
dynamics; and (vii) conducting parametric and sensitivity analyses toward (viii) policies
and decision making. These eight stages involve multiple feedback loops.

Figure 9. Suggested stages in system dynamics modeling (from Ford 2010). The steps consist of
those involved in qualitative modeling (right-hand side) and those involved in quantitative modeling
(left-hand side).

6. Conclusions

Extraordinary times can create unique opportunities. As we enter the third decade of
the 21st century, there is a unique opportunity to build back better and develop “dynamic
new normals” (if we want to call it that way) that do not bring back the different forms
of injustice and inequality (ecological, racial, social, economic, and gender) from the past.
Addressing the consequences of the COVID-19 pandemic while dealing with the global
challenges facing humanity today and in the near future requires adopting a new mindset.
The details of that mindset are yet to be agreed upon and implemented by the international
community. As discussed in this paper, some of the characteristics of the mindset include:
(i) using an integrated approach to socio-economic development (and humanitarian aid)
based on principles of complexity and systems science; (ii) adopting a more mature level
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of consciousness in the management and operation of our institutions and occupations;
(iii) investing in scientific and technical innovation that embody the five aspects of sus-
tainability (people, planet, profit, partnership, and peace); (iv) developing socio-economic
partnerships and collaborations that respect participation and empowerment; and (iv)
account for the inner and outer dimensions of human development.

There is a need to reconsider Agenda 2030’s priorities for the next ten years and
beyond with two goals in mind. An immediate goal is to prevent further decline in socio-
economic development that would affect society’s poorest sections the most. Another goal
is to plan for medium- to long-term sustainability. Meeting both goals requires working
on multiple tracks of change simultaneously. As suggested by Moritz [28], they include:
repairing what is currently damaged; rethinking change without building back past and
current vulnerabilities; reconfiguring development without re-adopting the business-as-
usual mindset; and reporting how change takes place through monitoring and evaluation
and proposing course correction. To that list, one can add reconnecting with the inner
dimension of human development.

Addressing these priorities and developing an action plan that guarantees a certain
level of success is not easy. As noted in the TWI2050 [7] report, “success is a matter of
choice. Choice requires the deployment of economic, political, and social instruments,
technological and cultural innovations, and changes in lifestyles to bring about the needed
transformational changes at every scale”. Unfortunately, the past 30 years have shown
that the lack of will to change from policymakers and practitioners and other geopolitical
issues often hinder socio-economic development progress. Inherent to the entire history
of socio-economic development are multiple intended and unintended roadblocks that
limit progress.

The value proposition of sustainability and peace in the world of tomorrow has
become more imperative than ever. Both are entangled. Not effectively addressing SDG
16 may jeopardize all other SDGs [96]. However, addressing how peace interacts with
SDGs using a systems approach is not straightforward. As shown in the simple SD
models herein, understanding the peace–development nexus requires selecting the sectors
that define peace and development. Another challenge is quantifying how development
changes the state of peace and how peace changes the state of development. Data and case
studies are needed to quantify such complex interactions to be able to consider trade-offs
and synergies.

Sustainable development is more than meeting independent goals [97,98]. There is
no one-size-fits-all approach to addressing the linkages between the SDGs systematically.
All models are context- and scale-specific and are based on an interpretation of reality,
but not the reality itself. What works at one scale may not work on another scale.

Finally, a limitation of the SDGs is that they are defined at the country level but cannot
be scaled down to other levels. A question remains as to how relevant the SDGs are at the
local level when outside experts define them with limited or no input from those who face
the actual problems [35].
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Abstract: The United Nation’s sustainable development goals (SDGs) are interconnected and indi-
visible and need to be addressed in a systematic and holistic way. However, a lack of stakeholder
perspective, fragmented responses, and a dearth of integration across sectors have long been per-
ceived as the SDGs’ main pitfalls. In recent years, scholars are calling to address these issues by
adopting a systems engineering perspective, as this approach espouses a stakeholder-focused posi-
tion, embraces a holistic and dynamic mindset, and provides a variety of technical and managerial
toolkits, which can help to untangle the complexity and interactions inherent in global sustainabil-
ity. Nevertheless, little has been done to map the existing literature, comprehensively review, and
synthesize research evidence in this field. Therefore, this paper aims to conduct a scoping study
that analyzes the extant evidence to uncover the contributions of systems engineering in advancing
the SDGs. A three-phase methodology integrating natural language processing and systematic
literature review is used to investigate this space. We conclude that systems engineering has been
an active catalyst promoting the SDGs, and that systems engineering has the potential to support
more transdisciplinary research to achieve long-term transformational and sustainable change across
sectors and disciplines.

Keywords: sustainable development goals; systems engineering; systems thinking; complex adaptive
systems; socio-technical systems; system of systems; cyber physical systems; natural language pro-
cessing

1. Introduction

Sustainable development has become an underlying strategy to guide global trans-
formation [1]. The goal of sustainable development has evolved from pursuing the single
goal of sustainable use of natural resources to resolving the complexities of economic
development, environmental protection, and societal polarization [2]. In September 2000,
the United Nations (UN) Millennium Summit published the Millennium Development
Goals (MDGs) comprising 8 key areas and 21 operational goals [3]. These goals guided
national development and international cooperation for the first 15 years in the new century.
In 2012, the UN Conference on Sustainable Development in Rio de Janeiro called for a
revision of the MDGs [4]. On 25 September 2015, the General Assembly of the UN adopted
a resolution “Transforming our world: the 2030 Agenda for Sustainable Development” [5].
The agenda announced 17 sustainable development goals (SDGs) and 169 specific targets.
They replaced the MDGs and strive to shift the world onto a more sustainable path.

Since the SDGs were announced, scholars have invested considerable effort in identi-
fying new sustainable solutions to face the complex and interwoven challenges. The key
is to take an integrated and balanced consideration of the three dimensions relating to
sustainable development: economic, social, and environmental. Barbier and Burgess [6]
were among the first to advocate using a systems approach to characterize sustainability

Sustainability 2021, 13, 3176. https://doi.org/10.3390/su13063176 https://www.mdpi.com/journal/sustainability

81



Sustainability 2021, 13, 3176

in terms of the optimization of goals across social, economic, and environmental systems
through an adaptive process of trade-offs.

According to the agenda, the 17 SDGs should be viewed in an integrated manner and
cannot be separated from each other [5]. However, in reality, the SDGs are very broad
and diverse. They are overly fragmented in their formulation and largely sectoral [7]. In
other words, there is a lack of integration across sectors in terms of strategies, policies
and implementation. Little guidance has been given on how to trade off and balance the
goals [6]. In addition, the SDGs have been criticized for lacking stakeholder perspectives
and being ambiguous about their target audience [8]. Furthermore, Laurent et al. [9]
advocated that more attention should focus on the method and approach to achieve these
goals. Therefore, the achievement of the SDGs needs a holistic and systematic approach.
The dynamics and complexity of the SDGs should be considered when prioritizing and
optimizing the goals [10]. It is clear that there is an urgent need for a holistic and systematic
perspective when seeking a feasible solution to harmonizing the SDGs [11,12].

However, addressing sustainability in such a wide range of contexts can be highly
complex. This diversity suggests a need for a systematic and multidisciplinary approach to
help tackle these problems. Systems engineering is a suitable methodology to help with
this. Systems engineering [13] is an integrative and transdisciplinary approach that focuses
on establishing, balancing and integrating stakeholders’ requirements. It also focuses on
the entire life cycle process to achieve goals, considering the levels of uncertainty, variety,
change, and complexity. Systems thinking [14] is at the heart of systems engineering, as it
considers the interconnections, dynamics and emergent behavior of system components.
In other words, it can focus on the patterns of change rather than a static ‘snapshot’ of the
current problem. In addition, the systems approach advocates and follows a system life
cycle process, which can identify potential risks at the earliest stakeholder requirement
definition and system conceptualization stage. This can help recognize ecologically or
socially problematic decisions and manage the sustainability impacts throughout the entire
life cycle of a process, product, or service.

Although systems engineering has many functions and benefits, there is a dearth of
research that analyzes the connectivity between systems engineering and the SDGs. For
example, little is known about where systems engineering has been used to advance the
SDGs, and what systems engineering knowledge has been used in previous studies.

In order to address these deficits, our paper presents a scoping study that identifies
existing synergies between systems engineering and the SDGs and helps build a foundation
for future research directions. Whereas there are various methodological approaches for
scoping studies [15], we focused on the most cited ones [16–18] and tailored them to our
needs. Furthermore, we integrated natural language processing (NLP) [19] and systematic
literature review (SLR) [20] in the process to pursue and ensure a rigorous and transparent
method for synthesis and analysis. We adopted a three-phase analytical approach, namely
(1) data collection and pre-processing, (2) data visualization and analysis, and (3) results
interpretation. NLP is used in the first two phases and the principles of the SLR guides us
throughout the study.

This research identifies the relevant literature and analyzes and interprets the crossovers
and synergies between systems engineering and the SDGs. The results identify specific
areas in which sustainable development can apply systems engineering knowledge to
obtain sustained competitive advantage while attempting to address the sustainability
expectations of the SDGs.

2. Materials and Methods

The research methodology involves three phases. As shown by the schematic figure
(Figure 1), they are: Phase I, data collection and pre-processing, Phase II, data visualization
and analysis, and Phase III, results interpretation. The following subsections further explain
each phase.
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Figure 1. Research process.

2.1. Phase I: Data Collection and Pre-Processing

The first phase of the study involves assembling an SDGs dataset and a literature
dataset. The SDGs dataset is made up of the 17 goals and their 169 targets and was obtained
from the UN Sustainable Development Goals website. The literature dataset is composed
of a group of scientific papers that uses systems engineering to advance the SDGs. We
used SLR techniques to attain this scientific paper dataset. More specifically, we designed
our search strings to retrieve papers that apply systems engineering core concepts to the
context of sustainable development. The search query ensures that it returns any document
whose title, abstract or keyword contains at least one term related to systems engineering
and at least one term related to sustainable development. The search terms are listed in
Table 1. We repeated the same query in many leading databases to ensure an adequate
coverage, including Scopus, Web of Science, ProQuest, Science Direct, and IGI Global, and
then we removed any duplicates.

Table 1. Search terms.

Search Terms Related to Systems
Engineering

Search Terms Related to SDGs

systems engineering, systems thinking,
systems theory, systems science, systems

approach, systems modelling, systems life
cycle, systems analysis, system of systems,

complex systems, complex adaptive systems,
cyber-physical systems, sociotechnical systems,

systems engineer

sustainable development, sustain, sustainment,
sustainability, SDGs

The review was completed progressively over several weeks. To ensure their relevance
and to confirm that each paper aligned well with our study, papers were carefully reviewed.
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The results were filtered to include only peer-reviewed, English-language academic articles
for which full-text papers were available. A dataset of 45 unique papers resulted in this.

2.2. Phase II: Data Visulization and Analysis

The second phase involved an application of an emerging method in artificial intel-
ligent called natural language processing (NLP). This method is proven to be useful in
concept extraction, topic modeling, and content categorization to explore large datasets
and has been employed by a diverse range of users. We used it to iteratively build up a
map of associated concepts to analyze the concept crossovers and themes within the topic
area. To apply this method, we used a text processing tool called Natural Language Toolkit
(NLTK). NLTK is one of the most powerful NLP libraries which contains packages to parse
text datasets. The approach taken is as follows.

First, we defined the key concepts. Here, a concept comprises a collection of terms
that describe the same thing and often travel together throughout the text. To determine
whether a term is related to a concept, it was weighted according to how frequently it
occurs in a sentence that contains the concept, compared to how frequently it occurs else-
where. The occurrence of each word in a phrase makes an adequate contribution to the
cumulative evidence for the presence of a concept, since terms are weighted. To eliminate
duplicates, group similar terms, remove incorrectly defined terms, and maintain a stable
collection of outcomes, the resulting concepts were manually vetted. Next, we created
themes which comprise a cluster of interconnected concepts. Though clustering, a thematic
view of relationships between concepts was generated. In other words, we used NLTK
to interpret document sets and built maps of key concepts, where their relationships are
suggested by their connectedness or distance on the map. Qualitative analyses can be
carried out on the basis of quantitative, algorithmic analysis by analyzing the resulting
concept map, frequency distributions, and relationships between both concepts and themes.
NLP was used to detect the main concepts present in the datasets (according to their fre-
quency of occurrence), cluster these concepts, and consequently uncover the relationships
between them.

There are two datasets involved in the study, i.e., the SDGs dataset and the literature
dataset. As shown by Figure 1, they are both analyzed using NLP.

The NLTK processed a digital copy of the SDGs and associated targets. To obtain
a frequency distribution of the concepts, the full text of the 17 objectives and the corre-
sponding 169 target specifications were processed over several iterations. For clarification,
terms inappropriately defined as concepts (e.g., ‘including’, ‘particular’, ‘inclusive’) were
discarded manually from the study. As a result, we generated a list of key concepts that
contain the core information with their frequency of occurrence in the SDGs text. We then
developed a concept map that demonstrate how these concepts are thematically linked.

Regarding the literature dataset, the full texts of the 45 papers were analyzed from
four dimensions. First, we used the key concepts generated from the SDGs dataset as seed
concepts and applied them to the literature dataset to examine how these concepts are
addressed and covered by the literature. This approach allowed us to evaluate the concept
crossovers and connectivity between the SDGs and the literature. Next, the literature
dataset was analyzed through NLP and resulted in a frequency distribution of the key
concepts within the literature and a concept map. We then compared the outcomes with
the concept map of the SDGs dataset to distinguish the similarity and differences. Finally,
to gain a better understanding of the themes covered by the literature, we developed a
thematic map. Together with the analysis above, the thematic map was used to identify
research trends, as well as to interpret research gaps.

This phase was not intended to investigate specific cases of how systems engineering
is applied to advance SDGs, but to establish the concept crossovers between the SDGs and
the extant research performed via systems engineering perspectives.
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2.3. Phase III: Results Interpretation

The third phase produced a detailed and extensive interpretation of the integrated
results from the NLP analysis as well as from the literature review. Our goal was to
provide insights on the following three aspects, i.e., what research themes emerged from
the literature, how systems engineering supports the implementation of the SDGs, and
why systems engineering can add value to the SDGs. By analyzing the above questions,
we investigated where systems engineering and the SDGs overlap, and consequently
determine the crossovers and connectivity between them.

3. Results

3.1. Results from Phase I

A total of 45 academic articles that focus on systems engineering and the SDGs were
identified through the search and initial review, including 35 journal articles, 6 conference
papers, and 4 book chapters. Publication per year generally followed an upward trend (as
shown in Figure 2), with only 1 paper published in 2009, 2012, 2015, and 2016, respectively,
5 papers in 2017, 13 papers in 2018, and 15 papers in 2019. Since this time, the numbers
have decreased marginally, with 8 published in 2020.
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Figure 2. Trend of the publications over the timeframe 2009–2020.

The journals in this area are written in the fields of environmental science, social sci-
ence, energy, engineering, public health, earth and planetary science, chemistry, sociology
and political science, education, and ecology. The literature focuses on the use of systems
thinking, systems approach, and integrated tools to implement the SDGs, spanning the
three pillars (environmental, social and economic) of sustainable development. Major
application areas include information, energy, production, health, technology, climate,
and policy.

3.2. Results from Phase II
3.2.1. NLP Analysis for the SDGs

Figure 3 shows the stable concept map that depicts the relationships between the con-
cepts generated from the SDGs dataset through NLP. The results provide 38 key concepts
that characterize the SDGs and later become the seed concepts that are used to analyze the
crossovers with the literature dataset.

In Figure 3, the size of the dots represents the frequency of occurrence (the larger
the dots, the higher the frequency). The length of the lines linking the dots represent the
co-occurrence of two concepts in the corpus (the shorter the distance, the more often they
co-occur in a sentence). As the generation of the concept map is based on how often two
concepts travel together in the SDGs text and how closely they are to each other, we can
use the concept map to present whether two concepts are mentioned together repeatedly

85



Sustainability 2021, 13, 3176

in the same context. As a result, several clusters were constructed represented by the same
color in Figure 3, where the concepts gather and become a theme.

Figure 3. Concept map with clusters derived from natural language processing (NLP) analysis of the
sustainable development goals (SDGs).

Major collocations that emerge from the NLP analysis are ‘least developed’ and
‘development countries’, which is unsurprising given the context in which they were
released. Both are at the center of the red cluster. We found ‘capacity’ and ‘support’ are
close to ‘developing countries’, while ‘development’ is at the boundary of the red cluster,
linking the yellow cluster as well. The second largest dot is ‘sustainable’, which appears in
the green cluster. This cluster is related to the sustainable use of ecosystems and resources
(key concepts including ‘energy’, ‘resources’, ‘sustainable’, ‘natural’, and ‘technology’).
The green and the red clusters are located closely next to each other, indicating that
they have concepts that overlap between the two, such as ‘resources’, ‘enhance’ and
‘international’. The green and the yellow clusters share a fuzzy boundary, where ‘resources’
and ‘technology’ links with each other. The rest of the clusters are relatively far away from
the main body, but they form several distinct themes. For example, there is a separate
theme that stands out. This is colored in purple. It emphasizes the importance of the safety
of women and the assurance of education and access to needs for women (‘women’, ‘safe’,
‘education’, ‘access’ and ‘affordable’). We found ‘affordable access’ is frequently mentioned.
It is in the middle of the purple cluster and the yellow cluster, linked with the purple cluster
by ‘ensure’ and with the yellow cluster by ‘services’. In addition, ‘services’ is connected
with ‘health’ closely. Based on these observations, we infer that the SDGs emphasize an
affordable access to health-related services.

However, in the stable concept map, ‘management’ is often located on the outside (in
pink), with few connections, suggesting that this idea is not addressed to any great degree
in the text of SDGs.

3.2.2. NLP Analysis for the Literature

We conducted two types of NLP analysis on the literature dataset. The first analyzed
the concept crossovers and connections between the literature and the SDGs. In other
words, we used the 38 concepts as seed concepts and analyzed how frequently they are
discussed in the 45 papers. The second analysis was conducted only on the literature
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dataset itself and was done to identify the key concepts and themes of the 45 papers. From
the first analysis, the concepts identified from the SDGs (as seed concepts) and also shown
in the literature dataset, along with their frequency counts and relevance scores are shown
in Table 2. Figures 4 and 5 are the concept map and thematic map developed from the
literature dataset, respectively.

Table 2. Concept crossovers and connectivity between the SDGs and the literature.

Concept Count Relevance % Concept Count Relevance %

energy 1128 100 natural 289 26
development 1095 97 services 283 25
sustainable 1071 95 developing 246 22

use 939 83 capacity 241 21
management 625 55 policies 217 19

health 581 52 achieve 200 18
economic 578 51 international 176 16

global 568 50 effective 165 15
countries 438 39 women 150 13

access 424 38 ensure 140 12
people 407 36 financial 127 11

technology 404 36 promote 117 10
resources 401 36 least 117 10
provide 359 32 safe 103 9

education 352 31 enhance 82 7
public 345 31 affordable 80 7

support 341 30 implement 61 5
developed 308 27 accordance 16 1

increase 293 26 strengthen 14 1

Figure 4. Concept map with clusters derived from NLP analysis of the literature.
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From Table 2, we found that of the 38 concepts identified as key in the analysis of
the SDGs (concepts in Figure 3), all 38 are directly identified as having some degree of
relevance in the literature dataset. This relevance varies from ‘energy’ at 100% and 1128
mentions in the literature dataset, to ‘strengthen’, which receives only 14 mentions and has
a relevance score of 1%. The crossovers between the SDGs and the literature in the field of
systems engineering and sustainable development are representative of the fact that all
concepts appear in the literature dataset.

Figure 4 shows the concept map of the 45 papers, with the key concepts highlighted
in large dots and the clusters forming several different topic groups. The literature focuses
on key concepts including ‘systems’, ‘sustainability’, ‘model’, ‘data’, ‘energy’, ‘SDGs’,
‘information’, and their interaction with ‘sustainable development’, along with ‘social’,
‘economic’ and ‘environmental’ factors. These concepts are further grouped into themes
based on their relationships in a concept map, as shown by Figure 5.

Figure 5. Thematic map derived from NLP analysis of the literature.

Comparing Figure 4 with Figure 3, we found that Figure 4 contains many identical
concepts that appeared in the SDGs but also include many other concepts that are relative
to systems engineering. Moreover, in Figure 4, the clustering is more obvious. The core
concepts of the red cluster and the yellow cluster are relevant to systems engineering and
sustainability. The three pillars of the SDGs (social, environmental and economic) are on
the boundary. What is interesting is that the concepts ‘environmental’ and ‘social’ are
closer to the red cluster, whereas ‘economic’ is close to ‘food’, ‘growth’ and ‘change’. The
blue cluster is more about ‘innovation’, ‘process’ and ‘knowledge’, with ‘policy’ acting as
a glue to hold them together. There is a special focus on ‘information’ and ‘data’ in the
literature, which stands out alone (the lime green cluster). To better illustrate the themes,
we developed a thematic map shown by Figure 5.

In Figure 5, we found that the literature contains several themes, such as sustainable
development and systems engineering (including systems thinking, approach, framework,
etc.), smart city and urban system, life cycle impact assessment, climate change, business
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model, research that is relevant to the three pillars, innovation, resources and production,
power and energy, as well as data and information. The results obtained from the NLP
analysis of the literature help us to understand the general research foci and trends. They
offer a bird-eye view of the extant literature that focuses on using systems engineering to
advance sustainable development.

3.3. Results from Phase III

In the third phase of the analysis, we conducted an in-depth analysis of the 45 papers.
They are categorized by their theoretical foundations in relation to systems engineering,
such as systems thinking, socio-technical systems, complex adaptive systems, system of
systems, etc. For each domain, we analyzed the definitions of the key concept related
to systems engineering especially for the context of sustainable development research.
We are particularly interested in what research themes have emerged from the literature,
how systems engineering supports the implementation of the SDGs, and how systems
engineering can add value to the SDGs.

3.3.1. Systems Engineering

By definition, systems engineering is a transdisciplinary and integrative approach to
enable the successful realization, use, and retirement of engineered systems, using systems
principles and concepts, and scientific, technological, and management methods [13]. In the
overall life cycle context, systems engineering deals with the analysis and design, operation
and maintenance of large interconnected systems and helps to maintain the scale and
constraints of a multidisciplinary research problem [21]. In the study of sustainable devel-
opment, systems engineering is seen as a provider of knowledge principles and practices
that better facilitate the integration of economic, environmental and social efficiency and
effectiveness in achieving sustainable development [22]. It provides the holistic perspective
needed to guide the analysis, design, implementation, integration and maintenance of
complex systems composed of different interrelated components interacting together to
reach a specific goal [23].

System engineering is important to sustainable development mainly due to the fol-
lowing three aspects.

First, model-based systems engineering enables the design of complex systems, es-
pecially for large systems that support sustainability [24–26]. For example, building the
architecture of large earth observation systems heavily relies on successful systems mod-
elling [27]. These systems are essential to analyze natural environment changes, predict
the impact of the changes on humans, and offer a decision-making support in response to
the environmental changes. Model-based systems engineering plays a role in ensuring the
design and implementation of such systems.

Second, systems engineering has the potential to significantly contribute to the eval-
uation of socio-technical systems [28–30]. For instance, Palmer et al. [31] used systems
engineering to develop a framework for a systematic and systemic mapping of bioeco-
nomic transitions within and between socio-technical systems. The conceptualization of
bioeconomy transitions naturally leads itself towards systems engineering, as systems
engineering offers a socio-technical perspective.

Third, systems engineering can assist decision-makers to implement the SDGs in
an improved, consistent, traceable, and transparent manner. Deshpande and Aspen [21]
provide a systems engineering framework to make SDGs more practical. This stepwise
framework, embedded in system engineering, uses models to help create clear, traceable,
and transparent connections between SDGs, targets, strategies for change and decisions.

These three points prove the positive impact that system engineering has on the SDGs.
Next, we analyze in detail how the core concepts of systems engineering are applied in
sustainable development research.
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3.3.2. Systems Thinking

Systems thinking has been interpreted in numerous ways. The core features include a
recognition of interrelationships and the use of holistic approaches [32,33], an investigation
of dynamic and emergent behavior arising from feedback [34], and a focus on patterns of
change rather than static ‘snapshots’ [35]. Systems thinking is founded on the conviction
that parts of the system will behave differently when viewed in isolation [36].

According to our analysis, systems thinking contributes to the realization of the
SDGs in two ways. First, understanding the critical linkages among the SDGs requires
systems thinking [37,38]. Second, systems thinking is applied to solve specific problems
that contribute to the implementation of one or some SDGs [39–41].

Regarding the first point, many researchers have discussed the importance of systems
thinking in analyzing SDGs. Allen et al. [38] endorsed the use of systems thinking to
define and evaluate interlinkages among the SDGs and examine synergies and trade-offs
to promote the formulation of visions, plans and strategies. As the SDGs framework gains
momentum, all 17 goals and their interrelationships should be taken into consideration [42].
Additionally, as the SDGs cannot be approached in a linear and deterministic way, it is
important to consider the dynamic condition that is inherent in the SDGs. Systems thinking
provides a greater understanding of how the dynamics exist by exploring the relations
and changes within the system [43]. In addition, the application of the SDGs explicitly
calls for an integrated, comprehensive, multi-stakeholder solution to be created [44]. This
signifies the need for systems thinking in practice to enhance better conversations and
cooperation globally.

Regarding the second point, many studies have shown that pivoting from unsustain-
able to sustainable in a particular space requires systems thinking. While these studies
come from several application areas, special attention has been paid to integrating systems
thinking into education. For example, many researchers have agreed and proved that in-
corporating systems thinking into the chemistry curriculum can equip the next generation
with the skills required to produce more sustainable and cleaner technologies, bringing
the planet closer towards a sustainable society [34,40,45]. A systems thinking mindset is
also crucial to engineers because a sustainable engineering system will not only require
engineers have analytical skills, creativity, and a wide breadth of education but also take
into account the multiple impacts on the natural, economic and social environment [46,47].
Therefore, the promotion of systems thinking in engineering education is crucial for equip-
ping engineers with a sense of sustainability. Eustachio et al. [48] believed the key is
to relate the complexity of sustainability to educational learning outcomes. It is system
thinking that offers tools for complexity management by moving problem frameworks
from linear explanations of cause-effects to an understanding of the broader context in
which interventions may occur. Reynolds et al. [44] discussed the role of systems thinking
in practice for supporting SDGs implementation capability. Kioupi and Voulvoulis [49]
developed a framework that enables stakeholders in education to create a shared vision of
sustainability, with the SDGs as endpoints. Systems thinking is used as a methodology to
look at the overall picture of the importance of education in facilitating such transformation.
A systems thinking approach has also been used in other studies to optimize the sustainable
use of the system, such as scaling-up local measures for better medical care [32], scaling-up
food production [50], growing sustainable aquaculture [36], understand the impact of land
management [51], smart and sustainable city [43]. Although these endeavors happened
in different domains, systems thinking offers opportunities for improving knowledge
exchange through wider engagement.

3.3.3. System Theory, Systems Analysis, System Dynamics, and Systems Modeling

Systems theory has a long history and is inseparable from systems science and systems
thinking. General system theory [52] discusses the holism and wholeness of a system, the
need for integration of knowledge, open and closed systems, feedback loops, interactions
between elements of the system, and emergence. Systems theory is closely related to
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cybernetics. Now, system theory has spread and evolved to other fields such as business,
management and biodiversity [53]. System theory has also been used to better understand
social systems and predict behavior [54]. It is beneficial to the SDGs because it helps to
develop a holistic viewpoint when developing a new framework for sustainable devel-
opment, enabling traceability of stakeholder requirements and equality of stakeholders
from all over the world [55]. Consequently, the SDGs can be viewed in a systemic way,
reducing complexity for governments, scholars and civil society engaged in the process of
expanding awareness to take steps towards a more sustainable system.

Systems science is broken down into systems theory, systems analysis and cyber-
netics [56]. The perspectives gained from systems theory and cybernetics contributes to
various interdisciplinary approaches. Especially notable is the approach called system
dynamics, which is used to help explain nonlinear behavior in complex systems. It is a
systems analysis approach that is used to research behavioral patterns of systems. Ober-
steiner et al. [57] proposed a design methodology focused on the dynamics of systems to
determine the effects of earth observation systems, which have tremendous potential to
help ensure the planet’s sustainable future. Systems analysis is an evolving tool for the
evaluation of interlinkages between SDGs that can be used to help the prioritization of
targets [58]. The application of systems analysis leads to more equitable, more resilient and
more sustainable assistive technology [35].

Ideally, a sustainability evaluation should incorporate the assessment of a consequence
caused by a certain mechanism or transition in our environment. To this end, the integrated
system modeling of complex systems will form the basis of a comprehensive assessment of
sustainability and can provide a clearer vision of the dynamics of the globe [59].

3.3.4. Socio-Technical Systems

A socio-technical system is a collection of stakeholders, their networks, practices, and
knowledge; the technologies they use; their collective representations; and the standards
and rules they adopt [30]. The broad range of sustainability transition literature addresses
the long-term transformation of socio-technical systems into sustainable systems in various
fields, such as renewable power [29,60,61], transportation [62], and agricultural and food
systems [30,39]. In the SDGs, for instance, the energy system is represented mainly as a
technological system rather than a complicated socio-technical one. Nevertheless, for the
latter, improvements in consumer behavior or other behavioral changes tend to balance
several of the modern technology’s beneficial effects. In addition, socio-technical systems
also have low- and no-tech responses to challenges [29].

3.3.5. Complex Adaptive Systems

Complex adaptive systems are systems whose behaviors emerge on different spatial
and temporal scales as a result of non-linear interrelationships, among a large number of
elements without central control [50]. Within a system and between a system and its envi-
ronment, they contain several complex, interconnected components. They are open systems,
which means that elements and systems have an effect on the system beyond the boundaries
of the observed system and its influence, and vice versa. Rusoja et al. [33] conceptualized
healthcare systems as a complex adaptive system which is a set of interacting entities that
change quickly in relation to each other and their shared environment. The value of this
approach is that complex adaptive systems necessarily reflect the evolving environment, its
key actors and their connections in medical comprehension over time, helping planners to
consider and optimize health outcomes more effectively. Jagustović et al. [50] discussed the
contribution of systems thinking as a conceptual method and the characteristics of complex
adaptive systems as a basis for supporting the scaling-up of sustainable agriculture.

3.3.6. System of Systems

A complex system of systems, ranging from individually unique non-physical influ-
encers to a wider collection of social and environmental influencers who have a common
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effect on the larger society-environment-economy system, strongly influences human,
ecological and economic outcomes. Via several layers of systems that interact in many
ways, sustainability plays a major role [63]. At the micro-level, there are individual layer
systems. At meso-level, there are various forms of infrastructure, such as production and
transportation, power generation, wastewater treatment and control, etc. At macro-level,
the infrastructure consists of interconnected networks, including the power grid and the oil
and gas storage and networking. System of systems engineering is explicitly meant to ad-
dress problems of this essence. It allows decision-makers to solve the challenges of creating
a robust system of systems that tackles the measurement of sustainability performance [64].

System of systems engineering involves identifying interconnections between tech-
nology, management, environmental and social issues, finances, and corporate strategies.
The system of systems architecture and the system life cycle approach are essential to
addressing various requirements and planning for long-term sustainable operation and
maintenance [65]. System of systems engineering promises a toolset that have been adapted
to modelling, simulation, optimization, and decision analysis of complex systems with
both quantitative and qualitative characteristics. To resolve the need for a straightforward
description of the process to develop the required technical, financial, and managerial sup-
port modules, a system of systems hierarchy spanning social, economic, and operational
levels can allow sustainable development and strategic planning [23].

3.3.7. Cyber Physical Systems

Cyber physical systems can be characterized as systems that interconnect physical
and software components to generate large-scale effects, each functioning on different
temporal and spatial scales, demonstrating multiple and distinct behavioral mechanisms,
and communicating with each other in a variety of context-changing ways [66]. It is a
revolutionary technology when combined in manufacturing, wherein knowledge is strictly
managed and coordinated from all relevant perspectives between the physical assembly
line and the cyber computational space [67]. A cyber physical system connects a layer of
physical components, such as workstations, components, and equipment, with a cyber layer
of information systems, through sensors and devices. In other words, the virtualization
of the process is achieved by cyber-physical systems. To attain a sustainable community
on a worldwide scale as soon as practicable, it will be vital to allow communication and
cooperation, such as knowledge sharing, triggering actions, and autonomous control
between humans, machines, and materials.

The Japanese Cabinet’s ‘Society 5.0’ initiative aims to establish a sustainable society
through a cyber-physical system for human security and well-being [68]. Via cyber-physical
systems, it is possible to analyze and visualize various big data artifacts obtained from
low-power intelligent sensor networks and kept in information cloud storage using high-
computing analytical tools in cyberspace. Such useful data, often difficult to notice for
humans alone, can inform the actions taken by decision-makers to resolve social challenges
and economic development in the physical realm.

4. Discussion

This paper presents the first scoping study on the crossovers and connectivity between
systems engineering and the SDGs.

To do this, we adopted an innovative approach and integrated the emerging technique
of NLP to the established SLR process. Consequently, we present a comprehensive analysis
of the connectivity between systems engineering and the SDGs.

Our paper contributes a comprehensive and theoretically grounded picture of the
crossovers and connectivity between systems engineering and the SDGs. This research pro-
vides a useful lens for analyzing the existing resolutions in moving towards more holistic,
dynamic and integrated perspectives for sustainable development. Systems engineering
practitioners and the sustainability research community can refer to this body of work
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when designing and improving the current implementation framework according to their
value creation goals.

As with other studies, our review has the potential for bias. For instance, if the scoping
review does not consider all available data, selection bias can occur. Our search query (as
shown in Table 1) contains the key concepts within systems engineering domain. However,
it is inevitable that papers that contain other systems engineering concepts (that are not
considered in Table 1) cannot be retrieved from the search. As our study aims to ensure a
broad coverage of literature related to systems engineering and sustainable development,
we believe the design of the search terms is appropriate for this particular study.

Due to the large coverage of the search inherent in the method, scoping reviews take
a considerable amount of time to finish. The number of studies included in the review
process can be sizable by design. Thus, a large research team could enhance the screening
of a greater number of studies and consider other references for potential inclusion in the
scoping analysis.

This scoping study is not an end but a beginning which is intended to lead into
further work. It has looked at a broad range of systems engineering core concepts for
helping to achieve the SDGs but has not been able to consider each of the goals in details.
This again highlights the gaps in current practices for using systems engineering core
concepts to understand and explain the complexity behind sustainability. The need for
examining existing frameworks and methods that can be used to assess this type of work
is therefore urgent.

5. Conclusions

The present study was designed to analyze the existing literature that uses a systems
engineering perspective to advance the SDGs. One of the significant findings to emerge
from this study is that systems engineering has great potential to contribute to global
sustainability. It offers various approaches and toolsets to enable the success of complex
systems, drives the evolution of socio-technical systems, and assists decision-makers
to implement the SDGs in an improved and traceable manner. Our investigation also
determines the relationship between systems engineering and sustainable development
and proposes interactions that may contribute to the achievement of the SDGs. It confirms
that systems engineering has been recognized as an effective way to reframe the SDGs.

The insights gained from this study may be of assistance in creating a better under-
standing of the concept crossovers between systems engineering and sustainable devel-
opment. It lays the groundwork for future research into the holism and dynamics of the
SDGs and adds to the growing body of research that advocates using systems engineering
methods to integrate sectoral efforts towards global sustainability. Systems engineering can
act as a shared foundation for future research in harmonizing, optimizing and advancing
the SDGs.

We hope that our findings, analysis, and discussion can pave the way for an apprecia-
tion of the value of systems engineering for the SDGs. We expect that future studies can
take advantage of the crossovers between systems engineering and the SDGs to discover
specific ways that systems engineering can contribute to a sustainable future.
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Abstract: The climate crisis requires a global transition toward sustainable practices. In this tran-
sition, policy makers face the challenge to take along a wide variety of stakeholders with own
interests, needs, and concerns. This research explores the combined use of conceptual models and
roadmapping to facilitate understanding, communication, reasoning, and decision-making between
a large heterogeneous set of stakeholders. We apply these methods, in the form of action research, in
several smaller research projects at a small town in the Netherlands. We find that the combination of
conceptual modeling and roadmapping facilitates discussions between heterogeneous stakeholders
on complex transition problems, such as the energy transition, at a local scale. However, we see a
significant gap in the way of thinking and communicating between experts and decision-makers,
which requires additional means to connect them.

Keywords: roadmapping; energy transition; sustainability; conceptual modeling

1. Introduction

In this paper, we study methods and techniques from the systems engineering domain
to cope with the tremendous complexity of the global challenge of the energy transition.
We build upon [1], that proposes the use of roadmapping as a method for analyzing the
sustainability transition at the local level and using conceptual modeling to support shared
understanding, communication, and reasoning about options.

Phaal et al. [2] propose roadmapping to provide a temporal overview, e.g., from the
past to the long-term future. Conceptual models are models that are simple enough to pro-
mote shared understanding and communication and, at the same time, substantial enough
to create meaning and value. Conceptual modeling builds upon a way of working from
various disciplines, such as simulation [3,4], soft systems methodology [5], collaborative
working [6], and systems engineering [7].

The sustainability transition is a global scale challenge that relies upon every available
human expertise. The United Nations have defined 17 Sustainability Development Goals
(SDGs) [8] as an organizing framework. A systems engineering perspective suggests many
factors that make the SDGs and the energy transition so challenging:

• Earth as natural system
• The Systems of Systems (SoS) characteristics
• Many solutions need inventing, e.g., they are unknown or uncertain
• The scope is broader than sociotechnical
• The global variety of stakeholders.

The International Council of Systems Engineering (INCOSE) [9] states,

Systems Engineering is a transdisciplinary and integrative approach to enable
the successful realization, use, and retirement of engineered systems, using systems
principles and concepts, and scientific, technological, and management methods.

“We use the terms “engineering” and “engineered” in their widest sense:
“the action of working artfully to bring something about.” “Engineered sys-
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tems” may be composed of any or all of people, products, services, information,
processes, and natural elements.

This paper explores and illustrates systems engineering methods that support building
(shared) understanding, communication, and reasoning for complex problems, using
roadmapping and conceptual modeling to address the challenges of the energy transition.

The goal of this research is to find ways to support society in dealing with these
transition challenges and to accelerate the sluggish transition. The research questions that
addressed in this paper are as follows:

• RQ1. How can we help a heterogeneous set of stakeholders to formulate a shared
understanding of the current situation and of the options and their consequences to
resolve them?

• RQ2. How can a shared understanding help in reasoning about the solutions and, in
that way, help in decision-making and preparing governance?

• RQ3. What is a manageable set of conceptual models to achieve understanding,
reasoning, communicating, and decision-making?

The research design is that we apply these methods at a local level, e.g., a town of
30 thousand inhabitants, rather than at national level (e.g., tens of millions of inhabitants)
or global level (billions of humans). We hope to gain insights from using the methods on a
smaller scale that may help to address the even more complex transition at national and
global levels and apply the insights to the SDG framework.

The contribution of this paper is the combined use of roadmapping and conceptual
modeling and their application in a societal context toward the energy transition, as part of
the sustainability transition.

The paper continues with background on the sustainability and energy transition in
general and the challenges in addressing these transitions, followed by a brief descrip-
tion of the town that we used in the case. The next section provides the theory behind
roadmapping and conceptual modeling. The materials and methods section discusses the
research design. In the results section, we show various results achieved so far. Finally,
we discuss the progress of the municipality toward the sustainability transition and the
findings related to the research questions.

1.1. The Global Sustainability Challenge

The United Nations provides a scientific framework through the Intergovernmental
Panel on Climate Change (IPCC) and a sociopolitical framework through the SDGs and the
Paris agreement. The IPCC relates the climate insights in [10] to the SDGs, and it links the
specific needs for the energy transitions with the SDGs. A core message is that humanity
must reduce the CO2 (and greenhouse gasses overall) to zero emissions by 2050 to stay at
1.5 ◦C temperature rise, as agreed in the Paris agreement [11]. The SDG framework sets the
broader sustainability context for the energy transition.

1.2. What Makes the Energy Transition So Challenging

Earth is a natural system with complex properties and behavior. Even an organization
like the IPCC, with many well-respected scientists, does not claim a complete understand-
ing of our own planet.

The energy system is a System of System (SoS) to the power of n. Maier [12] defines
SoSs as having managerial independence, operational independence, geographic separa-
tion, emergent behavior, and evolutionary development. Interestingly, constituent systems
of the energy system have no full operational independence in the current grid architecture;
however, they fulfill all other SoS characteristics. The energy system has many layers of
systems, from (inter)continental grids, national grids with its power sources and controls,
regional and local grids, individual buildings, and other platforms, down to personal
power producing or consuming devices. The technologies and constituent systems of the
energy system of the future are still under development or, worse, not yet invented. The
2050 target date is probably beyond most people’s horizon.
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The energy system is sociotechnical, with all the dimensions, political, economic,
social, technical, environmental, and legal (PESTEL) [13] having relevance. Heleen de
Coninck, one of the main authors of the IPCC report SR1.5 [14], states in [15], “Technologies
are always part of a cultural, social, economic, legal, and policy-based system. With a fundamental
change in the energy system, they also change with it. Or maybe they even have to change first to
make the technological change possible.”

Lastly, the number of stakeholders is huge, as is their variety of roles, power, and
knowledge. The stakeholder field is complex, due to the psychosocial and political nature
of humans. Perceptions, emotions, personal, organization, and national interests make
the problem domain more complex than the field of engineered systems, where systems
engineering originates.

1.3. Introduction to the Town Best, Where the Research Takes Place

The approach of this research is to use action research to apply roadmapping and
conceptual modeling at a local scale on specific parts of the energy transition. We will report
on an initial roadmap and set of conceptual models that we made for the town named Best
in the South of the Netherlands; see Figure 1. Best has about 30 thousand inhabitants. It
is a town and municipality with a council and several aldermen as administration. For
the energy strategy, Best is part of the metropolitan region Eindhoven [16]. In turn, the
metropolitan region is part of the province Noord Brabant.

 

Best

Figure 1. Best in Noord Brabant in the south of the Netherlands.

2. Methods from Systems Engineering

2.1. Theory of Roadmapping

Phaal [2] provides the basic framework of roadmaps with a horizontal timeline span-
ning short-term, medium-term, long-term, and vision. Vertical layers define why, what,
and how. The more specific guidelines for sustainability roadmaps [17] explicitly add
policy instruments and governance in the how layer. Figure 2 shows the starting point of
the roadmapping based on [2,17].

Roadmapping is a well-researched field. Phaal [18] maintains a bibliography with
over 1100 references. The website https://www.cambridgeroadmapping.net/ (accessed on
20 March 2021) provides examples, templates, research, and experiences of roadmapping
over a broad set of domains, including global applications and organizations, such as the
International Energy Agency (IEA) in the energy sector and United Nations organizations,
such as the United Nations Framework Convention on Climate Change (UNFCCC) [19]
and United Nations Industrial Development Organization (UNIDO) [20]. The UNIDO
report [20] uses Foresight as another common name for methods to envision the future.
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Figure 2. A 5-layer Roadmap Model.

2.2. Theory of Conceptual Modeling

Conceptual modeling has multiple origins, e.g., physics, for development of simula-
tions, as a means for collaborative working, or as means for conceptual design in systems
engineering. The common denominator between these various origins is the value of
concepts to facilitate communication and thinking. In this subsection, we will discuss some
of these origins.

There is a broad field of methods in collaborative working that use conceptual modeling
more or less explicitly:

• Design Thinking [21], with a heavy emphasis on human interactions.
• Gigamapping, originating in systems-oriented design [22], employs many kinds of

visualizations on a so-called gigamap to enhance communication. Gigamapping
relates to design thinking in its interaction style.

• Neely et al. [6] propose collaborative conceptual modelling as a tool for transdisci-
plinarity. The workshops that this method [23] proposes are quite similar to gigamapping.

The field of simulations also provides much literature on conceptual modeling. Sar-
gent [24] defines conceptual models as “the mathematical/logical/graphical represen-
tation (mimic) of the problem entity developed for a particular study.” Many authors,
e.g., [3,25,26] relate the use of conceptual models to simulation. Robinson [3,4] asserts, “It
is almost certainly the most important aspect of a simulation project,” and “conceptual
modelling is more of an ‘art’ than a ‘science’ . . . .”

In the systems engineering field, there are many forms of conceptual modeling, as the
various engineering disciplines all use their domain-specific conceptual models. Blanchard
and Fabrycky [7] cover a wide variety of (conceptual) models. Tomita et al. [27] discuss the
conceptual system design and propose to apply design thinking to lift the discussion from
data and information level to knowledge and wisdom level. Montevechi and Friend [26]
propose the use of Soft Systems Methodology (SSM) [5] in developing conceptual models.
In the context of the energy transition, which is a challenge across technology, economy,
society, and environment, the use of SSM makes a lot of sense. Systems Thinking is an
essential competence when developing conceptual models. For example, Jackson [28] links
systems thinking to address highly complex problems.

In this paper, we build on the author’s earlier work [29]. Conceptual models bridge
the first principle and empirical worlds. Empirical models provide a means to capture what
we observe and measure without an understanding of what we observed. First-principle
models are models that use the theoretical principles from science, such as the laws of
physics, to explain the behavior of a property using the first principles. These models
often take the form of mathematical equations and formulas. When we enter values in the
formulas, then we can compute the resulting property for these values. A conceptual model
explains observations and measurements using a selection of first principles. A conceptual
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model is a hybrid of empirical and first-principle models. It needs to be simple enough to
understand and to reason, while it must be realistic enough to make sense.

3. Materials and Methods

A major challenge in researching these transdisciplinary problems is the number of
relevant disciplines, each with its own frameworks and research methods. For instance,
the research of heating options may require an understanding of thermodynamics, while
the problem of acceptance by inhabitants requires social sciences.

Given the urgency and importance of the energy transition problem, this research
adopts a pragmatic approach. First, we limit the research to a single, small, town. Next, we
decompose the research into smaller research projects with a limited scope, such that the
smaller research project can apply the specific research method suitable to the nature of
that research topic.

The main research method is action research [30], all conducted in the context of this
town. Each researcher visited the town and had access to the stakeholders and was given
the opportunity to explore and test their findings in this real-world situation. The research
took place in steps:

1. Preparation and project definition with the local stakeholders [31]
2. Creating the initial roadmap in cooperation with the local stakeholders [1,32]
3. Creating and operating a task force of representative stakeholders that discusses,

maintains, and operationalizes the roadmap
4. Further studies of specific aspects of the roadmap (not yet published)
5. Continuous observations of the local situation

Steps 3 and 4 partially overlapped with the Covid-19 pandemic situation, which
clearly affects the research, since the interaction with stakeholders was quite different.

The principal investigator is an inhabitant of this town and member of the sustainabil-
ity cooperation. The other researchers came from outside the town and, in some instances,
from outside the country. The double role of the principal researcher is clearly a dilemma
in the research design. Benefits of such close ties are:

• The in-depth knowledge of the local situation.
• The access to relevant stakeholders.
• The a priori overview of the local situation.

Risks of such close ties are:

• Lack of objectivity.
• Bias from relations or from personal opinions and beliefs.
• Pressure from inhabitant stakeholders.

These risks exist for action research anyway [33], but the double role may exacerbate
them. We expect that the benefits outweigh the risks. However, we acknowledge that the
validity of the research is limited by this choice. The validity of this research is therefore
limited in many directions. Generalizations are not possible, but the combined findings
and methods applied offer insight for researchers in the domain.

4. Results

4.1. Step 2. Creating the Initial Roadmap

Laura Elvebakk, who studied Industrial Economy at University of South-Eastern
Norway in Kongsberg (USN), helped to create an initial sustainability roadmap for Best
during her master project in 2019 [1]. Figure 3 shows her approach, where she alternated
interviewing stakeholders and synthesizing results in workshops. The initial interviews
and workshop focused on the two top layers of the roadmap (the why), e.g., objectives and
trends and possible solutions and capabilities. The second set of interviews and workshops
elaborated the next layers (the what and how), e.g., what are the means, resources, and
governance that we need to create the solutions and capabilities to achieve the objectives
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and cope with the trends? The time frames defined were short-term (2019–2021), medium-
term (2022–2025), and long-term (2026–2030).

 

Figure 3. Interview and workshop progression [1].

The result was an initial roadmap as shown in Figure 4, and [32] discusses the roadmap
contents. The main elements of the roadmap are

 

Resources

Governance

!
!

!

!

!

Figure 4. Summary of the initial Sustainability Roadmap for the town Best in the Netherlands [32]; the initial roadmap in
A3 size is available at https://gaudisite.nl/BDRA3initialRoadmapBest.pdf (accessed on 20 March 2021).

• Objectives and trends: Reducing the current yearly energy consumption of about
3 PJ generated mostly with fossil fuels to about 1 PJ in the form of renewable sources
and carriers.

• Solutions and capabilities: Using residential and industrial roofs, agricultural, and
land close to motorways to install solar solutions will allow for the yearly generation
of about 0.5 PJ. Other niche solutions may generate a fraction of solar. Main challenge
is heating of buildings.

• Means: There are multiple technology options for heating, with rather varying degrees
of maturity. An initial concept exploration is essential before the municipality can
develop any meaningful policy. Obvious and urgent technologies that need policy and
implementation are insulation and material choices (e.g., no concrete or traditional
bricks) for buildings.
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• Resources: A major bottleneck for execution of the transition is the installation and
construction capacity of qualified installers. A major perquisite is support of the
population. Stakeholders see motivation and incentives as better instruments than
force or fear.

• Governance: A main challenge is creating the legislation and conditions to implement
the solutions in such way that stakeholders are involved and motivated. Stakeholders
emphasize the need for facilitation (incentivizing) and (long-term) predictability.

One of the challenging steps of roadmapping is the collection and ordering of support-
ing information. The roadmap itself should be limited, e.g., one sheet with the five layers.
However, each word in a roadmap is the result of an analysis and discussion using various
data sources. Here, the conceptual modeling appears. We can capture the underlying
information in a number of conceptual models at the back-of-the-envelope level or the
A3 level.

Figure 5 shows an example from [32] with an estimate of the amount of solar that
municipality Best can generate. It analyzes commercial, residential, utility scale, and
countryside solar options using available surface areas. Although this is a rough estimate,
it helps to know what is possible and how various options compare. In hindsight, the
countryside estimate is too low, due to underestimating the size of farm buildings.

 

Figure 5. Example of underlying A3, elaborating how much solar Best can install [32].
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4.2. Step 3. Creating and Operating a Task Force

The municipality is the formal owner of the transition plans and has the responsibility
and mandate to set the policy and transform that into legislation, within the charters of
the national and regional governments. The cooperation Best Duurzaam is a volunteer
organization with members. In the preparation phase of the roadmap, Best Duurzaam
identified the need for a consultative body of stakeholders. It took these two rather
different organizations more than a year to set up a task force consisting of representatives
of organizations that are stakeholders in the transition.

The objective of this task force is to involve and align the stakeholders of the transition.
The idea is that a roadmap is a shared vision. However, stakeholders are not yet committed
to that vision. The commitment follows in the elaboration of the roadmap into master
plans per organization. The task force exchanges the master plans and discusses them.
Organizations may adapt their master plan based on these discussions.

The task force has met three times since the creation of the initial roadmap. The task
force clearly is in its early infancy. Various representatives have to build up mutual trust
and to find their roles. The number of participating organizations is still small (municipality,
sustainability cooperation, primary and secondary education, building cooperation, and
agriculture sector). The idea is to grow the task force gradually.

4.3. Step 4. Further Studies
4.3.1. Seasonal Energy Storage

Since the roadmap identified the main energy source as a solar solution and the main
energy consumption as heating, the energy supply and demand are out of phase. In the
summer, we can harvest much energy, while in the winter, we consume most energy.
A question is, how we will cope with these seasonal differences?

At the national level, the Netherlands will harvest a significant amount of energy
via offshore wind. There is more energy potential for offshore wind in winter than in
summer. At the national level, there are other energy consumers, especially in industry,
that use significant amounts of energy, more or less constantly. This means that coping
with seasonal energy fluctuations at the national level is easier than at the local level.

Another of the USN Norwegian master students, Erik Drilen, studied various concepts
for seasonal energy storage. He made conceptual models for the most promising options.
Figure 6 shows an example of a conceptual model for Power-to-Gas (PtG) [34].

 

Figure 6. Power-to-Gas (PtG) functional and physical model. Reproduced with permission from [34].
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Drilen then uses the functional and physical models to estimate the behavior and
performance of the selected options. This estimate shows that a mostly electrified scenario
using heat pumps is most energy efficient. The next step is that he uses that data to estimate
the economic performance. These estimates indicate that storing the energy in the form
of methane requires the least storage volume and has the lowest cost, despite the lowest
end-to-end efficiency.

His paper ends with a reflection, which may be typical for conceptual modeling:

“The steepest part of [the] leaning-curve was at the late stage of the project. At this
point, I started to get a better understanding of the technologies and the consequences
related to them. With the increasing knowledge came an increasing understanding of
what was missing or what I should im-prove. A learning from this is that with more
knowledge, comes more questions. This created a chaotic final stage of the project. As I
ended up with many new questions that I had to answer in a short period.”

4.3.2. Support for Sustainability in the Population

Vince Evers, a student from the Department of Sustainable Energy Technology &
Innovation Sciences at the Eindhoven University of Technology, did his internship at Best
Duurzaam. In that period, he studied the research question, “What factors, psychological
or otherwise, influence the acceptance of sustainability measures and projects among the
key stakeholders in the municipality of Best, and how do these influence implementation?”
The trigger for this study is that district heating is one of the dominating options; however,
it is poorly received by the citizens [35].

He developed a framework for acceptance, see Figure 7, based on the literature, among
others [36–39]. Financial Costs and Benefits are probably obvious concerns for most
stakeholders. Values and Goals relate to personal norms, values, motivations, and goals. A
perceived lack of Justice and Participation may result in opposition to sustainability [36,39].
Trust and Communication is a major issue, as contemporary headlines confirm [40]. Lack
of (perceived) Efficacy and Feasibility is eroding acceptance.

Figure 7. Conceptual framework for acceptance. Reproduced with permission from [35].

Figure 8 shows the results of a survey with 85 respondents. The centering of the bars is
based on a net promotor score [41]. What is immediately clear is that “easy” measures, such
as solar panels and insulation, are popular. These measures have a return on investments
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of several years with the current incentive schemes. However, crucial electrification, like
heat pumps and electric vehicles, are not popular yet.

 

Figure 8. Survey results for sustainability measures under residents of Best for individuals. Repro-
duced with permission from [35].

Figure 9 is a continuation of the same survey; however, these questions address
measures that the municipality may take. Only PV panels on public buildings get a rather
positive reception. All other measures trigger significant opposition.

 

Figure 9. Survey results for sustainability measures under residents of Best for municipality measures.
Reproduced with permission from [35].
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4.4. Step 5. Continuous Observations of the Local Situation

One advantage of a co-located principal investigator is the possibility to collect contin-
uous observations between research projects of events taking place in Best that relate to
the roadmap.

a Heat storage in combination with solar collectors

The municipality developed a plan to harvest solar energy using solar collectors on
the sport hall. The harvested heat would be stored in a large underground tank, and then
several schools and the sport hall would use the stored heat for heating and hot tap water.
Drivers behind the project were a high subsidy in solar collectors, a potential subsidy for
frontrunner projects in heating, and the vision that local storage of heat would reduce the
load on the electric network (when heating would change from using natural gas to using
electricity). This plan was a mix of visionary aspects, such as using a fifth-generation heat
network, and pragmatism, such as using planned maintenance of the sewer system to
install a heat network in the streets.

The council rejected this plan, since its alignment with policy was unclear, while the
financial risks were significant. The civil servants and the politicians who made this plan
did not use the roadmap to explain how this project would help in achieving sustainability
goals. The project preparation and discussion in the council were quite ad hoc.

b Municipality contribution for the 2030 renewable energy strategy

The process in the Netherlands to develop transition plans is highly distributed.
There is a national agreement (“klimaatakkoord” [42]) that serves as a charter. Regions
of tens of municipalities have to develop a Regional Energy Strategy. These regions ask
the municipalities to make an “offer” of how much renewable energy they can produce
in 2030. National government, regions, and municipalities then iterate until they have a
fitting proposal. The alderman of municipality Best made an estimate very similar to the
roadmap estimates to come to an offer. He consulted several stakeholders, including Best
Duurzaam. This offer was in line with the roadmap.

c The request for commercial solar farms

Several commercial companies have proposed solar farms in Best. The national
agreement states that half of the local renewable energy assets must be owned locally.
There is a clear tension between the intent in the agreement of shared ownership to ensure
support from the local population and commercial exploitation.

Concurrently with these proposals, the municipality was formulating the policy for
environmental regulations. Best Duurzaam and several political parties pushed hard
to ensure that the environmental regulations would not open the door for commercial
exploitation without arranging how the shared ownership will work.

This is an example where “vertical” relations in the roadmap, in this case, solar
farms as the solution, commercial companies and local population as resources, and
environmental and exploitation regulations in governance, are coupled. A roadmap is a
way to visualize such relations and to think of how to evolve to the desired state.

d Unrest in the countryside about the number of solar farms

The request from the regional energy board for a renewable energy offer triggered
major unrest in the countryside. A news item on this offer suggested that a significant
part of the countryside must be transformed into solar farms. Similar unrest played in
other municipalities as well. An expert from a national university estimated solar on roofs
can fulfill a significant part of such offer. However, the way the national system is set up
more or less ignores small contributors. Hence, the risk is that, rather than using (unused)
roofs, we would sacrifice agriculture or nature grounds. This is another example of lack of
overview. The roadmap and its underlying conceptual models offer insight into what the
options are and what the consequences of these options are.
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5. Discussion

The discussion will first discuss how the constituent research projects affect the local
sustainability efforts. Then, the discussion broadens to the larger scope, e.g., national
and global. Finally, we discuss how the combined use of systems engineering methods
roadmapping and conceptual modeling support the approach to the energy transition in
the broader scope of the sustainability transition.

5.1. How the Research Projects Affect Local Sustainability Efforts

The 17 UN sustainability development goals articulate a significant global challenge.
The energy transition, as part of them, is, in itself, a huge global challenge. We observe
that, at national level in the Netherlands, there is an attempt to involve a wide variety of
stakeholders. The so-called climate tables, where stakeholders discussed and negotiated
how to achieve the energy transition, resulted in a national climate agreement. However,
this agreement is a sociopolitical agreement, where the expertise of solving complex
problems is missing. Many methods from systems engineering are useful in tackling
this problem, especially roadmapping and conceptual modeling. In this research, in the
limited scope of the municipality Best, we tried out several of the core methods to create an
overview and to align a heterogeneous set of stakeholders.

We observed that most stakeholders were open for a constructive dialogue using a
roadmap. However, we also observed that most stakeholders felt comfortable in their own
niche (limited application scope, limited time horizon, concrete actions). Some of them
were able and willing to connect their niche to the broader context. Other stakeholders
preferred to do their own work, leaving the strategic work to others.

The municipality lacks systems engineering expertise. Most governmental orga-
nizations rely on external consultants for their expertise. In the heat storage case, the
municipality had external expertise to make a design and a plan for the heat storage solu-
tion. The experts jumped at once to a feasibility study level without first exploring a range
of options. Such exploration is required to understand the problem better, to analyze how
solutions may fit, and to anticipate consequences.

The discussion and planning of solar farms shows the importance of providing
overview and the need for communicating clearly. Estimating the required area for solar
farms is relatively easy. However, the complexity of solar farms is in the socioeconomic
model, which has impact on the support for such solar farms.

Although estimating the required area for solar is easy, we observed that current
regulations trigger undesired rooftop sizing of solar. Residents get a good return on
investment, as long as their production is similar to their consumption. However, over-
consumption is not financially attractive. The consequence is that most people install “just
enough” solar for their own consumption. In the wider perspective, we need to maximize
solar on roofs, and to avoid that, we have to sacrifice agriculture or nature areas. Hence,
we conclude that the current incentive scheme is counterproductive.

A recent news item [43] states that foreign investors own 79% of large Dutch solar
farms. The subsidies to incentivize solar farms make solar farms rather attractive in-
vestments, rendering a yearly return up to 15%. This analysis makes clear that current
legislation is not achieving the goals of the national agreement. Legislation at national and
local level (e.g., environmental permitting) needs updating and alignment. This is a typical
example of how roadmap layers connect.

The seasonal storage study illustrates how relatively simple conceptual models pro-
vide insight in strengths and weaknesses of various technology options. This type of
modeling should take place before the municipality starts feasibility studies, such as the
heat storage. We assert that the combination of roadmapping to set heat harvesting, storage,
and distribution into a broader perspective and conceptual modeling to understand options
and their impact will help to identify sensible options and to “sell” them to the council
and other stakeholders. The acceptance study shows that securing support is a significant
challenge, since the current opinion about such technologies is quite negative.
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5.2. How Do These Methods Relate to the Broader Scope, e.g., National and Global?

Another future challenge is that we need similar methods and competence at the
regional and national levels. Lack of overview and direction at these levels is frustrating
the overview and alignment at local level. Moreover, solutions at the local level need
scrutiny from regional and national (and European) levels. For instance, coping with
seasonal variations is easier at national or European levels, since we then have more
options to even out temporal and spatial variations.

5.3. How Does the Combination of Roadmapping and Conceptual Modeling Support the Approach
to the Energy Transition?

This subsection addresses the research questions as far as the ongoing research allows this.
RQ1. How can we help a heterogeneous set of stakeholders to share an understanding

of the current situation and of the options and their consequences to resolve them?
The conceptual models that the research used on A3s to build the initial roadmap

helped in the stakeholder workshops. This is in line with [6,23]. These A3s helped in
facilitating the stakeholders to have concrete and specific discussions in a problem field
that is large and intangible.

Transferring these insights to a broader audience seems more difficult. Stakeholders
who have not been part of the discussion missed the discussion and thereby the relevance of
some facts, models, and their relationships. The step to politicians is especially challenging.
Politicians have a rather different perspective. Could this be the reason that Stave and
Hopper [44] position conceptual modeling so “low” in their taxonomy?

RQ2. How can such understanding help in reasoning about the solutions and, in that
way, help in decision-making and preparing governance?

Several of the described events show that both conceptual models and the roadmap
provide a reasoning framework for topics like local heat storage and positioning of solar
farms. However, there is still a clear gap between understanding options for solutions and
translating these into policy and legislation. There is a cultural and language mismatch
between engineers and civil servants and politicians.

Fundamental to the decision-makers’ role, and at the core of politicians, is that they
cope with emotions and perceptions. As Westen [45] states, “In politics, when reason and
emotion collide, emotion invariably wins.” Thaler and Sunstein [46] describe how people make
choices, indicating how important emotions are in decision-making. Lakoff elaborates on
this in [47]. It is clear that just making technocratic conceptual models and roadmaps will
not bridge the gap between experts and decision-makers.

RQ3. What is a manageable set of conceptual models to achieve understanding,
reasoning, communicating, and decision-making?

A continuous challenge is to help stakeholders by offering them relevant information
and sufficient context for a good discussion. The original roadmap workshop resulted in
over 100 “issues.” So many issues overwhelm humans. Experienced systems architects
use about 10 views to capture an architecture [48]. Borches [49] proposes A3 Architecture
Overviews (A3AO). A3 refers here to the standard A3 paper size of 297 × 420 mm. In this
research, inspired by the A3AOs, we combined a limited set of conceptual models on a
single A3 to make the information digestible for the stakeholders.

These A3s worked well in the workshops about the roadmaps. Some of the stakehold-
ers still feel overwhelmed by these A3s. However, in these workshops, they felt involved,
engaged, and informed. However, we see that the problem identified in RQ2, e.g., the gap
between experts and decision-makers, has its equivalence for information that stakeholders
can share. Just condensing information in roadmaps and conceptual models is insufficient
to bridge the gap between these parties.

Our experiences also make clear that introducing these methods is challenging, in itself,
due to, among others, a lack of systems engineering competence, while many stakeholders
prefer to stay in their local scope. We see this challenge in the limited scope of industrial
application of systems engineering. Increasing the scope to a transition scope makes this
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competence challenge significantly larger. Further research may help to find ways to
introduce such competence.

6. Conclusions

The combination of conceptual modeling and roadmapping facilitates discussions
between heterogeneous stakeholders on complex transition problems, such as the energy
transition, at the local scale. However, there is a significant gap in the way of think-
ing and communicating between experts and decision-makers. Conceptual models and
roadmapping may contribute to the societal challenge of the energy transition. However,
humanity needs more means to bridge the transdisciplinary fields and the heterogeneous
stakeholders.
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Abstract: A toolbox for assessing the environmental impacts of processes, products and services
has been gradually developed over the last 30 years. The tools and methods place attention on a
growing holistic concern to also consider stakeholders’ views connected to impacts of the entire
life cycle of products. Another change is the gradual increase in consideration of the economic and
social dimensions of sustainability since the 1990s. This paper presents this development using
two interlinked models that illustrate the changes from the scopes of time and system complexity.
The two initial models are further merged into one, the Capacity-building in Sustainability and
Environmental Management model (the CapSEM-model), which presents organizations a systemic
way to transition to sustainability, seen from the scopes of system complexity and performance
complexity. The CapSEM-model attempts to integrate the different dimensions of systems and of
methodologies and their contribution to increased environmental and sustainability performance.
The Sustainable Development Goals (SDGs) are further mapped onto the model as an example of how
they can be useful in the transition to sustainability. The model is, therefore, a conceptualization and
needs further development to specify accurate level boundaries. However, it has proven to be helpful
for organizations that struggle to find a systematic approach toward implementing sustainability.
This is described through a brief example from the manufacturing industry.

Keywords: environmental performance; management; sustainability; the SDGs; systems thinking;
systems engineering; life cycle; capacity building in sustainability

1. Introduction

The focus on methodologies to assess environmental aspects and connected impacts
has increased tremendously over the last 30 years [1–7]. Our Common Future, also known as
the Brundtland Report, was launched in 1987 by the World Commission on Environment
and Development (WCED), and importantly linked the needs of the environment and
development for future agendas [8]. Presented at the 1992 Rio Conference, the report
in many ways initiated the quest for sustainable development (SD) on an international
scale. It was a catalyst for nations, as well as for large international corporations and
smaller organizations, to take responsibility in addressing their sustainability challenges
through management of their environmental impacts. Twenty years later, at Rio+20,
the foundational ideas of the report continued to influence global SD initiatives, and the
development of the United Nations (UN) Sustainable Development Goals (SDGs). Adopted
in 2015, the SDGs [9] are the present global call to action for nations and companies alike.
Progress, however, is not on track to reach all prescribed targets, and has been further
curbed by the coronavirus disease 2019 (COVID-19) pandemic [10,11].

In addition to the competitive advantage that comes from increased environmental
management and sustainability consciousness [12–15], companies of all sizes have a duty
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to improve the sustainability of their organizations. They are an essential piece to solve the
complex puzzle of global SD [10,11,16]. Nearly 35 years after the release of the Brundtland
Report, this paper focuses especially on the environmental dimensions of SD. Furthermore,
it presents the advances of life cycle based sustainability management tools over the period.
It discusses how the tools relate to corporate practice, and how they have developed to
expand thinking beyond firm level impacts to wider system level SD. It finally raises some
critical questions to the extent the tools have advanced companies toward solving the
challenges outlined in the SDGs.

To understand and manage the impacts of systems, the concepts of systems think-
ing and life cycle thinking are essential [17]. Systems thinking involves recognizing sys-
tems and subsystems, and the interactions within and between them, from a holistic
perspective [18,19]. A life cycle approach to problem solving considers the material and
resource inputs and resulting environmental, social and economic impacts across all phases
of a product or service’s life cycle [20]. It puts new demands on corporations as analytical
requirements become increasingly complex, refined and demanding. In time, this will
increase demand for specialized staff for monitoring and reporting. There is, in other words,
a gap between the numerous and diverse analytical models for sustainability aspects, and
organization capacity and practice. Furthermore, an overview of these methods and the
knowledge needed to implement them is often lacking, especially in smaller companies
with more limited resources [21]. As both internal and external requirements become more
stringent to meet growing sustainability challenges, companies and organizations need a
holistic toolbox to help them navigate the interacting systems of SD, from triple-bottom-line
aspects, to geographic scope and long-term timelines.

2. Meeting Sustainability Challenges with Life Cycle-Based Environmental and
Sustainability Management Tools

To clarify the toolbox of life cycle-based environmental management tools, sustainabil-
ity challenges can be classified according to the systems in which they occur. For example,
from pollution and environmental degradation caused by production processes, to resource
depletion and impacts across different stages of products’ life cycles, to a lack of awareness
from the management side of companies and policy makers.

These challenges can be met by organizations with a combination of technological
advancement and a change in procedures and strategies across different environmental
performance levels that vary in temporal and environmental scope [22,23], for example:

1. Environmental engineering;
2. Pollution prevention;
3. Environmentally conscious design and manufacturing;
4. Industrial ecology; and
5. Sustainable development.

These environmental performance levels, or systems, are numbered and presented
in Figure 1a and further explained in the following text. Several models for a systematic
presentation of the development that has taken place since the early 1990s can be found
in literature [24]. The models presented in Figure 1 are one way of illustrating the de-
velopment of the field over time. They are also a way to demonstrate how the toolbox
for environmental assessment and improvement can be used to assess the challenges of
transitioning to sustainability and contributing to meeting the objectives set by the SDGs.
Figure 1a, together with 1b, are the starting point of the Capacity-building in Sustainability
and Environmental Management model (CapSEM-model), presented in Section 3. Each of
the models has advanced the goal to guide companies and other organizations to system-
atically implement sustainability practices in their products and internal strategies while
also building partnerships with the larger societal system.
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Figure 1. (a) Classification of environmental performance levels, [23] modified after [22]; (b) a classifica-
tion of methods and tools for environmental performance improvements, modified after [23,25].

Area 1 in Figure 1a represents the perspectives related to environmental engineering
strategies to reduce negative environmental impacts within production and manufacturing
processes. This space takes a limited systemic scope in both time and environmental
concern (only during the manufacturing process and life cycle stage).

Area 2 increases the temporal scope and involves pre-planning for the manufacturing
phase to prevent pollution and negative impacts during the process. Pollution prevention
strategies arose in 1992 through the initiatives launched by the Environmental Protection
Agency (EPA) [26], with the objective to reduce the environmental impacts of products by
identifying them in the design phase. This way, the impacts throughout the life cycle could
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be reduced through better planning of product design. For example, better planning might
consider techniques for assembly and material selection to help avoid negative impacts
in the use and dismantling phases later in the product’s life cycle. So, even though this
space has a limited system scope on planning and manufacturing only, it helps build an
understanding of potential problems that may arise later in the life cycle. It can be seen as
a prelude to the later consideration on the entire life cycle of a product.

Area 3 expands the scope from processes related to manufacturing to the product as a
whole and considers design to reduce negative impacts across its complete life cycle. The
increase in consciousness of environmental concerns is illustrated through the additional
consideration of the use and disposal phases. The wider consciousness is also reflected in
the expanding temporal scope related to the gradual knowledge development of how to
address the entire life cycle of products [27].

Area 4 further broadens the system boundaries and understanding of impacts through-
out the entire industrial system. This includes perspectives related to tracking material and
energy flows according to principles of industrial ecology (IE), e.g., industrial symbioses
and circular material flow models [28].

Finally, Area 5 represents the holistic consideration of environmental aspects over an
extended timescale and beyond the firm and its network. This means considering aspects
relevant for present and future generations and that address all stakeholders, and likely
societal and political challenges over time.

Advancing Figure 1a, a model for a systematic approach to environmental perfor-
mance improvements was developed [23,24]. This model is presented in Figure 1b and
shows adaptations from the first model, most notably the addition of specific tools and
methods for life cycle-based environmental assessment management mapped along envi-
ronmental performance improvement levels.

Figure 1b suggests a series of environmental performance and management tools to
be implemented for the purpose of moving to a higher level as indicated by Areas 1–5
presented in Figure 1a. The tools are further classified into a model for capacity building
in sustainability and environmental management—the CapSEM-model. The application
of the tools for the achievement of a transition towards sustainability is described in
Figure 2. Readers should note that the models presented in Figure 1a and b focus mainly on
environmental aspects of sustainability, and do not fully consider the needs of stakeholders
and other social aspects. Systems engineering (SE) is, therefore, introduced as an overall
process to better consider stakeholder opinions and involvement in a holistic transition
process. SE can be viewed both as a discipline and as a process [23]. As a discipline,
SE is about taking the holistic life cycle perspective and bringing in aspects from other
disciplines when needed in a multidisciplinary context. SE as a process, is about bringing a
system into being with an understanding of challenges to the system during its life cycle.
A six-step SE-methodology is introduced by Fet [23], and suggests the following steps in
the context of sustainability:

1. Identify stakeholders and their needs related to sustainability performance (of a
system, hereunder also an organization or the society as a system);

2. Define the requirements for the achievements of stated needs;
3. Specify the current performances related to environmental, social and economic aspects;
4. Analyze and optimize the performances according to needs and requirements;
5. Suggest solutions according to stated needs and requirements;
6. Verify the suggested solutions against 1. and 2.
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Figure 2. The Capacity-building in Sustainability and Environmental Management model (CapSEM-model)—a systemic
approach towards sustainability, modified from [29].

This process can be used for each area in Figure 1. The complexity of stakeholder
involvement, and thereby the sustainability aspects to be addressed along the road from
the lowest to the higher levels, will increase. The steps in the SE-process can be performed
in several cycles until the best solutions are achieved.

3. The Capacity-Building in Sustainability and Environmental Management Model
(CapSEM-Model)

Based on the improvement of the models presented in Figure 1, the CapSEM-model
was developed to illustrate the spectrum of environmental performance areas, here termed
‘levels’, ultimately reaching a holistic level of systemic sustainability. This requires that
companies expand their environmental and sustainability management perspectives, ex-
tending the scope and number of impacts that are considered as they move toward more
integrated sustainability. Figure 2 presents the CapSEM-model.

The waves in the CapSEM-model illustrate different levels of performance of the
systems under study. A systematic use of the toolbox helps companies investigate the
potential for appropriate actions to improve the environmental and sustainability perfor-
mance related to production processes (Level 1), products and value chains (Level 2) and
strategic organizational actions (Level 3). The highest level (Level 4) represents the larger
societal system and a company’s recognition of its place and responsibility within it. The
term ‘improvement’ is used to mean the reduction of negative impacts and increase of, or
replacement with, positive impacts—ultimately leading to strong, proactive and holistic
sustainability as companies move toward the upper right of the model. As an organization
traverses the levels, knowledge and tools from the previous levels are used as input to
more extensive methods.
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Each axis describes a change in scope. The horizontal axis shows the scope of systems
and begins at the simple production process at Level 1. Furthermore, it extends to the set of
processes within the value chain of a product at Level 2. Then, to the organizational level
(Level 3), embracing concerns for production processes and products in addition to the
integration of strategic management systems to implement sustainability consciousness in
a more holistic manner. Within Level 3, aspects connected to economic and human factors
should also be considered. The scope of the systems on Level 4 can be defined as the sector
that the organization is a part of, or as wide as a societal system since all organizations are
part of a larger system.

The vertical axis illustrates the scope of performance. Level 1 focuses on the envi-
ronmental impacts of material flows, while in Level 2 the focus has broadened to the
performance of the entire value chain where e.g., management of the supply-chain could
contribute to an improvement of the value chain. Level 3 adds aspects to be considered
from a strategic level, such as management systems that help organizations move to a
higher level of performance over time. A broader range of sustainability aspects should
also be considered at this level. Since Level 4 system scope depends on the context of the
operation of the organization, a higher level of performance can be achieved under the
holistic recognition of opportunities that come from improving system performance. From
a systemic perspective, the different levels could be described as subsystems and system
elements of a larger societal system.

As seen initially in Figure 1b, Area 1 contains the suggested tools of cleaner production
(CP), material flow analysis (MFA) and input-output analyses (I/O) to monitor the environ-
mental impacts during production and manufacturing processes. In the CapSEM-model,
Level 1 encompasses process-related changes for environmental accounting and (more
sustainable) performance (e.g., principles of eco-efficiency [30]). When setting objectives
related to emissions, resource use and waste generation, companies must assess the current
use and flows of materials in order to reduce consumption and waste in their production
processes. The methods of I/O and MFA, therefore, fit in Level 1 as they measure baseline
levels for defining improvement and resource efficiency [31]. CP is also located on this level,
where source reduction is the objective rather than end-of-pipe solutions [32]—therefore
moving its placement further along the scales of system scope and performance. The
focus on resource efficiency is often driven by economic and/or policy incentives, as
these methods provide for diagnostic comparison and benchmarking of companies. Focus
only on environmental aspects means that the Level 1 system does not explicitly consider
the wider impacts on society. Its system boundaries are drawn at the firm level around
specific processes.

In Area 2 in Figure 1b, the tools for the purpose of environmentally conscious product
development are life cycle assessment (LCA) [33], life cycle costing (LCC), supply chain
management (SCM) [34], carbon footprint of products (CFP) and water footprint of prod-
ucts (WFP) [35], environmental product declaration (EPD) [36], and design for environment
(DFE). By expanding from the boundaries of a single process, Level 2 in Figure 2 focuses
on product- and value chain-related changes. This means a focus on a product or service
and all activities and processes along its value chain. The methods in Level 2 include LCA,
which quantifies material flows (from Level 1) across the full life cycle of a product. Results
from an LCA are quantified and weighted in terms of environmental impact. The weighted
criteria can then be used to implement changes for more sustainable SCM upstream in the
value chain. In addition, the quantified impacts can be used to perform carbon- or water-
foot printing of a product, or to reach certifications for acceptable levels of environmental
impact, e.g., EPDs. The principles of DFE, e.g., design for recycling or dismantling, can
transform the value chain, accounting and planning for reduced environmental impact
through the full life cycle of the product and its materials. Social-life cycle assessment (S-
LCA) could also be placed on Level 2, as a way to track social impacts through the life cycle
of a product [37]. Such methods are younger in their methodological development and
can be difficult to quantify. However, further developing both quantitative and qualitative
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indicators to measure social sustainability impact is essential to reach holistic sustainability
as mandated in the SDGs.

Area 3 in Figure 1b presents tools to be used by companies to improve their strategic
approach for being more environmentally conscious, e.g., by implementing environmental
management systems (EMS) [38], environmental performance evaluation (EPE), key perfor-
mance indicators (KPI), the Global Reporting Initiative (GRI) [39], and sustainable business
model (SBM) frameworks [40]. To further increase the comprehensiveness and scope of
aspects considered, Level 3 moves toward the implementation of methods for stronger
sustainability within an organization’s management systems and strategy. The transition
from Levels 1 and 2 into Level 3 represents an important advancement of management
and monitoring for sustainability, allowing the incorporation of more social aspects. The
organization must now widen its view beyond the firm itself, or its associated value chains,
and track and report on its impacts in relation to the past, to its competitors, and for its
long-term survival.

To make and monitor strategic changes across a company’s operations, tools and meth-
ods for organization-level changes help address more complex sustainability challenges.
Meeting these challenges might include establishing management systems to monitor goals
for reducing negative environmental impacts and engaging further with stakeholders and
customers. It also means looking beyond the value chain for effects of the organization on
its employees and global and local environments in the long-term. Level 3 tools, therefore,
include EPE, life cycle management (LCM) and EMS for benchmarking, meeting goals
and continuous improvement (e.g., through ISO14001). Corporate social responsibility
(CSR) embraces the triple bottom line of sustainability and is one approach to stakeholder
engagement [41,42]. Establishing KPIs is an essential step in setting these goals, and compa-
nies can use a range of indicator frameworks from national systems to large, standardized
reporting and communication systems such as the GRI. Methods from Levels 1 and 2 can
be used to collect the data required for measuring the KPIs—demonstrating the knowledge
development path represented by the CapSEM-model. SBMs are also placed on this level
as they can help firms conceptualize their current value flows (environmental, economic
and social) and identify areas to innovate for sustainability [43].

To achieve sustainable development in the long-term perspective, Areas 4 and 5
in Figure 1b present the policy programs and international regulations that help to set
goals for a larger societal system. The highest level in the CapSEM-model, Level 4 also
focuses on systems-related changes. This includes the most comprehensive assessment
of sustainability aspects, both environmental and social, and for the company to see
itself as one actor in a complex network of actors. While Levels 1-3 focus mainly on
environmental aspects, Level 4 (and the higher degrees of the Level 3) command the
inclusion of stakeholders and their long-term needs. Here, systems engineering (SE)
is suggested as a helpful methodology to address these challenges and to include the
principles of industrial ecology, e.g., principles of industrial symbioses and circularity [44].

Just as discussed in relation to Figure 1, the six-step SE methodology, can be performed
at each level of the CapSEM-model until the most sustainable performance has been
achieved. For simplicity, SE is placed at Level 4 to illustrate that it yields to the lower levels,
but also because the increased scope required for Level 4 represents the most advanced
form of SE.

To summarize, the CapSEM-model shows a spectrum of tools and methodologies for
transitioning towards sustainability. It does not mandate that a company place itself within
one level. Rather, it shows the way the tools and perspectives are linked and build upon
each other. Additionally, it provides an example toolbox of methods that can be applied for
improved sustainability in an organization depending on its level of ambition or maturity.

4. Adding the Sustainable Development Goals (SDGs) to the CapSEM-Model

The SDGs were established to guide the global sustainable development agenda
until 2030. They are an extension of the previous global development framework, the
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Millennium Development Goals (MDGs), which laid out an agenda for global poverty
reduction. Recognizing the limitations of the MDGs, the SDGs were developed in a
participatory process involving stakeholders across the global south and global north and
introduced a set of specific targets and indicators for national governments to measure and
communicate progress [45]. The SDGs have two aims—the reduction of global poverty and
the halting of climate change, and chiefly recognize the link between the two. Criticisms
of the triple-bottom-line approach, for example [46,47], suggest replacing environmental,
social and economic silos with a more integrated view that sees the dimensions in a nested
system for SD and the SDGs, respectively. These factors combine to make the SDGs a
systemic framework that dictates the recognition of the interconnections between the
goals and their targets. The set of 17 goals must be seen as a whole to achieve SD on the
system level.

Although the official SDG target and indicator framework is for national governments,
the agenda depends on industry participation and commitment. Many companies today
use the SDGs to guide and communicate their sustainability strategies. A number of
organizations provide guidelines and frameworks for use in companies to set goals and
indicators within their strategies and operations. The SDG Compass [48], a joint initiative
between the World Business Council for Sustainable Development (WBCSD), UN Global
Compact and the GRI, is one such guideline, and provides databases of business tools and
indicators openly accessible to companies. Nonetheless, it can be challenging to navigate
the 17 goals and their respective indicators.

Just as the CapSEM-model helps make sense of the plethora of methods to measure
sustainability performance by grouping them in levels, it can also help companies under-
stand how their activities contribute to each of the SDGs. This logic is explained through
the exemplification of a company in the manufacturing sector. Figure 3 places the SDGs
along the CapSEM-model and discusses them in relation to each of the levels. Although
the goals are each placed on a single level of the model, this is only used to illustrate an
entry point to their application. In parallel to Rockström and Sukhdev’s ‘Wedding cake
model of the SDGs’ [47], SDGs 6, 13, 14 and 15 are grouped in the environmental layer,
SDGs 1, 2, 3, 4, 5, 7, 11, 16 and 17 within the social layer, and SDGs 8, 9, 10 and 12 on the
economic layer. Even though the SDGs can be systematized this way, we stress that the
systemic nature of the SDG frameworks also requires that they are considered on all levels.
However, to incorporate the SDGs into company strategies, specific goals and targets must
be prioritized as a starting point [49].

Figure 3. The CapSEM-model and the Sustainable Development Goals (SDGs), modified from [29].
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Manufacturing involves several resource-consuming production processes (Level 1)
where different materials, energy and chemicals are used, and resulting wastes generated.
These wastes are typically disposed into air, land and water systems, and have contributed
to the disruption of the Earth system. When considering improving sustainability in this
sector, needs and requirements, therefore, include minimizing resource use, and avoiding
pollution and the unnecessary expense and disposal of resources, especially into natural
systems. I/O analyses can be used to quantify material flows within a production process
or company system. Then, the quantified information can help inform decisions about the
best solutions for designing new or adapting processes to reduce negative environmental
impact. SDGs 6 (clean water), 13 (halting climate change), 14 (life under water) and 15
(life on land) have therefore been grouped on Level 1 in Figure 3 as their targets direct,
for example, the increase in efficiency of water use (target 6.4) and the protection and
restoration of water-related ecosystems (target 6.6). The selected goals and targets for
improving sustainability in the manufacturing sector can be used to guide manufacturing
companies in selecting indicators and making strategic decisions on how to reach them
using the tools and methods at this level. The same process can be applied across the
remaining levels and SDGs.

The move from Level 1 to Level 2 means that in addition to production processes, all
other impacts related to the product and its value chain, e.g., the transportation of materials
and components in the upstream life cycle of the product. In addition, downstream issues
of distribution, maintenance and repair during the use phase and end of life treatment
should be monitored for the entire life cycle of the product. Today, we see increased
requirements for documentation of e.g., the carbon footprint of products. This means that
the manufacturing company should take responsibility to achieve quantified information
from the suppliers of materials, components and services across the life cycle. Based
on the quantified information, optimized solutions for reduced GHG-emissions such as
renewable energy sources should be achieved. SDGs 7 (clean energy) and 12 (responsible
consumption and production) are therefore grouped on Level 2 to capture both upstream
and downstream value chain sustainability improvements. SDG 12 places a focus on the
entire value chain, and SDG 7 requires that products are designed and manufactured for
cleaner energy systems. Because Level 1 can be seen as an input, or subsystem, to Level 2,
the goals and targets at Level 1 must necessarily also be accounted for.

Pressure from public procurement and customer demands for products that support
more sustainable living or help clean-up past damage, encourage manufacturing companies
to report and communicate their progress toward improved sustainability. They must,
therefore, develop their organizational strategies and practices (Level 3) in accordance
with known guidelines and frameworks e.g., the SDGs. This requires trustful information
from the companies across the other levels. For example, that all Level 1 processes are
controlled and managed in a sustainable way, that systems for quantification of the carbon-
footprints are in place at Level 2, and that the companies can present a management or
certification system (e.g., ISO 14001) that supports the company in their annual assessment
of improvements. The tools presented for Level 3, as well as Levels 1 and 2, should
help the company to communicate the performance through a set of KPIs that give the
stakeholders the information they need for an eventual approval of the sustainability
performance or ranking of the company. SDGs 5 (gender equality) and 10 (reduced
inequality) are placed on Level 3 and relate to the social aspects of e.g., equal employment
and stakeholder inclusion to be mandated within the company’s sustainability management
systems and strategic organizational goals. SDGs 8 (decent work and economic growth) and
9 (industry, innovation and infrastructure) have also been grouped on the organizational
level. This is because they pertain to the economic viability of a company and may further
support its knowledge and innovation development relating to products that support a
sustainable society.

Level 4 relates to the methods and tools that help drive systemic societal change and
mandate the company view itself as one actor within a network of actors. SDGs 1 (no
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poverty), 2 (zero hunger), 3 (good health and well-being) and 4 (quality education) are
placed at this level as they represent the basic criteria for thriving livelihoods. Without
meeting these livelihood goals, sustainability will not be reached or maintained over
time. They also require that companies consider all stakeholders in their actions. SDGs
11 (sustainable cities and communities), 16 (peace, justice and strong institutions) and 17
(partnerships for goals) are also placed on this level as they help companies recognize
their place in the larger system, from communities and cities, to regional, national and
global impacts. In a smart and sustainable city system, for example, there are increasing
requirements to document the carbon footprint of subsystems, from furniture used in
public spaces and private homes, to infrastructure that is designed for easier repair and that
supports smart renewable energy systems. The need for take-back systems and sharing
economy systems will also appear more frequently, and IE is one of the tools for developing
symbioses within a circular economy. Similarly, SE is an important tool for seeing systems
and their interactions from a holistic perspective. Level 4 embraces the underlying features
of Levels 1, 2 and 3.

It is common to see the cherry-picking of select SDGs that neatly meet ongoing opera-
tions, ignore interactions between them or fail to reflect upon the system as a whole [34].
Clear company strategy is, therefore, needed for prioritization of areas for sustainability
improvement and related SDGs and targets. The authors do not claim that the ordering of
SDGs in Figure 3 is the absolute placement, but rather that it is one way to help a company
identify the ways their operations initially relate to each goal. If companies better under-
stand and engage with the goals, their ability to prioritize and make strong measurable
contributions to their targets increases [49,50].

5. Discussion

The CapSEM-model demonstrates how the different dimensions of systems and of
methodologies can be integrated to contribute to increased environmental and sustain-
ability performance. Transitions can be achieved within organizations through the use of
the tools presented first in Figure 1b and advanced since the early 1990s. The SDGs are
further mapped onto the model as an example of how they can be useful in the transition
to sustainability as entry-points to and objectives for action. The models in Figure 1a,b
have their roots in the initiatives that were introduced in the 1990s. Work towards im-
proved environmental consciousness in organizations has advanced since clean-up and
pollution prevention were the main strategies. Over this period, a set of methodologies
were developed and matured. For example, early versions of CP have contributed to the
further development of standards for EPE and EMS. Similarly, the first versions of LCA
were the foundation of other tools such as WFP, CFP, EPD and DFE, and the inclusion
of the social dimension in S-LCA. Other tools have come later, or new versions of early
pilots have been further developed under new names. The GRI framework is one such
example. While indicators and reporting schemes were initially developed by different
bodies, the GRI is now used as a common concept for reporting-systems and the use
of performance indicators across different sectors. As methods and tools continue to be
advanced, and new approaches or frameworks are initiated, the CapSEM-model will need
to be updated to reflect changes in the toolbox and outlooks of organizations. The list of
methods presented in the model is not exhaustive since new supportive tools are under
continuous development.

Numerous scholars have suggested categorizations of environmental performance and
sustainability methods (e.g., [51–53]). The CapSEM-model, however, classifies analytical
methods and tools in a practical way that can serve as an entry- or positioning point
for companies. Its development has paralleled the historical growth in concern for the
environment and is a result of engagement with companies of various maturity levels and
outlooks over the period.

As an organization moves between levels, tensions or limitations may be identified
in relation to requirements or assumptions in methods at other levels. This may be due
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to the limited scope of certain methods that are unable to capture aspects across all SD
dimensions. In many cases, tough decisions must be made between sustainability trade-offs
and require that the organization has a clear strategy to guide their priorities.

In further research the CapSEM-model should be tested across different sectors and
the different dimensions of sustainability. The systems studied at each level in the CapSEM-
model should also be further described as they appear as different categories of systems, ei-
ther as physical systems (e.g., production processes), theoretical systems (e.g., management
systems), or geographical systems (e.g., for a societal study). Further development of the
model is, therefore, encouraged, under a systematic approach to stakeholder involvement
and actions for checking the achievements of initially formulated needs and requirements.

6. Conclusions

The purpose of this paper has been twofold. First, to illustrate how different initiatives
of environmental consciousness and related monitoring and management tools have been
developed over time and can be further systematized for the purpose of environmental
and sustainability performance improvements at different system levels. Second, the paper
demonstrates how these tools can be used in a systematic way for organizations in their
transition to sustainability.

No matter what is the driver of sustainability improvement within an organization,
SD is a wicked and complex problem (e.g., [54–56]), that requires transdisciplinary, col-
laborative and holistic thinking across triple-bottom-line principles, long-term systemic
reasoning and wide stakeholder involvement. The CapSEM-model is a conceptualization
of methods and approaches to help companies address this problem, and to identify op-
portunities within it. Although the CapSEM-model needs further development to specify
accurate level boundaries, it has proven to be helpful for organizations that struggle to find
a systematic approach toward implementing sustainability.
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Abstract: Commercial fishing is a critical economic sector for Norway, yet deficiency of scientific infor-
mation, regulatory instruments, inadequate implementation, and lack of management infrastructure
are among the significant causes of mismanagement of fishing gear (FG) resources. Mismanagement
of FGs results in leakage of plastics through abandoned, lost, or discarded fishing gears (ALDFG),
which is the most threatening litter fraction for marine wildlife. In EU-EEA states, the management
of ALDFG is prioritized through a dedicated circular economy (CE) action plan. Historically, systems
engineering (SE) methods are successfully applied for resource management studies. This study
adopts and applies the SPADE method to evaluate sustainable management for the system of FG re-
sources in Norway. SPADE comprises five problem-solving activities covering stakeholders, problem
formulation, analysis, decision-making, and continuous evaluation. Each activity is accomplished by
data collected through stakeholder interviews and literature analysis to establish an initial structure
of problems and associated management strategies across FG’s life cycle phases. The application
of SPADE spanned across four years (2017–2020) and resulted in scientific outcomes aimed at the
common goal of improving the system of FG resources in Norway within the framework of sus-
tainable development goals and CE. SPADE’s practice to integrate stakeholders at each step and
provision for continual systems evaluation proved effective in building a holistic understanding of
the complex system.

Keywords: systems engineering; SDGs; circular economy; recycling; waste management; ALDFG;
fishing gear; plastic pollution; marine pollution; resource management

1. Introduction

Policies and programs for sustainable development (SD) have undergone significant
shifts in focus since the introduction of the SD concept at the first global conference on
the environment in Stockholm in 1972 [1]. With prospects of a rising global population,
accelerating development, increased resource use, and the associated environmental im-
pacts, the definition of sustainability has broadened from mere concern about pollution
and biodiversity to the promotion of resource management [2].

The science of resource management involves generating a systemic understanding of
the processes that lead to improvements in, or deterioration of, natural or anthropogenic
resources. Management of resources is relatively more straightforward, especially when the
resources and use of the resources by users can be monitored, and the information can be
verified and understood in a non-complex way [3]. In resource management terminology,
‘information’ refers to the fundamental knowledge about stocks, flows, and processes
within the resource system as well as about the human-environment interactions affecting
the system [4]. Highly aggregated information may ignore or average out local data
essential to identifying future problems and developing sustainable solutions [3].
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Historically, local and regional governments are deemed responsible for managing
resources through political instruments, and resource users are assumed incapable of
reversing the deterioration of natural resources [5]. However, Johannes [6] provided
a strong argument advocating the necessity to study the resource itself and the local
ways, traditions, and knowledge associated with its use. As all humanly used resources
are embedded in complex, social-ecological systems (SES) [7], one needs to incorporate
ecological and sociotechnical knowledge of stakeholders or ‘resource users’ in describing
the resource system.

In this paper, a system of “Fishing Gear (FG) Resources” is studied for developing
sustainable strategies in the life cycle management of FG for the commercial fishing sector
of Norway. A systems engineering (SE) based method, SPADE, is adapted and modified
to analyze FG resources in Norway. The challenges and need for coining sustainable
management of FG resources are elaborated as a background in Section 2. Section 3
provides a brief account of the SPADE method’s activity steps as they were applied in the
study. An application of the SPADE method to explore the strategies for sustainable life
cycle management in commercial FG system in Norway is elaborated in Section 4. The
Sustainable Development Goals (SDGs) and EU’s Circular Economy (CE) strategies are
used as a backbone in designing the improvement strategies for FG. Finally, the framework
and application are discussed in Section 5. The adapted SPADE model aims to assist
decision-makers and system stakeholders in comprehending otherwise complex and multi-
dimensional FG management themes, sustainability and circular economy.

2. Background of the Fishing Sector in Norway

Norway is a Northern European country surrounded by water to the south (Skagerrak),
the west (the North Sea and the Norwegian Sea), the north and northeast (the Barents Sea).
With a resource-rich coastline of more than 25,000 km, Norway is the European leader in the
commercial fishery and aquaculture sector [8]. Historically, commercial fishing has played
a significant socioeconomic role, nationally and regionally, providing a foundation for
settlement and employment along the Norwegian coast [9]. The commercial fishery sector
includes all registered fishing companies in Norway that conduct fishing operations for
economic benefits. The fishing sector is segmented into the coastal and ocean fishing fleet.
A fishing fleet is an aggregate of commercial fishing vessels engaged in a particular type
of fishing with selected FG. The coastal fishing fleet comprises smaller vessels operated
by one to five crew and sizes range from 10–20 m [10]. the ocean fleet is known for its
deep-water and sophisticated fishing practices, where fishing vessels are generally more
than 28 m in size, and crew members vary from 20 persons or more [10,11].

In 2016–2017, 5946 vessels were registered in Norway, out of which approximately
93% are coastal vessels, and the rest belong to ocean fishing fleets [11]. The economically
essential and primarily captured species include herring, cod, capelin, mackerel, saithe,
blue whiting, and haddock. Additionally, fish species such as prawns, Greenland halibut
and ling are caught in smaller quantities, but they have a high commercial value. Figure 1
shows the diversification of the fishing fleet concerning the number of vessels and type of
FG they use. Although leisure fishers and foreign vessels also fish in Norwegian waters
through quota agreements, only fishing activity through Norway’s commercial fishing fleet
was considered for assessment in this study.
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Figure 1. Structure of the commercial fishing fleet of Norway 2016–2017 [modified after 10].

The commercial FG resources are selected as a system in this study. FG are defined
using an expansive definition proposed by FAO. According to FAO, FG are defined as
“any physical device or part thereof or combination of items that may be placed on or
in the water or on the seabed with the intended purpose of capturing or controlling for
subsequent capture or harvesting, marine or freshwater organisms whether or not it is
used in association with a vessel” [12]. Six major FG types, namely trawls, purse seines,
Danish seines, gillnets, longlines, traps/pots and their associated ropes, are considered for
this study. Polyethylene (PE), polypropylene (PP) and nylon (PA) are the primary building
blocks of any FG [13]. Throughout the text, the term “plastics” includes PE, PP and PA.
Although the FG unit contains other materials such as metals, lead, polyvinyl chloride
(PVC) and wires, plastics constitute around 60% to 90% of any gear type [14]. Therefore,
plastic polymers from FG are treated as resources in developing management strategies
throughout this study.

Among the total plastic waste entering the oceans, Abandoned, Lost or Discarded Fishing
Gears (ALDFG) are considered a particularly troublesome waste contribution that may
continue to t trap, entangle and potentially kill marine life after all control of that gear is lost,
which is defined as “ghost fishing” [15,16]. The amount, distribution and effects of ALDFG
have risen substantially over past decades with the rapid expansion of fishing activity and
fishing grounds and the transition to synthetic, more durable, and more buoyant materials
used for some or all FG types [17,18]. In addition to the threat to marine ecology, the loss
of fish stocks due to ghost fishing [19] and the additional cost of valuable resources on
ALDFG also constitute significant economic setbacks [20].

The risk of ALDFG accumulation is relevant for countries characterized by a long
and productive coastline. The geographic location and a strong dependence on fishing
activity make Norway among the most vulnerable countries in the EU-EEA region to the
detrimental effects of ALDFG pollution. Although ALDFG is the most dangerous fraction
of marine litter, little or no information is available on the regional flows, sources and
plastics from the fishing sector [14]. Consequently, there is a pressing need to build a
holistic and systemic understanding of the fate, transport, sources, sinks and end-of-life
(EOL) management alternatives of the fishing sector’s regional plastic flow.

This paper aims to fill the knowledge gap by applying the SPADE method that facili-
tates the problem-driven, stepwise research to comprehend the sustainability dimensions
for FG resource management in Norway. The adaption and application of SPADE are
elaborated in Section 3.

3. Materials and Methods

Systems engineering is a discipline applied to structuring complex research problems
where decision making is involved. The system of FG resource management presents a
multifaceted, complex problem. Studying the entire system demanded detailed research
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spanning four years (2017–2020). The research is designed according to the SPADE frame-
work of SE and elaborated here.

Systems Engineering (SE)

SE methods are characterized by their ability to structure and scope complex research
problems [21]. The SE process involves a series of steps accomplished in a logical sequence
to consider a holistic view of the total system, its life cycle and other interrelated life
cycles (e.g., material, cash flow) [22]. SE was invaluable to help design and maintain the
scope and boundaries of the research. Four critical characteristics of SE support a holistic
understanding of a given problem.

i. A top-down approach where the system as a whole can be viewed.
ii. A life-cycle orientation where all phases of the system are addressed.
iii. A thorough identification of system requirements.
iv. An interdisciplinary collaborative approach to ensure that objectives are met in an

effective manner.

Principles of SE were used in developing methods aimed at resolving the complex
problems related to resource management and sustainability. FG resources’ system is
characterized by the unavailability of scientific information and the need to rely on stake-
holders’ knowledge as a major and, at times, only available source for developing an
in-depth understanding of the system and interacting elements [23]. Consequently, an
essential SE method, SPADE, proposed by [24], is used to structure the problem. SPADE is
characterized by its ability to keep stakeholders at the forefront in defining the problems
and identifying potential system improvements [24].

The first activity (S) involves defining system stakeholders and their needs. In the
second, (P) the problems associated with the system under study are scoped and identi-
fied. The identified problems are analyzed using applied research methods in (A). After
analyzing system performance, the decision-making (D) activity aims to identify solu-
tions/alternatives to improve system performance. Finally, in (E), continuous evaluation
and monitoring of suggested performance strategies are conducted for continual improve-
ment of system performance. The SPADE model has been applied effectively in solving
complex problems involving transdisciplinary research methods on decision making for
sustainability in ship acquisition [25], creating an eco-industrial network [26] and solving
design problems for offshore fish cages [27].

Figure 2 illustrates the adaption of the SPADE model to structure the research steps for
the system of FG resources in Norway. The research spanned four years and included two
research studies, hereafter referred to as study-1 [14] and study-2 [28], directly adhering to
the SPADE model’s activities presented as a stepwise progression. Both qualitative and
quantitative research methods are applied to address the specific questions related to the
case study of Norway’s commercial fishing sector. Here, the SPADE framework and the
rationale behind method selection for each step are elaborated. The research reported in
this paper builds on two studies [14,28] that contribute to Problem definition (P), Analysis
(A), Decision making (D) and Evaluation (E) parts of the SPADE model and shows how it
can be used to structure long-term and multifaceted research.
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Figure 2. Research methods adapted in following SPADE framework for the management of FG resources.

The results of the literature review were used primarily to define the system and to
map system stakeholders (step-1). The literature review and stakeholder interactions then
were used to classify relevant life cycle processes of commercial FG and define associated
problems across the life cycle phases (step-2). The industrial ecology (IE) tool, material flow
analysis (MFA), is applied in study-1 to analyze system performance (step-3) by mapping
and quantifying plastics’ flows throughout the FG life cycle. In the absence of information
to conduct MFA, questionnaires, semi-structured interviews and stakeholder surveys were
used to collect the information necessary to validate the MFA model. Further, in study-2,
a multi-attribute value theory (MAVT) method was adapted to determine sustainable
management strategies for FG resources (step-4). The essential information for MAVT
model inputs was obtained through site visits of waste management and recycling facilities
and relevant expert stakeholders’ questionnaires. The data collections routines and analysis
of MAVT are elaborated in the study [28].

Finally, in the last step (step-5), literature review, expert opinion and insights gained
through field visits were used to recommend strategies for continuous evaluation of the
circular economy’s targets for the FG resource management in Norway.

4. Results

SPADE is used here to organize the results regarding the system of commercial FGs
in Norway.

4.1. System Stakeholders (S)

The first step taken is an identification of system stakeholders and their needs. There
are wide ranges of groups that may be considered stakeholders in managing FG resources.
Users and other stakeholders are individuals or groups of individuals who use the resource
system in diverse ways for sustenance, recreation or commercial purpose [7]. The classifi-
cation and mapping of stakeholders have been carried out in several ways based on the
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applicability and relevance to the problem. Here stakeholders are classified based on their
relation to phases of the FG system life cycle. Purchase, use and end-of-life are the three
main life cycle phases of FG. Stakeholders directly involved in one or more life cycle phase,
their relationships and roles are presented in Table 1.

Table 1. List of stakeholders and their relevance to the life cycle stages of the FG system.

Stakeholders’ Pre-Use (Purchase) Use-Phase EOL Phase Other Category

Directorate of Fishery X Regulatory

Directorate of
Environment X Regulatory,

Environmental

Ports and harbours X X X Regulatory

Fishers and fishermen
associations X X X X Economic

Fishing Gear
Producers/Suppliers X Economic

Relevant NGO’s X X X Social, Environmental

Research & consultancy
companies and Academia X X Social, Environmental

Waste management
companies X Economic,

Environmental

Waste collection and
recycling companies X X Economic,

Environmental

4.2. Problem Definition (P)

Problem formulation is among the most critical tasks for any research project. An
in-depth understanding of the problem statement helps build a comprehensive analytical
framework for the system under consideration. Figure 3 depicts the significant problems
associated with the life cycle stages of FG resources. The problem identification was
made by interacting with the indicated system stakeholder group(s). During the study
period (2017–2020), a semi-structured questionnaire, interviews and a literature review
were used to extract necessary information from relevant actors (FG producers, fishers,
waste managers, beach clean-up volunteers, Directorate of fisheries, NGOs working on
FG pollution, recyclers and landfill operators). Information was collected to build holistic
problem definition for the study. The questions asked for each stakeholder groups across
the life cycle of FG are presented in Supplementary Information Material (SI).
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Figure 3. Problems associated across the system life cycle phases of fishing gear resources.

4.2.1. Problems across Production Phase

The design and production of FG vary considerably depending on the fishing commu-
nity, type of target fish species, fishing grounds, size of the fishing vessel and local fishing
regulations. Typically, FG are predominantly made of plastic polymers (PE, PP and PA) and
other materials, such as metals, lead, polyvinyl chloride (PVC) and wires, only constitute
around 10–30% of any FG type [14]. Intricate gear design, inability to track or trace FG
once they get lost in the operation phase, and the dominance of durable plastic polymers
resulting in ghost fishing are among the significant concerns associated with the current
FG design. The use of three polymers and metal wires make it one of the most challenging
products from which to recover material upon the end of useful product life. Additionally,
the FG producers in Norway import most plastic polymers from Asian countries, causing
dependencies on external actors [16]. Such dependency on external actors and the absence
of in-house capacity to source raw materials had emerged as critical challenges for business
firms during the current pandemic (COVID-19) times when import-export was signifi-
cantly impacted. Consequently, developing local eco-industrial networks and improving
self-reliance by recycling/reusing waste material could be explored as a long-term and
sustainable alternative.

Furthermore, a rise in marine plastic pollution depletes fish stocks due to ghost
fishing from ALDFG. These pressures on the marine ecosystem pose additional regulatory
pressures on FG producers to innovate and develop biodegradable or recyclable designs
for commercial FG. Hence, material resources and recovery underpin the fundamental
problems identified by the regional FG producers in this study.
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4.2.2. Problems across Use Phase

In the use-phase, fishers deploy FG in the ocean to catch a target species. Deployed FG,
or their parts, may get lost during operation due to various reasons listed by Macfadyen [16].
FG have been lost, abandoned, or otherwise discarded in all seas and oceans since fishing
began [13]. Moreover, in coastal countries like Norway and Iceland where fishing is among
the primary economic contributors, impacts from ALDFG are detrimental [23]. Several
studies document the damaging impacts of ALDFG on fish stocks and potentially harmful
impacts on endangered species and benthic environments [16]. Apart from ghost fishing,
ALDFG also increases ecological and economic threats, including navigational hazards and
associated safety issues [29].

Commercial fishing is regulated in Norway through national, international and re-
gional instruments. The Supplementary Information Material (SI) provides a brief overview
of available policy instruments regulating the capture fishery practices. Norway’s Ma-
rine Resources Act (6 July 2008) [30] is the primary fisheries legislation in Norway. This
legislation prohibits the dumping of FG, moorings and other objects in the sea that may
injure marine organisms, impede harvesting or damage gear. The act also mandates fishing
vessels that lose FG to remove the object from the sea. If this is not possible, this loss must
be reported to authorities. These lost-gear reports help the coast guard effectively plan the
annual clean-up campaigns.

Although ALDFG is the most dangerous fraction of marine litter [13], little or no
information is available on the regional flows, sources, and plastics’ fate from the fishing
sector. Jambeck [31] identifies this knowledge deficiency about plastic flows from fishing
activities. Lack of scientific evidence resulted in strong dependence on precautionary prin-
ciples or conservative methods to manage FG resources in coastal countries. Consequently,
the problem associated with the use phase implies a need to build a holistic and systemic
understanding of fate, transport, sources, sinks of ALDFG in land and waters.

4.2.3. Problems across End-of-Life Phase

At the end of gears useful life, fishers dispose of FG in the waste management facilities
(WMF) as mandated in the Norwegian Pollution Control Act of 1981. The Pollution Control
Act is modified to enforce the Port Reception Facility (PRF) directive by the EU. The
Norwegian act states that littering is prohibited, which applies both on land and at sea [32].
Sound waste management is of crucial importance in preventing and reducing marine litter.
Under the act, municipalities are responsible for collecting and treating household waste,
while business and industry are responsible for properly handling and treating their waste.

The Norwegian Directorate of Environment and the Norwegian Directorate of Fish-
eries conduct programs to collect ALDFG from the ocean to minimize threats of ALDFG to
the marine ecosystem. Similarly, ALDFG from shores are collected through annual beach
clean-up operations in Norway. Waste FG collected through ocean and beach clean-up
activities are deposited to the nearest WMF. Additionally, the waste generated through
FG repair facilities end up in the WMF. At the WMF, this waste is segregated into frac-
tions suitable for recycling, fractions for landfilling and fractions for incineration and then
transported to respective facilities [14].

Semi-structured interviews during the site visits of waste management companies
and waste recyclers in Norway for study-1 highlighted the problems in collections of EOL
FG. The key challenge lies in the overall lack of PRF infrastructure across the Norwegian
ports. The EU Directive 2000/59/EC dictates all EU-EEA member states to safeguard a
PRF’s availability and provide a waste management plan on all ports. PRFs are defined
as ‘any facility, which is fixed, floating or mobile and capable of receiving ship-generated waste or
cargo residues’ [33]. According to the European Free Trade Association (EFTA) court’s recent
judgment, Norway has failed to fulfil the EU directive’s obligations. Only one-third of the
total registered ports in Norway contain a dedicated PRF or waste management plan. Lack
of PRF can lead to an inappropriate collection of FG related waste, and may give rise to
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illegal dumping, burning or stockpiling of waste on ports hindering the waste collection
regime from recovering valuable material [34].

4.2.4. Problems in Closing the Loop for FGs

Capacity building and technical support are critical to extracting value from waste
based on CE principles. Currently, there exist numerous challenges in closing the loop
for plastics from waste FG. The EOL collection, segregation, capacity, and availability of
recyclers are among the critical concerns in realizing the economic benefits of material
recovery. Hence, to establish opportunities for regional recycling or circular business
models, it is imperative to know the quantity of waste plastic available for recycling from
the fishing sector. Furthermore, while pursuing the goals of a circular economy, it is
essential to assess the sustainability of the proposed EOL management strategies.

Considering all the collected information in the first two steps of the SPADE method,
the following fundamental problems are defined in the second step of the SPADE frame-
work that are subsequently answered in the last three steps SPADE method.

• What information is essential to aid system performance analysis and improvement?
(answered in study-1)

• How much plastic is available at waste management facilities from the fishing sector
in Norway? (answered in study-1)

• Which methods are available to assess sustainability in implementing circular economy
strategies in managing FG resources? (answered in study-2 and partially in the current
study)

• What measures are needed to ensure continual and sustainable improvement in system
performance? (current study)

Additionally, the problem associated with plastic’s value chain includes the absence
of industrial recycling infrastructure. Lack of recycling facilities resulted in transboundary
export of recyclable materials out of Norway, thereby missing an opportunity to recover
material locally. If not handled responsibly, the exported waste may result in landfills or
contribute to the pollution of marine or riverine ecosystems through leakages. Plastics
polymer PE from waste FG can be processed through mechanical recycling to yield HDPE
(high-density polyethylene) and LDPE (low-density polyethylene), which can be used
further to replace virgin polymers in the products made by injection molding technol-
ogy [35,36]. The PAs from waste FG retain their properties post-recycling, making them an
economically attractive byproduct of recycling.

Therefore, the SPADE method’s analysis must be articulated to understand opportuni-
ties and barriers in realizing sustainable closed-loop strategies for FG within Norway.

4.3. Analysis (A)

The analysis was conducted mainly through the IE-based MFA method and presented
in study-1 [14]. The data and findings from study-1 are used here to define the analysis, and
the lessons learnt from MFA are deliberated further. In analyzing the system’s performance,
it was essential to understand the physical flows and stock of mass of plastics (MoP) from
the FG system in Norway.

Accordingly, in study-1 [14], a static MFA model was developed from 2016 to 2017
and accounting of MoP through purchase, use and post-use processes of FG life cycle were
mapped. In MFA, static models provide insight into systems at a specific time, allowing
holistic assessment of their current state [37]. Based on data from gear producers, fishers,
collectors and recycling and waste management companies, an MFA model was established
to quantify the annual stocks and flows of plastic polymers from six commonly used FG for
commercial fishing by the Norwegian fishing fleet. The summarized results reported that
the average MoP in the form of newly purchased FGs is estimated to be 2626 ± 143 tons
per year.

Additionally, 1755 ± 681 tons of MoP are purchased as FG parts for replacement
during significant repairs. Fishers reported the associated risk of damaging FG and losing
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part of or the entire gear upon deployment in the ocean. Such FG and/or parts leaked into
the marine environment as deployment loss are estimated to be 400 tons per year. The
beach and ocean clean-up efforts at the national scale contribute to removing/recovering
cumulatively 100 tons/year of MoP from lost FG. Finally, if not lost during operation or
repaired, fishers must dispose of FG at their end-of-life. The MFA estimates that annually
around 4000 tons of MoP are collected at Norwegian WMFs for EOL treatment from the
commercial fishing sector, and more than 50% of the collected waste fraction is sent out of
Norway for further processing and recycling.

Building upon the problem definition stage, analysis uncovered the loopholes in the
system of FG resources in Norway. Results suggest that although there are ample policy
instruments available in regulating the fishing sector, leakage of plastics to the marine
ecosystem, and an underdeveloped infrastructure to collect, handle and treat waste are
causing system malfunction. Finally, the analysis can be used to develop additional insights
through processing the data gathered from the system stakeholders and to design a strategy
to ensure sustainable management of plastics from FG.

4.4. Decide (D)

Until the end of 2017, industrial-scale recycling of waste plastic was unavailable in
Norway [28]. Consequently, the entire fraction of recyclable material was sent out of
Norway for mechanical recycling of PP, PE and PA from EOL FG. However, industrial-scale
recycling for obsolete plastics from the fishing and aquaculture sector began in Norway
in the latter half of 2017. Although recycling began in Norway, a still significant fraction
of waste is sent abroad for further processing and recycling. Therefore, decisions must be
taken to assess the sustainable EOL management alternative for FG resources, ensuring
optimum material or energy recovery. These decisions are studied and presented in Study-
2 [28], and the findings are summarized here.

In study-2, to assess the sustainable EOL management alternative for FG resources,
four scenarios were selected: landfilling, incinerating, recycling (inland) and recycling
(export). Sustainable management is defined as “The ability of EOL management alterna-
tives to manage 4000 tons of waste FG annually through maximizing environmental and
economic and social benefits while minimizing the negative effects” [28].

Based on the qualitative and quantitative data from relevant system stakeholders,
MAVT was adapted to rank the EOL alternatives based on their ability to manage 4000 tons
of waste plastics from FG in Norway within the defined sustainability criteria. The applica-
tion of multi-criteria decision analysis (MCDA) to address the decision-making problem
is presented in the study [28]. Sustainable Development Goals (SDGs) and targets are
considered helpful in assessing the three dimensions (environmental, economic and social)
of sustainable development proposed by [38]. SDGs are preferred as they address some of
the systemic barriers to sustainable development (SD) and contain better coverage of and
balance between the three dimensions of SD and their institutional/governance aspects [39].
The assessment criteria are chosen to reduce the uncertainty, increase the understanding of
the FG system, and measure the EOL alternatives’ performance against a defined goal.

Figure 4 presents the value tree developed for the decision analysis problem in study-2.
The top of the value tree diagram presents the decision problem, which was assessed to
attain sustainable strategies for FG management as per the definition. SDGs are used to
define the assessment criteria under environmental, economic and social objectives, and the
four alternatives are evaluated. The first target under SDG 14 is to prevent and significantly
reduce marine pollution of all kinds, particularly from land-based activities, including
marine debris and nutrient pollution, by 2025. Under OSPAR convention’s Marine Litter
Regional Action Plan 2014-2021, Norway has adopted the goal of reducing litter inputs that
have negative impacts on coastal waters, the sea surface, the water column or the seabed.
Accordingly, the environmental criteria are chosen to minimize the risk of marine pollution
and climate change.
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Figure 4. MCDA model for proposed alternative evaluation in selecting sustainable EOL management alternatives for FG
and ropes.

The analysis was performed using DECERNS (Decision Evaluation in ComplEx Risk
Network Systems) software [40]. The three core criteria, environmental, economic and
social, and associated sub-criteria, are chosen through expert judgment. Additionally, the
performance of each of the four alternatives against the selected sub-criteria was calculated
using data from site visits and personal interviews of waste managers, recyclers. The
rationale behind the selection of environmental, economic and social assessment criteria,
and their relation to SDGs, data collection and analysis, are detailed in study-2 [28].

The adaptions in MAVT were made for addressing the research questions to facilitate
the participatory process and gain flexibility in processing the available information. In
a typical MAVT study, stakeholder opinion, qualitative and quantitative information is
processed to find the “best” or “most-suitable” solution [41]. Hence MAVT was chosen to
incorporate qualitative and quantitative information obtained from the expert stakeholders.

The results of MAVT decision-making analysis are detailed in study-2, which strongly
suggest the importance of the location for recycling waste. The recycling operations shows the
potentially maximum positive effects on the environment and society with additional economic
benefits from resource conservation and energy recovery. In contrast, the overall sustainability
scores were lowest for exporting recyclable FG waste material out of the country [28].

These decisions helped to determine the sustainable alternative for managing plastic
resources from commercial FG in Norway. Adaption and application of MAVT provided
flexibility in using available information in the assessment. Stakeholders are the key
source of inputs throughout this research. In the MAVT study, 31 expert stakeholders
participated, consisting of regional waste managers, recyclers, collectors, NGOs, academic
experts and regulatory agencies. Involving these actors within the MAVT framework
enhanced deliberated discussions on several aspects of EOL management that helped build
a holistic understanding of EOL strategies during the decision-making process. Building on
Analysis and Decision-making, the SPADE method’s evaluation activity aims to encourage
a continual evaluation of employing sustainable alternatives.

4.5. Continuous Evaluation (E)

Evaluation as an explicit activity of the SPADE method offers the opportunity to reflect
on the progress of the research and the findings. The data collection steps applied for the
previous studies yielded information for a comprehensive understanding of the system life
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cycle for commercial FG. The literature review on existing policy instruments (presented in
SI) and the current status of system performance studied through the earlier steps were
used to derive the elaborate evaluation strategies for improvements in system performance.

In improving system performance, sustainability and resource conservation following
the circular economy principles are prioritized. CE is primarily at the forefront in Norway as
the first analysis of the Circularity Gap Report Norway 2020 reveals that 97.6% of materials
consumed each year in Norway never return to the Norwegian economy [42]. At only 2.4%
circular rate, Norway has enormous potential and urgent need to explore various strategies to
improve circularity within the region. CE is a priority of the European Green Deal through
the Circular Economy Action Plan adopted in March 2020. Since the EU is among Norway’s
key trading partner, adopting CE principles is strategically important for Norway.

Additionally, CE strategies provide a new incentive by promoting local eco-industrial
networks, creating new jobs and improving national self-reliance by recycling/reusing
waste material. Therefore, the continuous evaluation of problems identified across system
life cycle phases of commercial FG is an essential component to ensure follow-up of CE
and SDG targets.

Based on information obtained from literature, site visits and interaction with system
stakeholders for the data collection phase of earlier studies, a continuous evaluation
strategy is proposed for enabling principles of CE and sustainability within the life cycle
of commercial FG. Figure 5 presents a brief overview of evaluation strategies across the
system life cycle of FG resources.

Figure 5. Continuous evaluation strategies suggested across the system life cycle phases of fishing gear resources.
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4.5.1. Production Phase

Continuous evaluation is one way to improve the FG production material and technol-
ogy. The research on alternative raw materials for FGs must be emphasized. The principles
of eco-design, design for recycling and design for sustainability may contribute to create
FG from material that allows efficient and profitable recovery upon end-of-life without
hampering the product’s effectiveness. In its current strategy, the EU invites innovation
and business solutions across the member states to facilitate the transition towards a circu-
lar economy with a particular focus on marine plastic waste from FG [35]. Accordingly,
the strategies such as gear marking, recycle friendly gear design and biodegradable FG
should be explored further and monitored continuously to ensure the sustainability of
improvement strategies.

Extended producer responsibility (EPR) is considered an efficient strategy to hold
the manufacturer/producer responsible for the end-of-life treatment of their products,
including FG. In effect, this removes the inconvenience and cost factors associated with
waste management from the fishers. By linking the producer to the product’s EOL stage,
the scheme can also indirectly encourage more life cycle focused product design [43]. These
schemes can also help trigger infrastructure development to support the EOL collection
process. In Norway, the Ministry of Climate and Environment has announced its goal to
introduce a producer responsibility scheme for fishing and discarding marine equipment
from the aquaculture industry [44]. Together with EPR, gear marking or gear identification
is identified as an essential strategy for responsible fishing and for controlling the ALDFG
problem. The Fisheries Department of the FAO published systematic guidelines encour-
aging member states to incorporate gear marking policies. According to these guidelines,
gear marking aids in understanding the location, scale and nature of FG in the water [12].

Careful introduction and incorporation of these strategies may improve the state of
circularity in the system of FG resources. However, continuous monitoring is essential, as
advised by SPADE, to ensure successful implementation and performance improvement.

4.5.2. Use Phase

The science of resource management involves generating a systemic understanding of
the processes that lead to improvements in or deterioration of natural or anthropogenic
resources. For the system of FG resources, management strategies are based mainly on
highly segregated, generally outdated, non-uniform and unscientific estimates on FG life
cycle phases resulting in an overall absence of system information. Therefore, to evaluate
the system performance, continuous monitoring of flows and stocks of plastics throughout
the life cycle phases of FG is essential. In order to establish scientifically sound mapping
and monitoring systems for macro and microplastics in the marine environment, inter-
nationally agreed definitions, standardized quantitative methods and regionally suitable
indicators are needed. Several European states are taking coordinated action to develop a
common standard for analyzing and mapping microplastics and investigating the impacts
of microplastics on the marine environment and seafood. These monitoring strategies need
continual evaluation to understand better the fate and transport of plastics in the environ-
ment.

Additionally, ghost fishing’s environmental, economic and social impacts must be
studied and communicated to the system stakeholders. Fishers and other resource users
are the critical stakeholders in the use phase of FG. Consequently, fishers’ knowledge of
fishing grounds and responsible gear use must be documented to develop best practice
guides for young fishers to minimize FG loss or prolong the operational life span of FG.
The performance of selected improvement strategies and collected information through
monitoring must be evaluated continually to ensure the FG system’s betterment.

4.5.3. End-of-Life Collection

The analysis (study-1) proved that in Norway, the logistics transporting EOL FG to
respective recycling industries are immature or nonexistent [28]. On the contrary, findings
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from study-1 show the dominance of transboundary export of EOL FG from Norway,
facilitated by the availability of organized actors collecting, segregating and transporting
recyclable fractions of plastic FGs out of Norway for further treatment. Therefore, a
continuous evaluation is needed towards harmonizing and regulating the network of actors
responsible for EOL handling and management of waste FG. Additionally, monitoring
the status of PRF is vital to improving the collection of waste gears. The recent judgment
by the EFTA court highlighted Norway’s apparent failure in fulfilling the obligations of
establishing PRF across all the ports [34]. The gigantic coastline and numerous ports put
an enormous burden on regulatory actors in managing the landing sites. Harmonized
collection of waste FG is imperative for improving the material recovery in Norway,
therefore, updating the PRF infrastructure is an urgent need for avoiding material loss.

Apart from the lack of collection facilities, material loss occurs within the WMF as
well. The collected waste FG are often laden with dirt, rotten biomass and needs pre-
treatment (segregation, cleaning, cutting) before proceeding further with material recovery.
Intricate gear designs and presence of metal parts makes cutting and segregating recyclable
plastic even more difficult. However, personal communication with a regional waste
manager revealed that biomass laden waste is often subjected to incineration or landfills
and completely bypasses any opportunity for material recovery. Minor changes in the
waste handling practices at WMF and developing best-practice guides for handling the FG
related waste could improve the recycling of FG in Norway.

4.5.4. Closing the Loop of Waste from the Fishing Sector

Previous research shows that commercial fishing practices generate an estimated
4000 tons of waste plastics from EOL FG collected at WMF in Norway. In addition to the
commercial fishery, leisure fishing, fish farming, and inland fishing generate similar plastic
composite material accessible for recycling. In addition, mechanical and chemical recycling
technologies are available to recover material from waste FG. Mechanical recycling of
waste FG generates HDPE and LDPE polymers that can be used as a raw material in
the plastic products manufactured through injection molding technology. Pilot tests are
underway to assess the feasibility of replacing virgin plastic polymers with recycled plastic
pellets of HDPE and LDPE in the production of brackets and walkways for the aquaculture
sector [45].

Positive results from the pilot test could boost the opportunity for realizing circular
business models in Norway. Such product-to-product recycling may also reduce the
dependence of plastic industries on foreign actors responsible for the supply of virgin
polymers. Regional recovery of plastic polymers may provide flexibility in the supply chain,
and additional positive social impetus by creating new jobs. In addition, Vildåsen [45]
lists cost-cutting and reduced environmental impacts as other factors motivating regional
plastic industries to aim for circular strategies.

The semi-structured interviews with regional recyclers pin-pointed the ambiguity in
Norway’s waste regulation in Chapter 9 [46], which states that “All waste must be treated
before landfilling, and landfilling is allowed if the processing and treatment of waste fraction are
socio-economically non-viable.” According to the regional recyclers, the latter half of the
statement results in landfilling as a preferred alternative over recycling because the lack
of segregation and transport facilities for EOL FG makes it economically burdensome
to recycle.

The availability of waste material as a resource for the technology to recycle plastic
contents of FG indicated the opportunity to realize the circularity for the FG in Norway.
However, establishing an eco-industrial network between the fishing and plastic industries
demands assurance of quality and quantity of the eventual recycled polymers. Changes
in policy drivers for waste management are necessary to promote material recovery over
landfilling. Stakeholder awareness and involvement are vital in raising the demand for
environmentally friendly products. Stabilizing all the factors may influence the market
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acceptance of products with recycled polymers and may result in elevated demands for
such products.

Finally, a constant dialogue with system stakeholders, regulatory support through
visionary policy instruments, research to advance technological feasibility and reduce
operational challenges of FG recycling are among the areas that need continual evaluation
to realize the sustainable management of FG resources in the Norwegian context.

5. Reflection and Conclusions

5.1. Reflections on SPADE Method

In this paper, we have explored an application of a SE framework, SPADE, to a
case of the Norwegian commercial fishery sector, intending to develop strategies for the
sustainable handling and life cycle management of FG resources. The science of resource
management demands a transdisciplinary approach for studying complex socioecological
systems. Consequently, a systems approach provides holistic coverage as it replaces the
notion of resources as discrete entities in isolation from the rest of the ecosystem and
social system. Here, the SPADE methodology was adapted to facilitate the problem-driven,
interdisciplinary research to comprehend the sustainability dimensions in managing a
system of FG resources in Norway.

The case study of FG resources is unique. There is an overall lack of scientific informa-
tion to steer the meaningful policy or technological inputs for managing the potential plastic
resources from FG. Qualitative research methods such as structured, semi-structured inter-
views, questionnaires and focus group workshops were used throughout the study period
(2017–2020) to involve stakeholders. Involving stakeholders so early in the study helped
build a dialogue with the actors, which eventually led to capturing several unnoticed or
undocumented aspects of FG resources in Norway.

Although resource users develop a comprehensive knowledge of the resources they
use/consume and associated environments, this knowledge is rarely collected systemati-
cally and therefore cannot be used scientifically. SPADE’s application provided a scientific
template to collect such knowledge in highly structured formats, resulting in the collec-
tion of large amounts of information on the FG resources and identification of associated
problems. The data captured in the earliest phases also helped define the management
problems for FG across their life cycle processes.

The continual interactions with several stakeholder groups further helped gain quan-
titative information on stocks and plastics flows from commercial FG in Norway. The mass
of plastic flows across the system life cycle of FG provided a critical science and technology
contribution for the Environmental Directorate and the Fishery Directorate of Norway,
supporting the formulation of policies to monitor and abate the plastic pollution from the
commercial fishing sector. Additionally, the reported annual quantities of plastic waste
collected in the end-of-life stage are considered vital evidence for regional recyclers and
waste managers looking for reasons for closing the material loop from FG resources in
Norway. Simultaneously, the MAVT study results highlighted the improvement potential
in realizing sustainable management’s overall goal derived from the global framework of
CE and SDGs.

Continual involvement of stakeholders’ opinions in all the stages also allowed re-
searchers (authors) to build a solid practical knowledge base for suggesting management
strategies. Although proposed outcomes are limited to the case of Norway’s commercial
fishing sector, the knowledge can be adapted and exchanged with similar ecosystems else-
where.

In retrospect, SPADE’s structured simplicity and flexibility became increasingly valu-
able in selecting research methods to achieve a common goal. Nonetheless, it took four
years (2017–2020) to address and apply the entire SPADE methodology, providing holistic
coverage of all the life cycle processes of FG resources and enabling associated learning.
Additionally, SPADE’s logical and iterative workflow allowed the co-existence of qualita-
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tive and quantitative research methods throughout the four-years without hindering the
achievement of the study’s overall goal.

5.2. Integrating Sustainable Development Goals

In this study, the UN’s Sustainable Development Goals and the EU’s Circular Econ-
omy framework were used to define and outline the potential for improvement in the
management of FG resources in Norway. Given the all-inclusive scope of the SDGs, inputs
from science are deemed significant for policymakers to assess the economic, social and
environmental implications of their strategies in an integrated way over the long term.
Here, adaptations in the SPADE method were made to facilitate synergy between the
SDGs and policymakers. The synergy is illustrated by identifying relevant SDGs, targets
and further developing a set of assessment criteria to monitor and ensure sustainable
management of FG resources. In study-2, the sustainable decision making at the fourth
step was achieved through linking the assessment criteria to SDGs in the MAVT method.
Application of relevant SDGs and targets aided in producing a focused, measurable and
all-encompassing coverage of sustainability’s triple-bottom-line aspects.

Additionally, the SDGs ensured better communication and understanding of the
criteria, as stakeholders were familiar with the goals. Unlike the SDGs predecessor, the
Millennium Development Goals (MDG), the SDGs explicitly focus on businesses to apply
their creativity and innovation to solve sustainable development challenges. The elaborated
targets and set of indicators to assess the growth of selected SDGs were proven helpful in
devising strategies in line with global sustainability priorities.

5.3. Limitations and Application

The SPADE method proposed in this paper helped translate and operationalize the
SDGs in managing FG resources in the fishing sector; however, this is not necessarily
the only approach applicable for other sectors. Selections of relevant SDGs, targets and
following assessment criteria are essentially subjective and might vary while reproducing
the research elsewhere. Moreover, the current study’s scope focuses on the recovery and
management of plastics from fishing gears, excluding other marine litter sources, while
developing a set of improvement strategies. Additional analysis and deliberations with
experts in marine ecology must be organized to create sustainable management of other
marine litter sources in Norway and the planet. Furthermore, the case study only illustrates
possible connections between SDGs, targets, indicators and improvement strategies. Sys-
tem improvement is a continuous process that involves the active participation of a range
of stakeholders. It also demands a strong political will to transfer scientific findings into
policy instruments followed by constant monitoring of implemented strategies. The cyclic
and iterative steps needed for continual system improvement are a vital part of SPADE,
yet, maintaining and monitoring the iterative progress, in reality, may be challenging.

Lastly, the stepwise SE framework presented here advocates the need to incorporate
stakeholders across all the life cycle stages of a resource to ensure the sustainable man-
agement of anthropogenic resources under consideration. The adapted SPADE method
is transferable, especially in the cases of data-less or data-limited resource management.
Nevertheless, it is essential to apply it in another context with local adaptations to validate
its robustness. As more evidence is required to create informed strategies for managing FG
across all the fishing nations, the proposed SPADE model is currently being applied by the
author(s) to understand plastic pollution across European waters.
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Abstract: The major challenges confronting humanity are systemic in nature: climate change, pol-
lution, poverty, and inequality. Entrepreneurship fails to tackle these challenges, and ‘creative
destruction’ is mostly just leading to the destruction of the natural world that we inhabit. The present
economic, financial, and productive systems can and should be transformed to lead and power a shift
towards sustainability. If we are to reverse the course of destruction that current capitalist systems
are creating, we need to introduce more of a systems perspective into entrepreneurial education. This
article addresses how merging systems thinking and entrepreneurship can be used to nudge students
towards sustainability. Through a single case study, we argue that a practice-based pedagogy that
combines perspectives from entrepreneurship and systems thinking can be used as a catalyst to
bring about local changes in business models by making the business case go beyond the individual
organization and seeing entrepreneurship as being about creating more sustainable business systems.

Keywords: systems thinking; entrepreneurship; sustainability; experiential learning

1. Introduction

The world faces many challenges—climate change, plastic pollution, and inequality,
to name a few [1–3]. These challenges are systemic in nature, and are made up of a complex
interconnecting web of stakeholders with differing interests and incentives [4]. These are
the types of issues to which systems thinking has traditionally been applied [5]. Resolving
these challenges will therefore require a systemic solution. The present economic, financial,
and productive systems can and should be transformed to lead and power a shift towards
sustainability [1]. The question then becomes how to do this.

Traditionally, entrepreneurship has played a key role in transforming markets through
the introduction of innovative products and services [6]. The forefather of entrepreneur-
ship as a field, Joseph Schumpeter, famously described this change making process as
the perennial gale of creative destruction, as entrepreneurs and firms continue to act en-
trepreneurially through innovation in search of sustainable profitability [7,8]. While much
has been written about the term, at the core of the message is that entrepreneurs are the
catalyst that bring about the destruction of old economic patterns through the creation
of new enterprises [7]. Yet, if we review entrepreneurial progress in the last decades,
there might be cause for concern [2]. The largest successful entrepreneurial firms such
as Facebook, Apple, Tencent, Alibaba, Microsoft, etc., have amassed huge amounts of
wealth, symbolizing their popularity and their success as economic organizations. Yet,
none of them have as a primary or even secondary focus the resolution of the serious social
issues facing the world. With a certain amount of greenwashing involved, there might be
arguments made for the good they are having on the world, although we would posit that
this is merely lip service [9]. It seems the perennial gale of creative destruction is mostly
leading to the destruction of the natural world that we inhabit.
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There is a growing recognition of the need to change the way the current economic
system operates in order to resolve the serious issues facing the world [1]. In referring to the
current economic systems and capitalism in general, we acknowledge there are variations in
capitalism across regions and countries. We use the terms economic system and capitalism
interchangeably to refer to the largely neoliberal markets of developed countries, such
as those in western Europe and North America, although we do not consider the issues
mentioned to be solely with these types of capitalism. Capitalism has many benefits,
as evidenced by its ability to lift more than a billion people out of poverty at the start
of the millennium [10]. Yet, even the earliest thinkers around capitalism saw the issues
with unbridled capitalism, with Adam Smith and Karl Marx discussing accumulation of
wealth (inequality) and externalities (pollution and destruction of nature) as being logical
outcomes of the system. While capitalism has changed its form considerably since these
thinkers raised their concerns, the issues they mention are as relevant today.

As is often quoted in systems thinking, a system operates exactly as it is designed to,
and the issues in the world we are currently seeing are the clear result of the economic
system being designed to create such issues [11]. Therefore, if we want our economic
systems to behave differently, then we have to begin to design them differently.

One of the greatest points of leverage for changing a system is to focus on changing the
mindsets of those involved in the system [12]. If we are to reverse the course of destruction
that current capitalist systems are creating, and instead replace it with something more
sustainable, then we argue that we need to introduce more of a systems perspective into
entrepreneurial education [13]. This will in turn transform students’ mindsets to having a
more holistic view of the role of entrepreneurship in creating a sustainable future. We use
a teaching case to demonstrate what the merging of these perspectives would look like,
in the hope that inspiring a shift in mindsets will lead students towards being catalysts
and creators of new more sustainable economic systems [14]. The case demonstrates
how a practice-based pedagogy combines these perspectives as an initial step towards
bringing about local changes in business models by making the business case go beyond
the individual organization.

In order to argue for the combination of entrepreneurship with systems thinking, we
begin with a brief overview of both systems theory perspectives and entrepreneurship.
We then provide a merged theoretical perspective of the two fields, before demonstrating
through a case study of how this can be taught as a practical hands on pedagogy. Lastly, we
follow this with a reflection on the challenges and limitations of such an approach, along
with suggestions for future research.

2. Systems Thinking and Entrepreneurship

As Meadows pointed out, “hunger, poverty, environmental degradation, economic
instability, unemployment, chronic disease, drug addiction, and war, for example, persist
in spite of the analytical ability and technical brilliance that have been directed toward
eradicating them” [15] (p. 5). These are systems problems that, as she addressed, will not
disappear until someone finds “the courage and wisdom” to restructure these systems.

Systems thinking is rooted in the understanding that society is so complex that linear
ways of thinking and analyzing problems are insufficient and even counterproductive.
Systems thinking has been developed based on the understanding that it is not enough to
study only parts and processes in isolation; instead, there is a need to solve problems while
considering the dynamic interaction of parts [16,17].

Similar general conceptions and viewpoints have evolved in various disciplines of modern
science. While in the past, science tried to explain observable phenomena by reducing them
to an interplay of elementary units investigable independently of each other, conceptions
appear in contemporary science that are concerned with what is somewhat vaguely termed
“wholeness” [16] (pp. 36–37).

Von Bertalanffy [16] describes how systems thinking is a collection of methods, con-
cepts, and techniques that are used to understand a phenomena where there are strong
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interactions between different parts that together make up complex systems like those in
entrepreneurial studies and sustainable development.

Classic systems thinking literature focuses on balancing forces and counter forces in
order to uphold an equilibrium, which adequately explains how the current social issues
already mentioned have come to be. Newer literature, such as Cabrera [18,19], point towards
a better understanding of the complexity in the models and thus developing more enhanced
mental models (we use mental models refer to ‘deeply held internal images of how the world
works’ [11] (p. 174)). The challenge lies in the fact that when we change a system, it is difficult
to predict the effects that will result from those changes. A singular change can have flow on
effects, leading to second, third, and nth order consequences [20,21]. This is not something
readily discussed in entrepreneurship literature, meaning entrepreneurs’ mental models
are not well equipped to see the consequences of any new service or product that they may
launch. Entrepreneurship as a field does not train nascent entrepreneurs to see the totality
of their choices.

Entrepreneurship may be understood as a system or network of interconnected actors,
intimately related to today’s complex societal challenges like sustainability. Yet, this is a
topic that is rarely discussed within teaching environments. A systemic literature review
of entrepreneurship education [22] makes no mention of ‘sustainability’ and only a passing
mention of social entrepreneurship, while a more recent article [23] focusing on the role
of UK entrepreneurship centers in higher education uses the word ‘sustainability’ only
in relation to ‘financial sustainability’. A surface review of three core journals focusing
purely on entrepreneurship (Entrepreneurship Theory & Practice, Journal of Business
Venturing, and the Journal of Small Business Management) reveals that since 2010, there
have collectively been 38 articles with the word ‘sustainability’ in the title. We are conscious
that a more thorough review would have revealed more articles, and that there are smaller
niche fields such as ‘sustainopreneurship’ springing up (only 165 results in google scholar
since 2010), but this term is totally absent from articles published in the three key journals
mentioned. We do not mean to imply there is no literature linking sustainability and
entrepreneurship. The point is that sustainability has not been part of the core discussion
occurring within mainstream entrepreneurship journals and has traditionally been absent
from the curriculum being taught to students of entrepreneurship [24].

However, attitudes have been rapidly changing, with new programs sprouting up
that focus on the intersection of entrepreneurship and sustainability [25]. The point is
that if we want students to begin to see the environmental consequences of the economic
choices they make, then we need to begin to train entrepreneurs to think differently and
more systemically [26], or at least to think more widely in their perspective. A systemic
perspective on entrepreneurship indicates a need to explore and discuss more of what
relates to or affects the whole of the system the entrepreneur is targeting [27,28].

The systemic perspective is embedded in the concept of sustainability introduced
in the UN World Commission on Environment and Development report ‘Our common
future’ [29], warning of the necessity of making progress toward an economic development
that can be sustained without depleting natural resources or harming the environment.
The UN Sustainable Development Goals, the Paris agreement, and the two degree scenario
(International Energy Agency, 2017) all require policy actions and an array of public
and private support across all innovation stages, from strategically directed research &
development (R&D) and market creation and technology-specific support towards holistic
support and market pull policies and system integration [30] (p. 10). The situation requires
an entrepreneurial mindset that grows beyond an economic viable product and company
and that embraces a systems-wide approach to change.

The idea of sustainable entrepreneurship is based on a development paradigm that
recognizes that entrepreneurship makes an important contribution to environmental, social,
and economic development. Yet, it still views the value creation unit at the level of the
individual organization [31] and largely ignores the wider systemic implications. As such,
it sticks with a more traditionally linear mindset that ignores the kind of ‘wholeness’ [16]
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we referred to earlier. Systems thinking can be used to provide a new perspective and tools
to broaden the field of influence entrepreneurs consider when innovating.

3. Previously Disconnected Literature and Mental Models

The connection between systems thinking and entrepreneurship is not entirely novel,
although literature from the two fields is seldom sighted together. Initial conceptual work
examining the connection between social entrepreneurship and systems thinking posited
that a lack of understanding of social systems caused many social enterprises to fail [32]. We
agree with this point, but note that the authors are still focused on the success of individual
organizations and less on the systemic impacts of these organizations and ensuring that
those systemic influences are positive.

Social enterprises are those whose main purpose is not just economic gain, but rather
that they try to bring about social ‘good’ at the same time. The rise in popularity of social
enterprises has resulted in a plethora of terms such as ‘social purpose venture’, ‘community
wealth venture’, ‘non-profit enterprise’, ‘venture philanthropy’, ‘caring capitalism’, and
‘social enterprise’ [33]. Although, not all efforts to be socially responsible have been equally
genuine, with many companies carrying out ‘pseudo branding’ in their attempt to appeal
to consumers as socially responsible [32]. We suggest that minor changes in business
models towards less damage or mild positive impacts does not go far enough towards
supporting sustainability.

While Triverdi and Misera [32] are focused on social entrepreneurship, many of
their arguments apply equally to the more mainstream field of entrepreneurship. They
criticize academia for conceptual ethnocentrism, whereby traditional business management
concepts are given undue weight and lead to mental models that concentrate on personal
gain. Indeed, economics encourages people to be wealth-maximizing individuals because
it is considered the rational thing to do (although this doctrine has been giving way to more
relaxed positions that include space for human ‘irrationality’). In pushing these forms of
narrative, the result is that there is a tendency in academia and in classrooms to promote
the idea of entrepreneurship being closely connected to personal wealth generation.

Yet, studies examining the motivations of entrepreneurs and student entrepreneurs [34,35]
have shown that financial rewards are not the main motivators of those with entrepreneurial
aspirations. Instead, factors like freedom, challenge, and the pursuit of meaning are themes
that are conveyed as motivating nascent entrepreneurs.

Wealth maximizing mental models taught (consciously or unconsciously) to students
can cause them to see the value of a forest as being based only on the lumber that it can
produce, instead of seeing the inherent value in natural systems. A basic tenet in systems
thinking is that optimizing for a singular metric results in a suboptimal performance of the
entire system [11,17]. Accepting that businesses are part of economic and environmental
systems leads to the conclusion that optimizing for individual performance in individual
organizations will come at the expense of the entire system (even if it benefits the individual
business owners/entrepreneurs). The current mental models being taught to entrepreneurs
contribute to the further destruction of the environment as entrepreneurs strive to optimize
the performance of their enterprises.

The result of these mental models has seen the increase in commercial activity, with
phrases like hypercompetition being coined [36]. As Schumpeter predicted, as this commer-
cialization speeds up and hypercompetition takes place, it gets harder for firms to maintain
a competitive advantage [7]. We do not wish to sound like the American Patent Office in
1899, who said there was nothing left to invent. There is of course still room for further
creative destruction in the deliverance of new industries and the creation of more artefacts
for consumption. Yet, there is also the question of how much more the natural world can
tolerate of this development before triggering a crash of ecosystems.

We should not need to be reminded that it is the economic system that is dependent on
the natural world for survival and not the other way round [37]. If we are to continue with
our current trajectory of singular focus, then it would stand to reason that we would push
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our planet to the point that we risk our own destruction. In addition, the hypercompetition
referred to puts pressure on margins, meaning there are incentives to choose the cheapest
inputs, which often correlate with the most negative environmental outcomes, creating a
re-enforcing feedback loop in the destruction of the planet.

It is therefore not sufficient to focus on businesses that have an incremental approach to
improving environmental outcomes, although we commend those businesses that endeavor
to limit their negative outcomes. Instead, we need to begin to redesign business as we
know it to have a benefit to the environment, other businesses, and to multiple stakeholder
groups connected or impacted by the business. Hence, there is a clear need to begin to
provide aspiring entrepreneurs with new knowledge, such as a focus on ‘wholeness’. We
argue that theories of systems thinking can be used to shift the mental models of aspiring
entrepreneurs towards a more sustainable orientation.

4. Applying Systems Thinking to Entrepreneurship

In aiming to combine the fields of systems thinking, entrepreneurship and sustain-
ability, we encounter an issue at the level at which we are theorizing. Sustainability is an
outcome, while systems thinking is a theoretical model. Entrepreneurship is about taking
action under uncertainty [38], although is supported by a broader field of theory. We sug-
gest that through shifting mental models of entrepreneurs by including systems thinking
theory, we can create sustainable outcomes. Therefore, this section aims to assimilate the
two disparate fields of entrepreneurship and systems thinking theory; the choice of which
theory elements to join is entirely arbitrary. The decision as to which elements to discuss
was based purely on the authors subjective perception of which elements seemed to have
a natural cross-over. This is not an exhaustive review of either field, but rather an initial
attempt to pair the two fields with the goal being to shift the mental models in aspiring
entrepreneurs away from their singular focus on economic benefits.

4.1. Disconnected vs. Interconnectedness—Rather Than Seeing Individual Elements, Instead Focus
on the Interconnection

In systems thinking, the focus is on the ‘whole’ [16], while what is meant by the whole
can vary vastly depending on the level of analysis. To use an organizational example,
you might consider a whole team, or a whole division or a whole business, or perhaps a
whole industry or economy. Applied to entrepreneurship, we might be able to see that
the normal unit of analysis is that of the organization that is trying to bring a new product
or service to market. Occasionally, this whole might be within the context of an industry
and considering the competitive positioning of a new offering and how this might create a
product–customer fit.

Applying a more holistic perspective to entrepreneurship might mean seeing the role
of a new venture in relation to value networks, at the level of societal impacts, or the roles
that the introduction of the new firm has on its environment. These perspectives have
already become part of the wider narratives of social entrepreneurship, but are somewhat
underrepresented in mainstream entrepreneurship literature. For example, a review of
‘Disciplined Entrepreneurship’ [39], one of the leading textbooks on entrepreneurship,
does not comment on the wider effects of a venture’s sustainability or impacts on the
environment. Lean Startup only mentions sustainability in the sense of an ever-growing
business [40], and the same is true for some other well-known entrepreneurship books,
such as the Startup Owner’s Manual [41].

4.2. Linear vs. Circular—Focus on Feedback Loops and Reinforcing Nature, Not Just Linear Cause
and Effect

Systems thinking has a large focus on feedback loops, reinforcing structures, and
thinking about second-, third-, and fourth-order consequences of actions [5]. In this sense,
it takes a longer-form perspective and considers how actions will play out over time.

This particular perspective has somewhat of a foothold in entrepreneurship already,
however generally from a monopolistic perspective. Examples include the idea of a
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flywheel as described by Jim Collins, whereby a competitive advantage is gained through
creating a self-reinforcing system that builds momentum over time and makes it virtually
impossible for your competitors to catch up with you [42]. Alternatively, it is sometimes
used in the sense of generating viral momentum through marketing a new venture by
ensuring the lifetime value of a customer exceeds the cost of acquiring new customers [39].
In digital industries, the circular nature might be associated with stickiness and attention
management, whereby product offerings are designed to retain users and keep them
coming back for more (even if this is to the detriment of the customer).

Applying the systems tool in a more constructive way, from the viewpoint of external
stakeholders, we could begin to introduce the idea of paying attention to the second-,
third-, and fourth- order consequences of ventures and their offerings, in turn encouraging
entrepreneurs to think in a wider timeframe that expands beyond sales for the quarter. A
well-known negative approach is designing for obsolescence, whereby Apple and Samsung
have been prosecuted for designing their phones to be obsolete faster than what they might
have otherwise been [43]. This is profitable for the company, but given the raw materials
required for the phone, there are few external stakeholders who would think of this as a
positive outcome.

Instead, we can encourage entrepreneurs to think about how they integrate their prod-
ucts and services into a more circular offer. Additionally, we might be able to think about
encouraging entrepreneurs to design their business models to have positive outcomes on
external holders. Again, this has gained some traction in social entrepreneurship [33], but is
still far from being normal in mainstream entrepreneurship. In mainstream literature, there
is reference to the lifetime value of a customer [39], yet no reference to the lifetime impact
of products and services on the environment. We could begin to encourage entrepreneurs
to think of the cost of production and disposal on the environment, and not have them just
consider the financial costs of production.

4.3. Silos vs. Emergence—Results Emerge from Complex Interrelationships

Complex systems are those that are beyond being able to be analyzed, and therefore
are best understood through seeing the patterns that emerge over time [44]. Emergence
is the concept that the results of a system emerge from the individual parts of a system,
and the interaction that they have with one another. The concept of emergence has a
space within the entrepreneurship community already and is the philosophical basis for
effectuation [45]—a key theory in the field of entrepreneurship. It says that ventures cannot
always be planned for, but rather are the result of differing resources and actors being
combined, and with new ventures emerging out of this complex interaction [46].

The normative implication of this is that we cannot always plan our way to a new
venture, but rather through making concerted efforts, a new venture can emerge. Addition-
ally, a crucial concept of emergence is that small points of leverage can have big impacts
on the final emergent outcome. As such, we need to begin to encourage entrepreneurs to
think about the leverage points in their own ventures that can result in a more positive
economic system, and combined with the earlier points have them see that their venture
is not a singular economic unit, but is part of a bigger whole, and the creation of a new
venture can have long term implications for society.

4.4. Parts vs. Whole

A downside of the analytic approach is that we tend to focus on the individual
elements. Systems thinking encourages a focus on the whole, and is sometimes explained
with the memorable analogy that two halves of a horse are not the same as a horse [11].

In entrepreneurship, we have seen this be applied in the form of ‘customer journey
mapping’ and ‘customer lifecycle analysis’, where it is not just the purchase transaction that
forms the focus, but the entire value offering to the customer [47]. Yet, this lifecycle analysis
does not normally take into account disposal of products or environmental externalities
of the products sold by a venture. As such, we could encourage nascent entrepreneurs to
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think more holistically about their value offering. We could encourage them to see that
their organization is not a single unit, but to view themselves as a part of a whole network
of actors, whose individual actions collectively have large and important impacts.

4.5. Analysis versus Synthesis—The Idea of Synthesis Is the Creation of Something New through
the Combination of Existing Elements

In its nature, entrepreneurship is synthetic. It focuses on building ventures through the
combinations of resources, with the goal being to create something new out of component
parts. Synthesis is the lens through which effectuation and design thinking explain how
individuals can create ventures.

What is less discussed is the idea of what entrepreneurs ‘should be’ synthesizing.
The underlying (hidden) mental model is that they should be creating business models
that focus on value creation for themselves and shareholders. If we shift the focus of
entrepreneurs towards synthesizing firms with a broader perspective and a realization that
they are part of a whole, then we can begin to shift their mindset towards having an overall
more positive impact.

4.6. Isolation vs. Relationships—Not about the Individual Elements, but Paying Attention
to Interrelationships

Systems thinking conveys that it is not the individual elements that matter, but rather
the relationship between them that should be of crucial importance [5]. If we apply this to
the context of entrepreneurship, we can begin to re-imagine what an economic business
model might look like. Instead of the traditional competitive perspective, where there is
a race to create a competitive advantage and beat your competition, we focus on more
co-opetition or complimentary business models [48]. In particular, we could have students
reimagine what the role of a company is in facilitating positive outcomes for society, so that
entrepreneurship could be more focused on creating value networks or clusters of value in
small economic micro-systems.

This might sound naive or overly simplistic, however, there is a growing pressure on
ventures to find ways to continue to survive in a world of hypercompetition [7,36]. Indeed,
evidence suggest that across the board, most firms are finding it harder to maintain an
economically sustainable model, and that creative destruction is speeding up the process in
which firms are replaced by new entries [7]. Noting that traditional monopolists have been
able to maintain their monopolies where is it is uneconomic to build new infrastructures
can be seen as aspirational. Perhaps the sustainable economic infrastructures of the future
are those value networks that, due to their systemic conceptualization and co-location,
have a collective competitive advantage that cannot be easily replicated.

Indeed, this is one of the key features of our case that we will now shift our focus
toward discussing in order to show how these six systems perspectives can be actively
applied to an entrepreneurial class.

5. Sparking Change in the Next Generation of (Systems?) Entrepreneurs

One of the challenges mentioned so far is that the global economic system of today
has reached a status quo that, while obviously problematic, seems unlikely to change of its
own free will due to the complex mix of stakeholders and power dynamics. This might
seem an uninspiring starting point, but Meadows [12] provides some guidance on where
best to intervene in such a system. She highlights 12 points, with the most crucial being
that of transcending paradigms. This is a lofty goal, but given the alternative of continued
planetary destruction, we suggest it is worth striving for.

However, a more attainable place to begin is at the second most powerful leverage
point inside a system, and that is with shifting mindsets of those operating in the system.
Meadows points out that change may be brought about by consistently and repeatedly
pointing out the failures and assumptions of existing systems to those with an open mind.
She discusses the needs to shift social paradigms through questioning assumptions and
resetting these collective assumptions into a new socially accepted paradigm.
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Education would appear to be a location where mindsets and collective paradigms
can be shifted amongst young people with open minds [49]. It seems therefore fitting
to focus on education as a tool through which we can begin to implement the leverage
suggested by Meadows. A lot has been written in the field of entrepreneurship about
shifting mindsets [50–53] and creating entrepreneurial mindsets [50,54–56]. While the
exact definition of an entrepreneurial mindset is under debate [51], there is nothing that
precludes nudging students towards having a broader environmental perspective when
thinking of venture creation. Indeed, the original definition of ‘mindset’ was described as
individuals having their mind set on finding solutions to the challenge at hand [55].

If students are tasked with creating entrepreneurial ventures that take into account a
broader system picture, then their mental models will likely have this as a new baseline
when they consider entrepreneurship in the future. In order to demonstrate the way
students can be encouraged to have this wider perspective, we now turn to a case study.

6. Case Context

To illustrate the use of entrepreneurship from a systems point of view, we choose to
highlight one possible method for communicating how to shift students’ mindsets to take
a more holistic viewpoint. The case is not intended to suggest that this is the best approach
to teaching a systems perspective in conjunction with entrepreneurship, but rather one way
that appears to have impacted students’ awareness of the complexity of entrepreneurship
and was experienced as a valuable learning experience for those involved.

Case studies are recognized as a relevant real-world research design [57] and are
especially relevant for producing contextual knowledge [58] for maneuvering within com-
plex processes [59,60]. Case studies are also appropriate for contemporary and emergent
phenomena in a real-world context, including real-time and retrospect data [61,62].

The case relates to a corporate challenge, whereby a local land developer contacted our
University College to inform us that they were planning to build a new business park. The
corner stone tenant of this development was to be a giant datacenter. A common issue with
datacenters is that the servers inside them need to be cooled in order to operate efficiently,
as a result there is excess heat energy that needs to be removed from the datacenter
and is commonly just extracted into the local environment in the form of warm air via
air conditioning [63]. According to the information provided by the developer, it was
expected that 40 megawatts (MW) of excess energy would be expelled into the air each
year. The developer was concerned about the impact on the local environment as well
as feeling like this heat would be wasted if it was just dispersed into the atmosphere. To
put the figure into perspective, an average home in Norway uses 16,000 kilowatt-hours
(kWh) (https://energifaktanorge.no/en/norsk-energibruk/energibruken-i-ulike-sektorer/
(accessed on 27 April 2021)), meaning the excess waste from the datacenter would be
equivalent to the power usage of 2500 homes.

From an economic perspective, the development of the datacenter was profitable
based on current economic conditions regardless of what happened with this excess heat.
However, the developer pointed out that this heat seemed like an underutilized resource
and was curious whether there was an opportunity to find a potential upside. In an initial
meeting, we decided to see if we could use first year bachelor students to find potential
opportunities for this heat resource. From a technical perspective, there is a clear solution
as to how to use the heat, so the challenge is not one of technology. The heat can easily be
transferred out of the datacenter via water cooling systems, and used to heat nearby homes
and businesses. There are multiple examples of such solutions in the region. However, the
heat in this case went far beyond what any nearby businesses would need in regards to
normal heating. The distance between the business park and any nearby housing meant
that building a pipeline to transfer the warm water was instantly ruled uneconomic due to
the costs and time involved in negotiating with landowners whose land the pipe would
traverse. The challenge then became what to do with the heat within the confines of the
business park.
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7. Application in a Teaching Setting

In order to address the challenge from the corporate partner, we decided to have all
52 students from a compulsory first year course in a bachelors level program address the
challenge towards the end of their first semester. The students study a program called
innovation and project leadership, which is a three-year Bachelor’s focused on experiential
learning through running a number of projects, including starting businesses, building
bridges, organizing wilderness experiences, and providing innovation consultancy services
to businesses to name a few of the projects. The program allows a degree of freedom
for students to steer their own learning through choosing which particular projects they
work on. As the students were approaching the end of their first semester, they had been
introduced to a number of theories or schools of thought, and had applied these in varying
degrees to small week-long projects. These schools of thought included circular economy,
biomimicry, entrepreneurship, and design thinking. The theory associated with each of
these schools of thought was introductory in nature and had not been taught in-depth
to students.

As part of the challenge, students were aquatinted with the basic theories of en-
trepreneurship around business models, customer’s needs, and finding a problem–solution
fit [39,47,64,65]. In addition, students were invited to three question and answer sessions
lasting approximately 2 h, each with knowledgeable individuals from differing fields, such
as a local expert on water heat exchangers, another on renewable energy and innovation,
and the developer running the project. The introduction to these differing perspectives
helped shape students’ perspectives on how to think about the task at hand.

In addition, daily coaching sessions were held with each of the eight teams working
on the challenge. Students were allowed to choose their teams, and all teams had a mix
of genders. These coaching sessions allowed the teacher (one of the authors) to steer the
direction students were heading in, although the students retained a great deal of freedom
to solve the challenge in a way they thought suitable. The teacher aimed to have students
avoid any technical type approach (i.e., focusing on the particulars of how heat would
be transferred) and instead had students focus on ‘who’ needed the heat, which types of
businesses required the type of excess heat the datacenter would generate, and what were
the requirements of this heat (such as consistency, timing, peak loads, etc).

8. Student Approach and Results

The students had no prior technical knowledge of the area of heat-recirculation, re-
quiring them to go out and discuss the idea with a large number of companies to better
understand the commercial needs of businesses. In some instances, students visited compa-
nies to receive tours and discuss with the companies’ engineers the technical requirements
the production facilities needed. They also discussed with the financial officers and CEOs
the needs of the business to gain greater insights into whether there was a fit between the
waste heat from the datacenter and what the individual companies needed.

The students worked in groups of four to six people on the challenge for 10 days
before having to present their ideas to the developer. The developer stated after the student
presentations that ‘they were impressed by the suggestions of the students and that the
work by the students went well beyond what was expected from them’. The developer
then decided to initiate a longer-term collaboration with students on the project, which
we do not discuss in detail here. The students provided the developer with a two-page
summary of their findings, including further leads for the developer to follow up with
regards to individual companies and types of industry players who might need this type
of heat in their production process.

To draw on an example, one group visited a paper production facility and discovered
that the facility needed around 14 MW of steam production each year. As part of this
production, the paper company was paying USD 4.1 M per year in gas, USD 410,000 in
carbon credits, and USD 3.4 m in electricity. The company did not reveal which percentage
of the electricity bill was related to steam production, but the carbon credits and gas
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were almost entirely related to steam production, with electricity being used instead of
gas when spot prices made it more economical. The students were thus able to identify
paper production as a key industry that could benefit greatly from co-locating beside the
datacenter. While the particular company the students visited did not express a willingness
to move, having recently refurnished their plant, the business case for such a location was
clear. This allowed students to begin to narrow their search to other paper production
companies who might be willing to shift location. The business case was that the reduction
in the cost of gas and carbon credits would be shared equally between the data center and
the paper production company, with the commercial upside for the developers being that
they could demand a greater price for their land given the benefit of locating there, and as
well as being able to use positive publicity around the project to increase their profile.

A separate team focused on a more circular economy perspective, aiming to find a
wider range of commercial players for whom waste heat energy might be of use. They
identified as examples shrimp farming, algae growth, greenhouses, and insect production
as types of commercial players who if co-located together could benefit from synergies
associated with each other. The perspective focused on creating a value cluster that also
made use of other infrastructure such as roading networks and being relatively closely
located to major food distribution centers.

Neither idea is revolutionarily innovative, or might not even be considered innovative
at all given that none of the ideas were new industries. Instead, the focus was a more
systemic view of how businesses could cross-benefit from each other’s waste products and
create shared value through a non-traditional business model. These have not traditionally
been the key focus areas of entrepreneurship education. Traditionally, education has
focused on using resources to produce something new, and often in the process creating
additional waste and pollution [2]. In this instance, the focus for the student groups was
about using the resources currently available (or planned to be available) and finding a
way to ensure that they were used instead of simply being wasted. Yet, this requires a
reconfiguration in the way business is normally organized.

9. Discussion: A Systemic Approach to Entrepreneurship

We do not mean to argue that this case highlights the best way of teaching en-
trepreneurship and system thinking together. We do not even argue that this way is
better than teaching the two subjects separately. Instead, we mean to highlight that it
is possible to have students shift their mindset relatively early on in their education to
have them consider a wider perspective that goes beyond narrow economic gain often
associated with capitalism and entrepreneurship [13,14]. None of the students presented
a case that focused on solely maximizing the developers profit. Rather, they had their
focus on generating value across multiple business organizations. This represents a shift
in mindset from singular optimization of an individual organizations profit to a focus
on optimization of a cluster/network of organizations in order to maximize the system
as a whole [48]. This represents a clear difference from discussions around sustainable
entrepreneurship to date [66], which focus on improving the environmental outcomes
of individual organizations (and/or their supply chains). In including systems thinking
theory, we saw students’ perspectives widen in number of ways, as discussed below.

9.1. Disconnected vs. Interconnectedness

The students were able to see that there was a valuable resource (heat) that could be
shared across multiple business organizations. Instead of engaging in typical business
development focused on the profit maximization of a single entity, they were able to shift
their focus or analysis to the interconnectedness of businesses that could be co-located
together in order to create value that was relevant for a cluster of companies.

They were also able to see the interconnectedness of a single business activity with
downstream consequences, and to design solutions that minimized the impact on the
surrounding environment. Viewing the interconnectedness of the business with the sur-
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rounding environment, and the potential for negative consequences, allowed them to see
the need for a shift in existing ways of carrying out business and that the single metric of
profit was problematic.

They were also able to see their own interconnectedness to the project and that they had
the power to influence the final outcomes of the development that was to occur in their local
environment. They therefore went from seeing themselves as passive observers to seeing
the agency they had to push the project to head in a direction they considered positive.

9.2. Linear vs. Circular

Students became aware of the nature of feedback loops; for example, the developer
expressed concern that if cold air was to be used to cool the datacenter, then the warm air
that was expelled might potentially reduce the snowfall in the area (an unpopular outcome
in a ski-obsessed nation), which would further lead to warming in the area (as snow reflects
thermal heat), and that this feedback loop could have negative consequences with regard
to ski conditions.

Students also saw how the ‘process’ of producing profit does not stop once something
has been sold, and that there are downstream consequences that could be used in a
constructive manner to design a more circular-based economic model. They, for example,
were able to see the possibility that existed to use the waste heat to warm water for
shrimp farming; the waste from shrimp farming could then be used for fertilizer, with
the additional heat also being used for greenhouses, with the organic rubbish from the
greenhouses being able to be used for feeding insects that could eventually be fed back to
the shrimp. They could then see the second- and third-order consequences of setting up a
synergistic value network of businesses.

9.3. Silos vs. Emergence

Students were able to gain experience with emergence as a concept connected to
entrepreneurship, whereby a path became clear as they took action, which opened further
possibilities and understanding of the situation in which they were trying to create value.
In addition, they were able to experience emergence in the design of a business system [13].

In the beginning, many of the students were uncertain of how to proceed and felt
insecure about their ability to come up with a solution. They were guided through a process
with strong roots in emergence and sharing pedagogical roots with design thinking that
pushed them to speak with potential relevant stakeholders, seek information, and create
their own questions and sources of answers. In doing so, they experienced the emergence
of their own understanding and with it the emergence of solutions and paths forward. A
critical philosophical point of emergence is that small changes in starting factors can lead
to extremely different outcomes in end scenarios. In this sense, they were able to see that
their own small interactions in projects could play a large role in determining the outcomes
in their local environment.

9.4. Parts vs. Whole

In a traditional sense, a business case involving a datacenter would focus on profit
and only profit. This case allowed students to see that there was much more involved in
developing a business park involving a datacenter. They were much more able to see the
whole picture and how the different parts hung together. The typical example of two halves
of a horse not being the same as a horse applies here too; they were able to see that half of
a development of just building a profitable datacenter missed the opportunity to build the
other half of the horse, which could be interconnecting businesses leading to a reduction in
power (measured across all businesses), a reduction in Co2, and saved costs with regards
to carbon credits. They could see this whole and how creating this whole was far more
valuable than focusing on singular parts of the value chain.
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9.5. Analysis versus Synthesis—The Idea of Synthesis Is the Creation of Something New through
the Combination of Existing Elements

The project had strong synthetic elements to it; there was previously no value cluster
and there were no plans to create one either. The students were then compelled to use
the resources they had, such as their own knowledge, the knowledge of others, and their
networks, to begin to generate interest from different stakeholders. In doing so, they carried
out a process strongly resembling effectuation [45].

9.6. Isolation vs. Relationships—Not about the Individual Elements, but Paying Attention
to Interrelationships

This case was a clear example of how to have students shift their mindset towards
focusing on the relationship between business organizations in an attempt to create mutual
value. The flow of resources between the planned businesses was the key theme for the
project, and a crucial part was having students understand the nuances of these relation-
ships as well. For example, students had to research the peak flows of heat in the datacenter
compared to the timing of needs in the other organizations. It was important to understand
the timing and needs of each business process and how these could be interlinked.

Another example, an initial idea that was later discarded by students, was the use
of the datacenter heat to dry corn. While corn farmers use a lot of heat, they only need
this in a single month of a year, meaning using the heat for such a short period did not
make sense. Yet, another idea discarded early was the use of the heat to generate steam,
run engines, and recycle this energy back into electricity. However, it showed that the
heat from the data center was not suitable for this kind of steam generation. In this sense,
students focused on the relationships and demands between the individual elements in
their quest for creating solutions.

9.7. Differing from Sustainable Entrepreneurship

One particular criticism that might be levelled at the suggestion of blending en-
trepreneurship and systems thinking is the question of how is this different from existing
fields such as sustainable entrepreneurship or social entrepreneurship, where the focus
is on having a ‘green’ approach to business. We would argue that there is a significant
and important difference. Sustainable entrepreneurship is still focused on singular entities
and trying to reduce their particular negative impact. It is still analytic/linear in nature
and often has a more incremental starting point. We do not mean that as criticism, and
think sustainable entrepreneurship has a valuable place within a transition to a more
sustainable future.

However, combining systems thinking with entrepreneurship is different, as it is
less about individual entities and instead focuses on the creation of value and the use
of resources in a more systemic way, that is, the creation of value clusters, for example,
the design of the interaction between these individual organizations in which the value
creation is intended to be maximized across the group, and in which value can also include
the reuse of resources or the reduction of waste. In this sense, it moves away from viewing
organizations as silos and instead views their individual value creation within a larger
system and context, and in this sense aims at removing a kind of systems blindness that
can account for the current negative business practices.

9.8. Shifting Mindsets

The original idea of mindset relates back to the work of cognitive psychologists in the
early 20th century at the Würzberg School of Cognitive Psychology [67], where ‘mindset’
was a term used to describe on an individual setting their mind on finding a solution to
a particular challenge. We can consider the goal here to shift students towards having
their mind set on using a systemic perspective when engaging in entrepreneurial behavior
with the desired outcome being a more sustainable set of business outcomes. Examining
whether there is evidence that mindset shifts have occurred would require an in-depth
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study of students’ perspectives before and after. We accept that this particular study is
explorative in nature and does not reach the standard of being causative evidence of a
mindset shift. The intention behind the case is to demonstrate that there is a coherent
way that these three areas can be taught together in order to connect systems thinking,
sustainability, and entrepreneurship.

Based on the observed work of the students and their deliveries, it would appear
that there is ample evidence that they were able to manage the existing tensions between
these three theoretical perspectives and find resolutions that might have been suboptimal
for any one organization, but were optimal when considered holistically across multiple
organizations. In this sense, students were able to shift their mindsets toward having
agency in creating outcomes that impacted their local environment. As mindsets can be
shaped through education, we hope this formative education experience helped students
to have a mindset that was more sustainable while acknowledging the important roles that
setting up commercial systems can have in benefitting everyone.

10. Going Forward

We have only begun to explore the concept here of joining the fields of systems
thinking and entrepreneurship. Given this is a new perspective, it likely lacks nuance
and therefore requires further exploration. As a single case study, this is intended only
to begin exploring the overlap between the two fields and how it might be taught. We
would welcome much more rigorous approaches to examining the ability of teaching
to shift students’ mindsets in a way that they begin to consider the holistic picture. We
suggest a fruitful path for further research would be to examine students’ reflections on
their experiences of learning in this manner, and to begin to examine whether a shift in
mindset has occurred.

In addition, the goal of shifting mindsets around how to begin to tackle global systemic
challenges is obviously a daunting and ambitious task, but all movements start with minor
steps. We encourage further exploration of this topic in order to examine the topic with
greater rigor.

11. Caution in Systems Thinking

We advocate for developing a sense of agency in students so as to empower them to
make what they consider to be positive changes in their environments. At the same time,
influencing systems needs to be approached with a genuine sense of caution. As even the
earliest systems thinkers pointed out, issues of social systems are incredibly complex and
go far beyond individuals’ capacity to analyze their way toward a solution [21].

Going a step further, there has been a great deal of harm done by what has been
labeled ‘naïve interventionalism’ [20], where the intention to do good was clear, but the
result was the opposite of that intended. As Meadows points out, people often know
intuitively where leverage points are; however, they have a tendency to pull in the wrong
direction [12]. We therefore reiterate the need for caution in encouraging students to begin
to experiment with systems change, and they should be made equally aware that not all
problems have a ‘technical solution’ and will therefore require trade-offs that enter into
the realm of ethics and competing moral values [68]. As the age of the citations in this
subsection testify, these are not new issues, but still ones we need to be cognizant of as we
continue to wrestle with how to move society forward in a desired direction.

12. Conclusions

The article starts from the assumption that the current economic systems are creating
a number of problems that are systemic in nature, and therefore require systemic solutions.
Traditionally, entrepreneurs have played a crucial role in the shaping of systems and
markets, but the current mental models of entrepreneurship are flawed in that they teach
students to focus on wealth maximization (often at the expense of stakeholders and the
environment), which leads to suboptimal solutions at a systems level.
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Based on prior literature, we argued that one of the best ways to change a system is to
shift the underlying mindsets or mental models of those inside it. We therefore argued that
education should place greater focus on viewing the ‘wholeness’ of environmental and
economic systems when engaging in entrepreneurship. In order to demonstrate how this
can be done, we highlighted the theoretical arguments with a case study to demonstrate
how entrepreneurship could be taught with a greater focus on seeing the ‘wholeness’ of
the situation and not focusing on value creation at the individual organizational level.

There is still a lot of work to be done in order to more elegantly connect the fields
of entrepreneurship and systems thinking if more students are to produce sustainable
economic systems, and more work needs to be done to shift the mindsets of students
interested in these fields. This article aims to take an early step toward achieving both
of these, and we welcome and hope for further contributions from the field in this area.
Potentially fruitful areas for further research would focus more on examining whether
shifts in mindsets do occur from such teaching and whether this influences entrepreneurs’
ventures when they finish their education. In addition, there are likely contributions to
be made with regard to clarifying the theoretical overlap and contradictions between
the fields.
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Abstract: Systems engineering finds its origin in analyzing and exploring complicated technical
systems. In this positioning paper, we set out to discuss the value and limitations of a Systems
Engineering approach in its contribution to societal challenges, notably the energy transition. We
conceptualize the energy system as a sociotechnical system. We specifically explore stakeholders and
their roles, agency, and acceptance. We illustrate the relevance by a case at the municipal level that
shows the relevance of acceptance, pluralism, distributed agency, context, and process aspects. The
municipality is still in a phase of exploration and conceptualization. Systems Engineering can be of
great value in this phase to explore the problem and solution space. However, to make the most of
this requires that Systems Engineering addresses policy making, distributed agency, and complexity.
We discuss the challenges this poses for the traditional Systems Engineering approach; we indicate
several potential strategies to address these challenges, and we show two fields that can help clarify
how to address these challenges: transition studies and sustainability assessment.

Keywords: systems engineering; energy transition; renewable energy; sociotechnical system; stake-
holders; agency; acceptance; complex problems; transition studies; sustainability assessment

1. Introduction

Energy drives all activities and is strongly related to prosperity, production, consump-
tion, and well-being [1–4]. As such, a good energy supply is crucial for achieving many
sustainable development goals (SDGs) [2], and an urgent call for action is needed to ensure
peace and prosperity for people and the planet, now and in the future [5,6]. Especially SDG
7 targets the energy supply: “Ensure access to affordable, reliable, sustainable and modern
energy for all” [5,6].

Achieving the goals as stated in SDG 7 requires a transition, a radical shift in the
energy system [1], from a fossil fuel-based system to one based on renewable energy
sources. Especially in developed countries, reducing greenhouse gas emissions is a crucial
driver behind recent developments in the energy sector [7,8]. The complexity, scale, and
urgency of the required transition make it one of the grand societal challenges for the
21st century. Over the last few decades, this problem has received increased attention in
academic [9–11] and policy circles [12–14].

The energy supply has all characteristics of a system: primary energy sources are
mined in nature and are converted by an apparatus to secondary energy sources, which in
turn are converted to energy services. All elements are interconnected by infrastructure
and transport [15]. Traditionally, System Engineering has had substantial contributions
to the sector, with a specific focus on understanding and assessing the techno-economic
feasibility of these engineered systems [16]. In addition, for the future, there is a significant
potential for contributions from the field of Systems Engineering, given the enormous
changes required for the energy transition.
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However, traditionally, Systems Engineering has been focused on exploring and
analyzing technical systems and complicated problems. Although that is a valuable
contribution by itself, we will argue in this positioning paper that the energy transition,
and societal challenges in general, require a different approach. In essence, by their nature,
energy systems are sociotechnical systems. These systems include infrastructure and
conversion technology and markets, cultural aspects, regulatory paradigms, and consumer
behavior [1,15,17]. As such, they require unpacking socioeconomic factors, including
stakeholders’ roles, normativity, and agency. These are issues that are hardly addressed
by traditional Systems Engineering that would rather see normativity and agency either
as clients’ goals and customers’ needs and requirements or as contextual factors for the
engineering system. In the traditional approach, normative and agency aspects are typically
addressed in a rather instrumental and technocratic way, focusing on how to model or how
to manage [18–20].

Discussions and developments in the energy transition show that many struggles
to embrace and accelerate the energy transition relate to the sociotechnical nature of the
transition. One challenge is translating the generally accepted policy goals into specific
roadmaps, action plans, and policy approaches. These serve to align stakeholders’ interests
and visions, empower stakeholders, and build up momentum to build up a robust approach.
However, change invokes resistance. With the recently increased diffusion and (larger
scale) implementation of solar PV and onshore wind, the acceptance of renewables has
become a prominent issue [21–30] that can severely affect the support and direction of the
energy transition.

In summary, we conceptualized the energy system as a sociotechnical system in
transition. Our goal for this positioning paper was to indicate the relevance of Systems
Engineering approaches, to illustrate the problems that arise due to the misfit with so-
ciotechnical systems, to discuss strategies to overcome that misfit, and to indicate related
fields from which lessons can be learned. As such, we contributed to the goal of this special
issue to focus on Systems Engineering’s role in contributing to grand societal challenges
and providing policy advice [16,31].

We specifically focused on the diversity of stakeholders, their roles, and their agency,
including societal acceptance issues. To do so, we drew upon an illustrative case study
on the heating transition for the small city of Best in the Netherlands. This approach is
analytically helpful as it reduces complexity: Goals, boundaries, and involved stakeholders
can be clearly identified, dynamics can be easily understood. Over recent years, Dutch
municipalities have been assigned a more substantial role in the energy transition, e.g., by
making local plans for the heat transition in the built environment and specifying local
potential [32]. However, municipalities typically lack experience and expertise in this field
and struggle with questions about a regional energy transition [33,34]. The city of Best is
especially relevant as it committed itself to far-reaching goals [35–37]; there is an active
energy cooperative, Duurzaam Best, indicating a willingness to act among citizens; but
despite this, a project to implement a heating network in the Naastenbest neighborhood
recently failed [38,39]. As such, it provides an excellent illustrative case to study both
stakeholders and broad aspects of acceptance. Finally, a systems architecting study had
already been conducted for Best [40,41], which offered some prior knowledge.

In the next paragraph, we introduce sociotechnical systems and acceptance concepts
more thoroughly based on relevant literature. Next, in the methodology section, we discuss
the approach for the illustrative case, followed by the empirical results. Finally, we present
a conclusion and discussion on the potential for contribution and the challenges in Systems
Engineering and how to overcome these challenges.

2. Sociotechnical Systems and Acceptance

We argue that complex societal problems, such as the energy transition, require a
sociotechnical system approach. A sociotechnical system has been introduced and devel-
oped in the field of science and technology studies (STS). A sociotechnical system has been
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defined as “a configuration of technologies, services, and infrastructures, regulations, and actors
(for example, producers, suppliers, policymakers, users) that fulfills a societal function” [42]. It
assumes that a broader set of stakeholders is involved in developing and implementing
technology and that the social and technical aspects co-evolve. It builds on the notion
of a coupled development of technology with social practices, rules, and normative set-
tings [15,17,43]; the distributed agency over a variety of stakeholders and moments, i.e.,
the capacity to act and influence [44]; and the complexity of the problems, characterized
by normative pluralism, inherent uncertainty, and emerging behavior [45–47]. As such, a
broad set of stakeholders is relevant as are their roles, preferences, practices, and processes
of interaction and decision-making. Relevant issues in this field include justice, public
engagement, social construction, expectations, transforming innovations, and governing
complex transitions [48]. A traditional limited stakeholder analysis focusing on power and
interest will not cover all these aspects.

Recently the energy transition started to take shape. It moved from an idea or concept
to an actual realization by implementing, among other things, larger scale solar PV and
onshore wind. Consequently, the impact and hindrance of these technologies became clear
and started to affect more extensive groups of stakeholders. The lack of social acceptance
of renewables has become a prominent issue [21–30] that can severely affect the support
and direction of the energy transition.

Acceptance, or the lack thereof, is a typical example of sociotechnical aspects of the
energy transition. Acceptance is a broad concept that can refer to people’s ability to
“tolerate”, “regard something as inevitable”, or “approve of something or to encourage it”.
It can manifest itself as attitudes and actions on a spectrum of involvement and agency, i.e.,
the capacity to make choices [21,49]. Other crucial questions are who is accepting and what
is being accepted. When it comes to social acceptance, Wüstenhagen et al. [29] differentiate
between sociopolitical, market, and community acceptance: Sociopolitical acceptance
refers to the acceptance of general goals, technologies, and policies by the public, key
stakeholders, and policymakers. Market acceptance relates to the adoption and diffusion
of innovations in the market by companies, consumers, and investors. Finally, community
acceptance refers to residents’ and local stakeholders’ acceptance in siting decisions and
renewable energy projects. This differentiation can help to increase understanding. For
example, the not in my backyard (NIMBY) phenomenon that is seriously hampering the
local energy transition [22,23,25,30] is a combination of large sociopolitical acceptance with
low community acceptance.

The three types of acceptance as identified by Wüstenhagen et al. are influenced
by five key factors related to the stakeholders involved and local factors, as determined
from the literature (see Figure 1): financial costs and benefits; values and goals; justice
and participation; trust and communication; and efficacy and reasibility. Financial costs
and benefits refer to the initial investment, the payback time, and the expected return on
investment. Low investment costs, short payback times, and a reduction of monthly energy
costs are considered critical preconditions for community acceptance. Simultaneously, a
solid business case is more decisive for market and sociopolitical acceptance [50–52].

Values and goals refer to an individual’s preferences based on personal norms, values,
motivations, and goals. When the intended effects of sustainable measures are perceived to
align with these values and goals, the actions are more likely to be considered favorably [53].
Common goals influencing community acceptance are the improvement of public health,
the stimulation of (economic and scientific) advancement, and the creation of moral and
caring communities [50,53], as well as safety, autonomy to choose, little hindrance, a
comfortable living environment, and preservation of the natural environment [51].
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Figure 1. Conceptual map of key concepts affecting different types of acceptance.

Justice and participation both relate to the process of decision-making. Distributional
justice relates to a perceived (im)balance in the distribution of costs, benefits, and risks
among critical stakeholders. Procedural injustice is often experienced as a result of a
perceived imbalance of power [23]. A perceived lack of justice and participation can
result in damaged stakeholder relations and opposition [29,50,54]. As such, it is especially
relevant for community acceptance and sociopolitical acceptance.

Trust and communication both relate to the stakeholders involved and their interac-
tion. When knowledge of sustainable measures and technologies is limited, community
acceptance depends on trust in experts and decision-makers [23,24,29,30,50]. As such,
sociopolitical acceptance (or lack thereof) may trickle down to community acceptance.
Trust is shown to affect acceptance most strongly through information relating to costs,
benefits, and risks. Ambiguous or dishonest communication negatively affects trust in
responsible stakeholders and increases perceived injustice. The importance of trust is also
well described in other literature, e.g., in business [55,56], in governance [57–59], and for
new large and risky technologies [60,61]. We argue that it is crucial for all three forms of
acceptance. Due to recent developments, trust issues have become even more critical (e.g.,
due to individualism, alternative facts, distrust of central governments, and the role of
social media) [62,63].

Finally, the efficacy and feasibility of proposed measures are essential. Individuals are
less accepting if an action is considered unrealistic or when the effect of implementation on
a final goal (outcome efficacy) is considered small [30]. Questions of feasibility are often
related to technological maturity, the availability of energy sources, the matching of supply
and demand of energy, the scalability, and the ownership of proposed solutions [52,64].

The more recent literature on acceptance is more critical and elaborates further on the
justice and participation aspect. It primarily focuses on injustices and inequalities, and as
such, aligns more with an STS agenda. It concentrates on the role of time and history in
the energy transition, adopts a more relational framework (studying the production and
consumption side and local and national level at the same time), takes into consideration
power relationships (e.g., the relationship between expert political and lay systems), and
the role of sociopolitical contexts. It moves away from positivist and individual frameworks
towards the analysis of socially constructed discourses [65].
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3. Methodology

We set out to explore stakeholders involved, their roles, and the issue of (social) accep-
tance for the case of Best, more specifically for the failed Naastenbest project. We studied
directly involved key stakeholders to understand better their roles, the sociopolitical con-
text, the process, and the differences and tensions between the political, expert, and lay
systems. In addition, we studied the social acceptance of the local public and how that was
affected by different factors.

The most relevant (directly involved, influential) stakeholders in the Naastenbest
project were identified by the initial study of academic and grey literature and preliminary
interviews. The municipal council has the formal responsibility for the energy transition in
the municipality. The municipal officials support this council. The housing cooperation
owns and builds rental houses as a delegated government responsibility and is especially
relevant for initiatives in the built environment, as was the case for the Naastenbest project.
Installation companies play a central role in engineering and installing energy and heating
infrastructure and equipment. Best Duurzaam is an association of citizens who strive for
sustainability. It engages with the societal debate and local initiatives.

In the next step, semi-structured interviews were held with each of these stakeholders.
This approach matches the research’s explorative nature and the level of involvement of
the stakeholders [49]. Probing questions are employed to elicit additional information on
potentially sensitive topics, assist respondents in recalling the information, and explore
issues that were not previously identified as relevant [66]. Based on selective sampling,
32 stakeholders were approached, of which 10 agreed to the interview, covering all five
relevant stakeholder groups, see Table 1. Interviews were conducted over the phone or by
Skype (due to COVID-19 restrictions), following an open interview guide. Interviews typi-
cally lasted 45–75 min. Interviews were not recorded but notes were taken. Anonymized
results were analyzed to identify key concepts and themes.

Table 1. Selective sampling of relevant stakeholder groups.

Stakeholder # Interviewed

Municipality of Best 1

Municipal Council 2

Energy cooperation “Duurzaam Best” 4

Housing cooperation 1

Installation company 1

Finally, social acceptance in the community was assessed by an online survey that
focused on broader acceptance of energy measures and policies. The survey consisted of
closed questions and open questions (remarks) and was designed to assess (1) demographic
characteristics of respondents; (2) the general attitude towards sustainability and the
energy transitions; (3) perceived drivers and barriers for taking action; (4) the role of
the municipality; and (5) the support for concrete measures, either individually or at the
municipal level. Respondents were approached on multiple online platforms to increase
the response rate and reduce potential sampling bias. These platforms included ‘Plein
Best’ and ‘Groeiend Best’, as well as Facebook communities such as ‘Best voor Best’ and
‘Best anders’. Moreover, fourteen area representatives were contacted to spread the survey
among residents in their neighborhoods. In total, this resulted in 85 respondents.

4. Results of the Illustrative Case

In February 2020, officials of the Municipality of Best, responsible for the energy
transition in Best, submitted a proposal for a district heating network including seasonal
storage. This project targeted several national subsidies for the exploration of heating
options. For the planning, the municipality cooperated with an installation company. The
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prospected users included a sports hall, a few schools, private individuals, and, most
notably, tenants of the local social housing corporations. Members of Best Duurzaam,
the local energy cooperative, reviewed and supported this proposal, albeit conditionally.
Ultimately, the municipal council rejected the proposal later that year. Both the interviews
and surveys were held after the rejection.

4.1. The District Heating Naastenbest Project

Differences in stakeholders’ values and goals resulted in varying attitudes towards
sustainability and district heating in Best. Both Best Duurzaam and the municipality were
motivated by (inter)national climate goals (5 respondents), either intrinsically (Best Du-
urzaam) or by pragmatic political motivations (municipality). Members of the municipal
council (2) stressed the importance of aligning their goals with their political party’s pro-
gram. The housing corporation and the installation company (2) were mainly motivated
by the prospect of future financial gains. Most stakeholders (7) raised concerns about
the technological feasibility with respect to the location of the system (3), the scalability of
the distribution network (3), and the seasonal balance between generated and stored en-
ergy (1). Additional concerns were raised about uncertainty and the distribution between
stakeholders of financial costs and benefits, e.g., uncertainties regarding (exploitation) costs
and subsidies (5), unclarity on ownership of the network (3), uncertainty regarding (the
potential for) upscaling and future financial returns (2), and doubts on the long-term risks
of operation (4). Most stakeholders (8) acknowledged the importance of stakeholder partici-
pation and justice but were not satisfied with the participation process in the Naastenbest
project (6). Both Best Duurzaam (4) and the municipal council (2) believe that they were
inadequately involved in the decision-making process, as key information was shared too
late. This strongly contributed to the discontinuation of the Naastenbest project. Most
of the interviewees (6) partly attributed doubts and critiques to unclear communication
by the municipality. A lack of trust among stakeholders was not explicitly mentioned,
but frequently implied (6) through the questions that were raised concerning the munic-
ipal alderman’s perceived lack of effort in passing the proposal (5), the trustworthiness
of commercial stakeholders (3), and the involvement of the energy cooperative Best Du-
urzaam (3). An additional issue was the lack of vision and policy (8). Most stakeholders (7)
indicated the absence of an overarching long-term vision on the energy transition at the
municipal level. Long-term prospects are missing (2) and follow-up actions are undefined
(2), making it hard to judge the strategic relevance of this project. In addition, a more
precise definition of stakeholder roles was considered crucial for sound policy making (7).
Opinions on the merit of the district heating proposal varied widely among stakeholders.
Best Duurzaam members (4) indicated they were favorable towards the design despite
their publicly expressed concerns. In contrast, the municipal council members (2) were less
optimistic and expressed concerns that the (long-term) risks were not transparently and
sufficiently covered.

4.2. Acceptance among Residents of Best

Overall, the survey revealed a variety of responses per question, indicating that the
group is heterogenous: Different people have different drivers, preferences, and experience
various barriers. There is broad support for sustainability and energy-saving measures
within the sample. Many inhabitants have taken feasible and straightforward actions, such
as insulation (over half) and domestic solar PV (about half), or are thinking of implementing
them. Personal drivers are both pragmatic and value-based, e.g., saving money, improving
comfort, reducing the impact on climate change, and protecting the environment are
indicated to be relevant, as well as belief in progress and morality of choice. Community
aspects (community connection, social obligation) are not perceived as relevant drivers.
For many participants, previous bad experiences, lack of favorable financing, risks, and
climate critique were not barriers for further implementation. Some concerns were raised
with respect to costs and their contribution. More large-scale, intrusive, novel, expensive,
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or contested technologies received less support, e.g., heat pumps, electric vehicles, solar
collectors for implementation by residents, solar farms, biomass power plants, wind
turbines, and district heating by the municipality. Only the application of PV panels on
public buildings received broad support. Most participants were neutral on the role and
activities of the municipality. However, in the open questions, there was strong criticism.
In particular, unclarity of information, lack of participation, and distrust towards the
municipality were mentioned. Another frequently mentioned topic was the potential risk
of large-scale projects on the environment.

5. Conclusions and Discussion

5.1. Lessons from the Case

Our primary interest was in exploring the diversity of stakeholders, their roles, and
the acceptance of renewable energy as an illustrative case for the social struggles that
affect the energy transition. The literature review shows that acceptance is a broad concept
that manifests itself as attitudes and actions on a spectrum of agency and involvement.
Acceptance also depends on who is accepting and what is being accepted. The literature
differentiates between sociopolitical, market, and community acceptance. Different factors
influence these types of acceptance: financial costs and benefits; values and goals; justice
and participation; trust and communication; and efficacy and feasibility. In addition, they
are affected by issues of power and sociopolitical context and are visible in and affected by
socially constructed discourses.

Overall, the interviews showed the distributed agency in the Naastenbest project:
Several stakeholders were involved in the process by steering, influencing, decision making,
and acting over an extended period and in a sometimes ill-defined project. The lack of
clear data and analysis were generally shared concerns among stakeholders, e.g., on
technical and financial feasibility and the distribution of cost and benefits. Process aspects
strengthened these concerns: the lack of clear communication, issues of good governance
and participatory approaches, ambiguity in the process, stakeholder roles, and alignment
with broader societal and transition goals. Most stakeholders are supportive towards
addressing climate change (sociopolitical acceptance), but at the same time, are supportive
of many other goals. It is not clear how stakeholders deal with trade-offs; or how to
come to an approach that does justice to all stakeholders involved, clarifies their roles,
and results in a shared agenda. An overarching long-term vision of achieving the energy
transition on the municipal level (either focused on actions or process and roles) is lacking.
This lack of a long-term vision hinders short-term decision making and an integrated
assessment of the feasibility and potential contribution of the project. Representatives of
the municipality see the pilot project as experimentation, which can be an excellent strategy
to overcome complexity if it results in increased visioning, networking, and learning
within the community and broader stakeholder groups [11,67]. In this specific case, this
contribution was disputed by several stakeholders. Trust was a sensitive topic, especially
considering the disagreement on goals and roles and the failed project.

The survey on community acceptance showed the heterogeneity of the group: different
people have different drivers, preferences, and experience other barriers. Overall, there is
broad support for sustainability and energy-saving measures. Many inhabitants are taking
or are willing to take measures, especially feasible and straightforward measures such
as insulation and solar PV installation. More large-scale, intrusive, novel, expensive, or
contested technologies received less support. Expressed concerns included unclarity of
information, lack of participation, and distrust towards the municipality.

The survey was distributed over multiple channels, resulting in residents’ participation
from all neighborhoods. Still, some districts, house owners, older people, and members of
the energy cooperative were overrepresented. However, we feel that these issues have not
seriously hampered our conclusions, as we aimed for exploratory research on an illustrative
case. We think that an even more representative sample could have revealed more diversity
and more considerable differences in goals, context, and preferences.
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5.2. Systems Engineering of Sociotechnical Systems

The case revealed that the municipality is still in a phase of exploration and concep-
tualization of the problem and potential solutions. We argue that Systems Engineering
can be of great value [16,31,68]; it offers a straightforward and well traceable approach, in
which the problem space is made explicit, and the solution space is explored. It evaluates
technologies for their potential contribution to foreseen systems, and it does so in a consis-
tent way. It can help to make sense of possible solutions and can clarify the roadmap of
how to get there. It helps to focus the decision making and discussion on real issues by
identifying (lack of) potential contribution to the overall goals. It can help prevent a focus
on only short-term actions that receive a lot of support.

In particular, the last argument seemed to be relevant to the case of Best. Politics is
an opportunistic process, which looks for mandate by the community and support and
acceptance by stakeholders involved, strategically acting by creating and using societal
momentum. However, that approach only results in short-term and feasible actions, the
win-win solutions. However, addressing climate change requires disruptive change, a
fundamental change in the energy system and its underlying driving forces. The uneasy
message that there is no silver bullet, no simple solution that will solve all problems and
be beneficial to all is hardly heard in politics. The energy transition requires profound,
fundamental changes: reinvestment, rebuilding, redefining winners and losers of the
system, upscaling of renewable energy technologies, and at some point might require
intense system interventions, e.g., the out-phasing of specific technologies, products, or
energy carriers [43,69–71]. Systems thinking is critical to understanding the inertia of the
current sociotechnical system [72], to understanding the need for change in underlying
driving forces, feedback mechanisms, and paradigms [69,73], and for exploring coherent
alternative systems. Systems Engineering might be of great value in this process [16,74–77]
to ensure that final goals are anchored in solid policy-making.

The case also reveals several characteristics that can be challenging for a traditional
Systems Engineering approach. There is not one decision-maker, and stakeholders’ needs
and requirements are diverse and fuzzy. Instead, several stakeholders are involved: com-
panies, governments, consumers, citizens, NGOs. They are characterized by different roles
and behavior, different interests, all of which are context dependent. That diversity is
visible between and within stakeholder groups (e.g., citizens’ preferences). It results in
pluralism, multiple and sometimes conflicting views on problems, potential solutions, and
the preferred process. Second, all these stakeholders have different levels of agency, the
power to steer, decide, and influence. This agency is not only distributed over stakeholders
but also over time. It makes sense making, goal setting, decision making, and steering a
matter of processes, rather than discrete decision-making moments. Third, the involvement
of stakeholders and agency results in socialware in addition to the traditional technology
hardware, i.e., norms, rules, regulations, and practices that are an inherent part of the
system. Social scientists talk of sociotechnical systems to indicate the intimate interdepen-
dencies and influences of the social and technical. The socioeconomic part is no longer
considered the context of a technical system, but rather becomes an inherent part of that
system. This has major consequences for how to conceptualize and analyze these systems.
Finally, the behavior of this system is complex, resulting in inherent uncertainties. These
are the results of the pluralism and agency by stakeholders and the many interactions
between all sociotechnical elements and between systems (systems-of-systems), resulting
in emerging behavior.

We argue that to understand or predict system behavior and to be of more value for
decision making and governance, the traditional Systems Engineering approach needs
to be adapted. Here, we indicate some potential strategies. Note that several of these
strategies are non-exclusive and can be combined. First, introduce pluralism by taking
into account multiple viewpoints or applying sensitivity analysis. Second, operationalize
sociotechnical systems, including diversity of stakeholders and distributed agency. Third,
conduct participatory Systems Engineering, as is done in conceptual modeling. Stake-
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holders know best their preferences and viewpoints, and it offers possibilities for shared
learning. Fourth, put less emphasis on the preferred action or technology and more on
learning about the deep problem structure, system behavior, and solution spaces. This
way, it offers second-order learning and empowerment of stakeholders involved. Fifth,
put more emphasis on sufficient and resilient solutions, rather than on optimal solutions.
Finally, look at the potential role of System Engineering studies as boundary objects: an
object that ties together scientific knowledge and societal goals and values. As a boundary
object, the outcome of a Systems Engineering study enters the social arena of governance,
public debate, and decision making.

We realize that these are not topics that come naturally to the average Systems Engi-
neer. Most of these strategies are not simple, e.g., looking at different system boundaries
or doing an additional task. They require bridging between different worldviews and
research paradigms, between positivist approaches present in engineering sciences and
constrained relativist approaches of value for transition thinking, policy-making, and
governance [78]. However, initial efforts are visible in the field to start engaging with these
challenges [79], e.g., by addressing sociotechnical systems (e.g., [77,80–84]), stakeholders’
goals and agency (e.g., [18,85]), complex systems and systems-of-systems (e.g., [86–89]),
conceptual modelling (e.g., [90,91]), and systems thinking (e.g., [75,76,82,92]).

However, Systems Engineering does not have to start from scratch as it can draw upon
and learn from closely related fields [68,93,94]. Especially, the field of transition studies
seems relevant. It builds on sociotechnical systems to understand and potentially influence
transitions and diffusion of sustainable innovations. Its starting points are co-evolution
of sociotechnical systems; multi-actor processes; embracing uncertainty and complexity;
values and pluralism; normative directionality; and a focus on stability and change [9,10].
As such, it has a significant conceptual and theoretical contribution. However, in the field
there is less focus on quantitative approaches and assessment [74], which offers room for
contributions by Systems Engineering.

A second relevant field is sustainability assessment. It shares with Systems Engineer-
ing a strong focus on methodology, quantification, systems, and technology, which might
be helpful as both fields speak the same language. However, the field seems to be ahead in
addressing complex problem solving and being of policy relevance, e.g., by broadening
of scope ([95–102]) to clarify the ambivalent and disputed concept of sustainability and
assess it in all its dimensions; by strategic future orientation and dealing with uncertain-
ties ([101–108]); by participative approaches and dealing with stakeholders, normative
aspects, and plurality ([107,109–115]); by analyzing how assessments can support policy-
making and governance ([78,106,114,116–119]); and by increasing reflexivity and making
the normative basis of assessments explicit ([78,101,102,117,120]).

6. Final Conclusions

We set out to discuss the value and limitations of a Systems Engineering approach
for contributing to societal challenges, in particular the energy transition. We did so by
approaching the energy system as a sociotechnical system. We unpack the stakeholders’
roles, agency, and acceptance in the case of the Naastenbest project in Best. It revealed the
pluralism between and within stakeholder groups, the distributed agency, the relevance of
trust and decision-making processes, and the context-dependency. Finally, we discussed the
challenges this poses for the traditional Systems Engineering approach; we indicated sev-
eral potential strategies to address these challenges; and identified two fields that can help
clarify how to address these challenges: transition studies and sustainability assessment.
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Abstract: A significant share of food waste originates in the food services domain and HoReCa sector.
Organizational improvements leading to the decrease of food waste and related costs in HoReCa
are needed to make progress in this issue. A systems engineering approach was applied to examine
the links between food waste generated in the HoReCa industry and the Sustainable Development
Goals (SDGs). A literature review discovered two dimensions of actions leading to decreasing food
waste in HoReCa; i.e., actions triggered by companies and by authorities (e.g., governmental policies).
Additionally, customers and society were also considered. A framework is proposed to explicitly
illustrate the dependencies of different micro actions devoted to food waste reduction in HoReCa
in support of the SDGs. The other dimension of this framework is macro policies and their impact
on SDGs. To increase food waste reduction awareness and collaboration, stakeholders on both the
macro (launched by authorities for the whole sector) and micro (initiated by single organizations on
their own) levels must work together. The results of this research will be useful in coordinating the
efforts of all (consumers, HoReCa companies and suppliers, policymakers and administrations on
different levels) involved in the supply chain of food production and consumption.

Keywords: food waste; food services; HoReCa; Sustainable Development Goal; regional policy

1. Introduction

Sluggish progress towards the targets of the 17 Sustainable Development Goals (SDGs)
suggests that there is an urgent need to consider new approaches that clarify their interre-
lationships while also accounting for both their complexity and their sometimes mutually
reinforcing or conflicting objectives. Attempting to achieve them in a linear succession is
impossible, but pursuing them simultaneously is impractical [1].

Researchers from developed countries (USA and Europe) have been interested in food
waste (FW) reduction, also recycling and prevention, since the 1910s [2,3]. In the past,
the main focus was on waste disposal, but from the early 1980s, the awareness of the im-
portance of FW prevention and reduction arose again [4,5]. Food is wasted along the entire
food chain, starting from farms, plantations and fisheries, through processing facilities,
transportation, distribution sites, retail establishments, restaurants and homes [6,7]. In the
supply chain, from harvesting to the processing stage, 13.8% of food is wasted [8]. A signif-
icant share of food waste is generated in the food services industry, including restaurants,
bars, bistros, fast food chains, catering, etc. It is estimated that about 7% of food is wasted
in US restaurants before the consumer is served [9], and as determined for 2012, about 12%
of food is wasted in the food service industry in the European Union [10]. For effective
FW management in HoReCa (hotels, restaurants, catering), consumers’ habits should be
considered along with additional stakeholder activities [11,12]. Typical sources of FW are
oversized portions [13], inflexibility of chain store management, extensive menu choices [9],
and meals served mistakenly or delayed. According to research results conducted in se-
lected European countries, on average 20% of meals are wasted in the hospitality sector [14].
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Sustainable Development Goal 12 has a target that addresses these statistics, namely, 12.3,
which states, “By 2030, halve per capita global food waste at retail and consumer levels and
reduce food loses along production and supply chains, including post-harvest losses [15].”

There are a number of studies focused on companies’ operational efficiency from the
HoReCa sector that consider food waste on the micro (company) level, also taking into
account the macro level, but without an SDG context. However, there is research focused
on food waste on regional, country or event global (macro) levels that considers different
SDGs and their indicators [15]. There is currently a lack of research with an integrative view
considering both micro (organization) and macro (policymakers and economies) levels,
and the SDG implementation perspective. Due to this, the main objective of this paper
is a proposal for food waste reduction practice integration on micro and macro levels in
the case of SDG objectives management using a systems engineering approach. In using a
systems engineering approach, we apply systems thinking to food waste in HoReCa in an
SDG context. In addition to developing a proposal, we place the results of this study into a
larger discussion of how using a systems engineering approach addresses criticism of SDG
targets in general using HoReCa as an example.

We begin this paper with an explanation of how we conducted the systematic literature
review, and then we present the results in Section 3 in a systems engineering context.
We conclude this study with a discussion of how a systems engineering approach can foster
progress towards SDG targets. This paper provides an overview of dependencies between
different SDGs from a food waste reduction point of view. It also provides an introduction
to available practices for HoReCa businesses, with consideration of their own actions as
well as authority-driven programs. The goal is, therefore, twofold, i.e.,

• To develop a conceptual causal loop diagram for food waste in the HoReCa sector;
• To develop a conceptual causal loop diagram for SDGs’ support from HoReCa best

practices on food waste.

2. Materials and Methods

For this research, the following systematic literature review research methodology
was implemented. First, the following queries (for article title, abstract and keywords) in
WoS and Scopus databases were performed:

(1) “Food waste” AND (HoReCa OR Hospitality OR “food service”)
(2) “Food waste” AND “Sustainable Development Goals”

Hospitality and the food sector were included in the query, as the term “HoReCa” is
not often used in publications on hotel, restaurant and catering operations. In the next
step, only papers in WoS in English without date limits, related to environmental sciences,
environmental engineering, green sustainable science technology, environmental studies,
nutrition dietetics, management, business, economics, behavioral sciences and operations
research management science were considered. In Scopus, only papers in English without
date limits, related to environmental sciences, business, management and accounting,
social sciences, economics, econometrics and finance and decision sciences were considered.
Through abstract analysis, papers related to technical questions were excluded.

Only papers from 2015 to the present in English have been taken into consideration
because the SDGs were accepted by the UN in 2015. The majority of the papers for the
Food Waste AND SDG query focused on the circular bioeconomy and effective energy
management, which are not relevant for this research. The second group of papers focused
on technical questions. Some of the papers focused on recycling in general, not related
to the HoReCa sector and FW reduction practices, so such papers were also not taken
into consideration.

Finally, only papers related to food waste and HoReCa and related with HoReCa
(hospitality and food service sectors) have been taken into further analysis (Table 1).
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Table 1. Number of papers analyzed in particular steps.

Sample Characteristics WoS Scopus
WoS + Scopus with No

Repetitions

“Food waste” AND (HoReCa OR Hospitality OR “Food service”) 145 160 N/A
Selected in first step after refinement 103 105 N/A

Selected in second step after abstracts analysis 19 18 20

Food waste AND Sustainable Development Goal (FW AND SDG) 262 382 N/A
FW AND SDG from 2015 in English 232 310 N/A

FW AND SDG after abstracts analysis 26 27 28

Selected papers have been analyzed according to the level of food waste practices:

• Company level (micro)—closely related to companies’ operational activities and
customer behavior.

• Policymakers at regional, national or global level (macro)—related to polices and
regional, national or global programs.

Best practices on the micro level, and in particular related to restaurants, have been
identified. Preliminary impact of the identified best practices has been assessed.

Concurrently, best practices implemented by local, regional and national authorities
as well as by international organizations and related to food waste appropriate SDGs have
been identified. Later, relationships were analyzed separately for best practices on the
macro level and the SDG focus. Finally, based on the analysis results, we developed the
integrated framework. Figure 1 illustrates the research methodology.

 

Figure 1. Research methodology. Source: authors’ elaboration.
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3. Results

3.1. Queries Review Results

The tables below present the literature review results of two queries:

1. FW AND HORECA (Table 2), with year of publication and whether it concerns good
practices addressed on the micro and macro level entities of both.

2. FW AND SDGs (Table 3), with year of publication and which SDGs the publication
concerns. Additionally, the tables indicate whether the best practices described in the
publication related to the micro and macro levels and entities of both.

Table 2. Summary of papers on food waste (FW) and hotels, restaurants and catering (HoReCa).

Ref. Year
Level

Summary
Micro Macro

[16] 2021 X Analysis of responses from 206 managers of Brazilian food service companies. Findings
focused on FW reduction.

[17] 2021 X
Presentation of sociodemographic and food consumption-related factors generated by
tourists in the HoReCa sector. Insights into achieving sustainability objectives in national
and international tourism sectors.

[18] 2020 X Description of best practices implemented by 3 HoReCa companies based on lean
management approach and its impact on FW reduction.

[19] 2020 X X Description of multi-stakeholder partnership program “Food waste Challenge”, involving
172 restaurants. Program focuses on a range of behavioral interventions.

[20] 2020 X X Paper focuses on the lifecycle assessment of 15 tapas meals, as well as analysis of
nutritional quality of the meals and energy efficiency at the restaurant.

[21] 2020 X Analysis of social, economic and environmental impact of food waste reduction activities.

[22] 2020 X Analysis of restaurant food waste management practices in the UK and the Netherlands in
case of FW management.

[23] 2020 X
Findings for food waste measurement and waste reduction strategies in the different
stages (pre-kitchen, in-kitchen and post-kitchen). Results based on the survey of almost
500 HoReCa managers.

[24] 2020 X Results of semi-structured interviews with 32 hotel employees and managers. Proposition
of possible strategies for reducing FW addressed for restaurants and consumers.

[25] 2019 X Evaluation of interventions in two university canteens on their effectiveness to reduce
visitors’ plate waste.

[14] 2019 X X
Empirical evidence for FW reduction in HoReCa sector in Malaysia. Proposition of FW
prevention strategies related to companies’ operations activities and consumers’
social practices.

[26] 2019 X X Analysis of direct-weighing data (from 164 restaurants) and its ecological footprint rather
on macro-level.

[27] 2019 X X A case study of the restaurant activity in Bulgaria. Proposition of training programs for
restaurateurs and public authorities.

[28] 2019 X
Presentation of research results for the quantification of food waste based on the data
hospitality sector (1189 kitchens) in Sweden, Norway, Finland and Germany. Proposition
of statistical measures for food waste tracking

[29] 2018 X Insights of food waste generation factors in HoReCa sector at the national level.

[30] 2018 X
Identification of waste management initiatives in the food service sector and evaluation of
management practices for waste reduction by managers from food service
sector companies.

[31] 2017 X Analysis based on managerial opinions of the role of menu design in shaping more
responsible consumer choice and its impact on FW prevention.
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Table 2. Cont.

Ref. Year
Level

Summary
Micro Macro

[32] 2017 X X
Analysis based on 315 questionnaires from Italian HoReCa SMEs operating in the tourism
sector. Presenting general strategies for both levels micro (company) and macro (regional
authorities and commercial chambers).

[33] 2016 X Research results of the management staff of 45 restaurants/hotels. Proposition of
strategies that involve the cooperation of the restaurant/hotel staff and the guests.

[34] 2015 X Presentation of a case study and implications and impact on prevention.

Table 3. Summary of papers on FW and sustainable development goals.

Ref. Year
Level

SDGs Summary
Micro Macro

[35] 2021 X 12.3 Review of the food waste scenario, adverse effects, food waste policies and
regulations in Bangladesh on national and municipalities levels.

[36] 2021 X X 12.3 Statistical analysis of 46 food waste items generated by households in the
Buk-gu province of Daegu, South Korea.

[37] 2021 X 12.3
Presentation of case study: primary school (in Valencia) pupils’ behavior
change after intervention focused on food waste reduction (knowledge,
awareness, attitudes).

[38] 2020 X 12.3 Presentation of additional value of citizen science as a trigger for policy
making on behavior change.

[39] 2020 X 1, 2, 6, 12, 13

Estimation of carbon and water footprint of food. Comparison of the
values of environmental footprint in the case of rational consumption
of meat. Presentation of evaluation-obtained results by chemical
engineering students.

[19] 2020 X X 12, 17
Description of multi-stakeholder partnership program “Food waste
Challenge” involving 172 restaurants. Program focuses on a range of
behavioral interventions.

[40] 2020 X 12.3 Study of Covid-19 pandemic impact on food waste generation, financial
costs and nutritional losses in Italian households.

[41] 2020 X 12.8 Study of 19 passengers from 21 full-service flights.

[42] 2020 X

1.2, 1.3, 3.4, 4.7, 7.2,
8.2, 8.5, 9.4, 11.6,
12.3, 12.5, 13.3,

17.16, 17.17

Food waste policy analysis provided by 40 cities across 16 European
countries. Links between different types of policies provided and their
impact on selected SDGs.

[21] 2020 X 12 Analysis of social, economic and environmental impact of food waste
reduction activities.

[43] 2020 X 2, 3, 8 Presentation of the interrelations between SDGs, food access and waste
also in the case of COVID-19 pandemic conditions.

[44] 2020 X X
Presentation of quantification methodology of food waste in Swedish
hospitals. Different types of waste defined (serving waste, plate waste,
kitchen waste).

[45] 2020 X 12.3 Results of research (in 2016 and 2019) of 165 Hungarian households based
on FUSIONS methodology.

[46] 2020 X X 12.3
Presentation of research results on the application of different types of
awareness techniques (passive approach (handouts), community
engagement approach and gamification for 501 households.
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Table 3. Cont.

Ref. Year
Level

SDGs Summary
Micro Macro

[47] 2019 X X 12.3
Presentation of research using different approaches for
self-reporting—passive (offline), proactive (online)—and evaluation of
both approaches in case of food waste reduction.

[48] 2019 X 12.3 Results of supply chain analysis, including production, consumption and
utilization per different food groups according to the food waste reduction.

[49] 2019 X 12.3
Results of questionnaire-based research in the UK. Based on the
proposition of categorization of what is considered edible in the case of the
quantification of food waste.

[28] 2019 X 12.3
Presentation of research results for the quantification of food waste based
on the data hospitality sector (1189 kitchens) in Sweden, Norway, Finland
and Germany. Proposition of statistical measures for food waste tracking.

[50] 2019 X 12.3
Results of the analysis of 411 individuals from central Italy. Identification
of support programs related to FW awareness, business investment in
innovations and digital solutions focused on FW reduction.

[51] 2019 X 12.3
A footprint analysis of the food loss at the stage of vegetable production in
Japan. Proposition of actions helping farmers to make a crop production
and distribution plan.

[52] 2019 X 2, 12.3 Proposition of the actions of food and nutrition security for supporting
developing countries.

[53] 2019 X X Presentation of study results of 680 Danish canteens related to nutrition
and service management focused on food waste reduction.

[54] 2019 X X 12.3 Review of interventions focused on food waste reduction in the hospitality
sector and society (relating to nutrition behaviors).

[55] 2018 X 12.3 Brief description of UK program designed to prevent food waste
generation in the hospitality and food service sector launched in 2017.

[56] 2018 X 12.3 Review of studies on food waste generation at the global and
European scales.

[30] 2018 X
Identification of waste management initiatives in the food service sector
and evaluation of management practices for waste reduction by managers
from food service sector companies.

[57] 2018 X X 12
Study of middle school students from 11 Polish schools. Analysis of food,
nutrient, and energy waste and its impact on households’ food waste and
nutrition and energy losses.

[58] 2015 X X Presentation of 17 interview results with 17 Swedish food
retailer representatives.

3.2. Best Practices on the Micro Level

As mentioned, practices on the micro level are related to the ways HoReCa compa-
nies operate and consumer behavior. Analysis of the HoReCa companies may include
three phases: pre-kitchen (FW in warehouse, storage before meal preparation), in-kitchen
(FW during meal preparation) and post-kitchen (FW on plate). Food waste generated
in pre-kitchen and in-kitchen phases largely depends on company business practice and
supplier engagement. Food waste generated in the post-kitchen phase depends mainly on
consumer behavior.

According to Vizzoto et al. [23], companies should focus on constantly revising the
dishes offered in the menu, reduction of overcooking, creative reproduction, donations to
staff/charity organizations, offering options of ordering smaller portions (e.g., for kids)
and marketing actions. In general for waste reduction, many companies use the following
types of actions [24,59]: measuring, engaging staff, reducing overproduction, rethinking in-
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ventory and purchasing practices, and repurposing excess food. For food waste reduction,
there could also be the utilization of management practices, which are common in man-
ufacturing companies. Gladysz at al. [18] examined the application of lean management
practices and found the following to be most useful: 5S (technique for station organiza-
tion), new layout design, Kanban (technique for process flow management), Gemba walk
(technique for process analysis), TWI (training within industry) job instructions, standard-
ization, visual management, personnel motivational system, matrix of competences and a
suggestion system. To have a complete picture of the best practices in HoReCa, companies
focused on food waste reduction should also account for the impact of suppliers and
consumer behavior. According to da Rosa et al. [16], FW reduction activities should be fo-
cused on innovations in the planning of menus, purchases and process of food preparation.
Local suppliers usually can react more flexibly and respond quicker to changes in demand.
Especially in the tourism sector, there is an additional advantage of cooperation with local
suppliers [32]. Better understanding of customer needs also has an impact on food waste
reduction; e.g., extension of lunch breaks from 20 to 30 min in middle schools resulted in a
reduction of plate leftovers [57].

Secondi et al. [50] suggested that the use and implementation of smart applications
and digital solutions can support additional studies on out-of-home food waste from a
multiple stakeholder perspective, to better understand the amount of FW generated in this
part of the food supply chain and multi-stakeholder collaboration along the entire food
supply chain [60].

After analysis of the best practices, the authors considered the value of capturing
the dynamics surrounding food waste in the HoReCa sector in a causal loop diagram
(CLD). Analysis of three HoReCa case studies conducted in Poland provided the rich
details used to derive this diagram [17]. A causal loop diagram is a useful visualization
of how different elements are interrelated. The diagram consists of a set of nodes and
edges. Nodes represent the elements and edges are the links that represent a connection
or a relation between them. Thus, if you consider the diagram in Figure 2, FoodWaste
is placed at the center of the diagram. The research has indicated that the source of this
waste comes from OutdatedFood and PlateLeftovers, which in turn are affected by the
SizeOfMeals. Additional information about creating CLDs is abundantly available [61,62],
and this diagram was generated using the AnyLogic8.2 software.

TotalDistancePerMeal is the total travel distance from stock of ingredients to customer
plate. The greater Space, the greater this distance. Space in this model is used to mean
overall space, including storage of ingredients, storage of leftovers, storage of meals to be
served and meals in progress, but it also means space in the guestroom. Sales is mostly
related to difficulties in planning due to the uncertainty of the number of guests. Those is-
sues lead to fluctuations in other entities in the CLD, like IngredientsStocks that are linked
with NumberOfMeals. The more complex is the meal (NumberOfOperationsPerMeal and
OperationsCycleTimes), the longer the lead time from ordering to serving the meal to a cus-
tomer (ServingLeadTime). The lead time is also growing with an increase in total distance
(transportation) per meal. On the other hand, lead time is also growing if batches (Cook-
ingBatches) are increasing. The greater the batches, the bigger the stocks of ingredients
are needed. From this point, one can see that increase of stock directly leads to outdated
food (OutdatedFood), which is a kind of food waste itself. In the bottom part of CLD,
the loops for leftovers are represented. The greater the Sales, the more EdibleLeftovers.
Actions that should directly address EdibleLeftovers, and therefore, the more EdibleLeft-
overs, the greater need for these actions are transforming Edible into ReprocessedLeftovers,
delivering DonationsToCharity, and serving Staffmeals from EdibleLeftovers. All those
actions lead to a final decrease in the total FoodWaste. Additionally, it is important to de-
crease FoodWaste through customer behavior and encourage them to take PlateTakeovers
(LeftoversTakenByCustomer decreasing total FoodWaste). Importantly, PlateLeftovers
themselves increase with the SizeOfMeals. On the contrary to actions decreasing total
FoodWaste (action leading to an increase of ReprocesedLeftovers, DonationsToCharity,
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StaffMeals, LeftoversTakenByCustomer), there are factors that increase total FoodWaste,
i.e., NonEdibleLeftovers and PlateLeftovers.

 

Figure 2. Conceptual causal loop diagram for food waste in HoReCa sector (drawn in AnyLogic8.2): Red points and arrows
indicate a positive reinforcing effect, i.e., increased food waste; green points and arrows indicate a negative reinforcing
effect, i.e., reduced food waste; other points and arrows illustrate contributing factors that lead to the respective effects.
B1—Balancing Loop 1. B2—Balancing Loop 2.

The CLD includes many loops, most of which are balancing loops, because we focus
on the analysis activities that will reduce a FoodWaste. The two most important loops for
the purposes of this paper are from the HoReCa company’s operations point of view.

Balancing Loop 1 (B1). Growing Sales increases IngredientsStocks, which creates the
risk of increasing OutdatedFood. This then in turn will increase FoodWaste. In contrast,
the increased FoodWaste consequently lowers the Sales volume. For this reason, there is
a balancing loop. The main conclusion of this analysis is that in the case of planning to
increase sales, more precise IngredientsStocks control mechanisms should be implemented
first. Here, an implementation of selected lean tools (e.g., kanban) can be helpful.
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Balancing Loop 2 (B2). Growing Sales increases EdibleLeftovers, which contributes to
increasing FoodWaste. This then in turn will decrease Sales. At the same time, in order to
reduce EdibleLeftovers, they can be used as ReprocessedLeftovers, DonationsToCharity or
StaffMeals, which will reduce FoodWaste. An important conclusion to be drawn from the
analysis of such a loop is that by implementing ReprocessedLeftovers, DonationsToCharity
or StaffMeals, we are not able to eliminate this type of FoodWaste—we are only able to
reduce it. For this reason, from the company’s point of view, it may be more important to
analyze the reasons for the creation of EdibleLeftovers (e.g., on the basis of the Ishikawa
chart) than to introduce reduction mechanisms for EdibleLeftovers.

The diagram presents a model that could be of interest to HoReCa businesses consider-
ing ways that food waste reduction creates a positive overall impact on sales and eventual
profitability of their enterprise. Combining the knowledge of interrelated factors with the
management practices can help a business set reasonable goals, such as space layouts and
simplified menus to improve their operations. The CLD could be used to define a roadmap
for program improvements. In applying the model, practitioners could see clear relations,
analyze feedback loops, plan and coordinate their actions accordingly.

3.3. Best Practices on the Macro Level

Implementation of the 2030 Agenda relies on actions that take place mainly at the
national and sub-national level [63]. Any analyses of SDG interdependencies that will
influence policymaking need to take a macro perspective. The complexity that derives
from these interdependencies and the aforementioned urgency to achieve change requires
a trans-disciplinary process that combines research results with policymaking. Eventually,
policymakers need a rubric for thinking systematically about the many interactions to sup-
port their identification of the stakeholders of a proposition; i.e., which groups will be allies
and which ones require negotiation. To make coherent policies and strategies—beyond
simply synergies and trade-offs—they need up-to-date empirical knowledge on how the
goals and interventions of one sector affect another positively or negatively [64].

To achieve an effective implementation, executive acts, policies and strategies for
achieving individual goals adopted at the international level are necessary [65]. Individual
programs will then be implemented at the national level by involving regional and/or
local authorities. Especially on national and international levels, the SDG perspective
could be taken into account as an indirect support for FW reduction initiatives related
to resource efficiency and circular economy, e.g., [66–68] [NDCs, Farm to Fork Strategy,
Circular Economy Package]. Food waste reduction policy may be connected with environ-
mental policy statements and environmental targets such as energy and transport efficiency
and recycling of waste. Additionally, guidelines for consumers can encourage climate-
smarter food choices, such as meat reduction or promotion of local food or considering
the greenhouse gas emissions for food production (e.g., reduction of meat consumption
and production). However, it is not just the environmental pillar that should be taken into
account by stakeholders, but also the economic and social pillars.

Activities at the macro level are mainly carried out and coordinated alone or in
alliances by public authorities, non-governmental organizations and other types of organi-
zations, e.g., schools, universities, etc. Such activities can be divided into two areas: soft
and hard (Figure 3).

Soft activities focus on increasing awareness among society members and represen-
tatives of various organizational entities: enterprises, business environment institutions,
academia and secondary schools, e.g., promotion of good nutrition practices in secondary
schools [57]. These activities can be divided into passive and active. Passive mainly
concerns passive influence on recipients, e.g., information campaigns: leaflets, actions in
multimedia and mass media. Active requires active action, commitment, implementation
of desired behaviors, e.g., implementation of biodegradable dishes or food collection [19].
In practice, much better results or even a synergy result will be obtained through a mix
of different policies, e.g., passive awareness, gamification or passive awareness and com-
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munity engagement provide a synergy effect of food waste reduction [46]. Soft actions
should be initiated at the international and/or national levels, while regional and/or local
authorities should be responsible for their implementation, as they have direct contact with
society (people).

 

Figure 3. Types of actions for decrease of FW on macro level. Legend: “ . . . ”—hybrid or not defined activities.

Hard activities can be divided into: legal regulations, e.g., requiring the use of selected
solutions in business and agricultural activities or a ban on the use of selected solutions
or behaviors; tax regulations, e.g., introducing tax breaks for enterprises, including farms
or VAT reductions; dedicated support programs, e.g., financial support for enterprises for
the purchase of clean technologies. Most of the hard activities should be carried out by
government administration.

Often authorities are implementing sets of soft and hard activities [29]. Activities
dedicated to FW reduction usually address society and/ or people; companies, including
HoReCa companies; science, research and technology development organizations; schools,
including primary, secondary and high schools; other institutions, including chambers of
commerce and public authorities.

3.4. Analysis of the SDGs Related to Food Waste

There are a number of publications in which the relations between individual SDGs in
the context of FW were analyzed [39,42,43]. Pradhan et al. [69] analyzed the SDG interac-
tions to identify the synergies and trade-offs between them. They classified a significant
positive correlation between a pair of SDG indicators as a synergy, i.e., progress in one goal
promotes progress in another. A significant negative correlation was classified as a trade-off
where progress in one goal hinders progress in another. Most trade-offs relate to a non-
sustainable development paradigm that focuses on economic growth to generate human
welfare at the expense of the environment and natural resources. They uncovered some
global patterns among the SDGs based on positive and negative correlations between indi-
cator pairs. For example, in their analysis, SDG 1 (No poverty) has a synergistic relationship
with most of the other goals, whereas SDG 12 (Responsible consumption and production)
is the goal most commonly associated with trade-offs. Sustainable Development Goal 12 is
identified as conflicting with most other SDGs and is thereby non-supportive of sustainable
development. They found that SDG 12 has negative correlations with 10 goals (SDGs 1–7,
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9, 10, 17). Eventually, attainment of Agenda 2030 will greatly depend on whether synergies
can be leveraged, and trade-offs identified and tackled.

As already indicated, Target 12.3 explicitly address the reduction of global food waste at
retail and consumer levels and FW along production and supply chains. Malefors et al. [28]
make a strong case for more robust measurements of current food waste statistics, without
which it is not possible to ascertain that food waste has been halved. Additional targets
that reinforce or are reinforced by 12.3 are given in (Table 4). However, this should not be
considered as an exhaustive list of possible synergies or trade-offs.

Table 4. Relationships between Target 12.3 and additional targets of SDGs from a HoReCa perspective.

Interdependent SDG Targets
Rationale—Synergy, Trade-off or Both

with Relation to Target 12.3

4.7—By 2030, ensure that all learners acquire the knowledge and skills needed to
promote sustainable development, including, among others, through education for

sustainable development and sustainable lifestyles.
Synergy: addressing consumer and retail

food waste will require a re-education
and increased awareness of the

importance of food resources for both
local and global sustainability.

12.8—By 2030, ensure that people everywhere have the relevant information and
awareness for sustainable development and lifestyles in harmony with nature.

13.3— Improve education, awareness-raising and human and institutional capacity on
climate change mitigation, adaptation, impact reduction and early warning.

8.2—Achieve higher levels of economic productivity through diversification,
technological upgrading and innovation, including through a focus on high-value

added and labor-intensive sectors.
Both: food waste reduction will require

the food service industries to look at
packaging, transportation,

and procedural innovations and
improvements across the entire food

value chain.

8.4—Improve progressively, through 2030, global resource efficiency in consumption
and production and endeavor to decouple economic growth from environmental

degradation, in accordance with the 10-Year Framework of Programs on Sustainable
Consumption and Production, with developed countries taking the lead.

12.5—By 2030, substantially reduce waste generation through prevention, reduction,
recycling and reuse.

2.4—By 2030, ensure sustainable food production systems and implement resilient
agricultural practices that increase productivity and production, that help maintain

ecosystems, that strengthen capacity for adaptation to climate change, extreme
weather, drought, flooding and other disasters and that progressively improve land

and soil quality.

Both: if this target is addressed,
the availability of food will be secured,

but waste should still be reduced to
improve availability to the less

advantaged in society.

11.6—By 2030, reduce the adverse per capita environmental impact of cities, including
by paying special attention to air quality and municipal and other waste management.

Synergy: addressing this target will not
reduce food waste, but it could help

ensure a proper handling of food and
other organic wastes.

These related targets reflect the observed asymmetry regarding FW within the food
value chain. Developed countries have been found to be inclined to waste food later
in the supply chain, whereas food waste in developing countries occurs early in the
food chain [70]. In addition, there is also the problem of the severe imbalance between
surplus food suitable for human consumption going to waste in the developed countries
while people living in poverty (anywhere) or famine struck regions are unable to provide
sufficient food. As an example, the topic of education broaches both the need for good
research to provide the scientific foundations for sustainable agriculture or innovations
in biodegradable packaging [71]. In addition, basic education worldwide is needed to
increase the awareness of FW as a problem and provide advice on how to avoid FW in
the home. HoReCa professionals will also benefit from sharing workable approaches to
FW, such as those proposed by Secondi et al. [50] and based on research on food surplus
redistribution reported by Galli et al. [72].

3.5. Framework

In general, all programs/activities are designed and tend to have a positive impact
on FW reduction. However, additional research is needed to evaluate dependencies
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and impacts of specific programs and actions on FW reduction and other specific SDGs
indirectly related to 12.3.

The framework (Figure 4) shows the traceability of best practices on the micro level
for SDGs according to the food waste reduction. The crucial role in this framework is to
have public authorities, especially for national and regional levels. Programs launched
by public authorities are usually defined as a set of actions that consist of soft and hard
program elements.

 
Figure 4. Conceptual causal loop diagram for SDG support from HoReCa best practices on food waste.

Legend:

A Programs launched by public authorities (regional, national and international lev-
els) addressed to HoReCa suppliers have indirect influence on FW reduction by
HoReCa sector.

B Suppliers’ performance in terms of FW is considered by authorities when deciding on
best practices on macro level.

C Suppliers’ performance in term of FW drives their own decisions on best practices on
the micro level.

D Available best practices on micro level and access to information about them affects
suppliers’ performance in terms of FW.

E Programs launched by authorities serve as guidelines for suppliers and consumers
when thinking about best practices on the micro level.

F Available best practices on the micro level and access to information about serving
for a bottom-up formulation of best practices on macro level by authorities.

G Programs launched by public authorities (regional, national and international levels)
addressed to consumers, mainly related to awareness have indirect influence on FW
reduction by HoReCa sector.

H Consumer behavior is considered by authorities when deciding on macro level policies.
I Consumer behavior is a driver for formulation of best practices (and worst as well)

on micro level.
J Consumer’ behavior is impacted by best available practices on micro level and infor-

mation about them.
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4. Discussion—Systems Engineering for SDGs in HoReCa

The SDGs are a network of interconnected goals used as a reference for the interna-
tional community in working towards sustainable development [69,73,74]. The interdepen-
dencies of the SDGs in HoReCa described above are presented in Table 4, but questions
raised by this analysis are: why do these relationships between SDGs in HoReCa matter
and what is the relevance of a systems engineering approach? In this study, we conducted a
systematic literature review and used a systems engineering approach by applying systems
thinking to these results in the context of the SDGs. The SDGs act as a large system made
up of smaller systems [75], i.e., a system of systems. Recent critiques of the SDGs highlight
the importance of these interdependencies. Spangenberg [76] found them to be weak on
agency, while requiring little from governments and nothing from business or consumers.
The SDGs focus on the state and impact, ignoring conflict and stakeholder knowledge
of the issues [77,78], as well as the pressures and drivers that counteract each other in
competing impact categories in the same or different geographic contexts [76].

These critiques show areas where systems engineering can contribute. Systems engi-
neering is quite advanced in methods for stakeholder inclusivity, and including stakehold-
ers in actions directed towards implementing these goals, will help address the criticisms
listed by Spangenberg [76] and others. The systems engineering community, and by this
we specifically call attention to the progress and initiatives of the International Council for
Systems Engineering (INCOSE), is actively venturing into the social domain, where the
technical and social systems are being addressed as one [79]. This inclusivity of not only
stakeholders, but also non-traditional engineering domains, places systems engineering
practices in a key position to develop an inclusive, representative approach that addresses
these goals as a holistic system for HoReCa enterprises.

Meeting or attempting to find ways to implement the SDGs in HoReCa lends itself
naturally towards systems engineering because the SDGs are easily framed in a systems
theoretical context [80], and capacity building to meet SDGs has been argued to require
systems thinking [81]. This is illustrated with Table 4 and Figure 4 in the context of HoReCa.
System archetypes [82,83] can be helpful to gain insight into patterns of behavior, especially
in contexts of interconnected and competing goals [84]. In addition, SDGs intersect many
societal domains, and a systems approach to investigating persistent social and environ-
mental problems has been shown to help policymakers tackle the complexity associated
with many intersected societal domains [85].

5. Conclusions

Food waste reduction should be analyzed holistically. It should be noted that there are
many interdependencies between individual SDGs. These interdependencies should also
be taken into account when policies, strategies and programs at the international, national,
interregional, regional and local levels are defined. It requires a systemic approach not only
with regard to the impact of one or more policies, but also considering the relationships
between SDGs (also on sub-goal levels) which these policies address.
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Abstract: In this paper, we report on the application of systems engineering in initiating the synthesis
of a participatory planning support system (PSS) for sustainable regional planning. The systems
engineering SPADE approach is applied in a model-based fashion to define and link sustainable
development goals (SDGs) to regional and urban planning policies in a co-creative multi-stakeholder
environment. The approach is demonstrated through a case study from the interregional climate,
land-use, and transportation planning process (PAKT) in the Ålesund region in Norway. The work
was performed using focus groups with planning stakeholders over a series of workshops to analyze,
design, verify and validate the problem structure. Our study shows that the approach is useful for
integrating and operationalizing the SDGs in a planning context. The methodology also brings clarity
and structure to planning problems and provides a pedagogical frame to engage stakeholders in
co-creative PSS synthesis. Further research is necessary to explore how structured elements may be
exploited in PSS synthesis.

Keywords: regional and urban planning; sustainable development goals; planning support systems;
systems engineering

1. Introduction

Integrating the Sustainable Development Goals (SDGs) in regional and urban plan-
ning is critical for goal attainment. The Organisation for Economic Co-operation and
Development (OECD) estimates that 105 out of the 160 SDG targets will not be achieved
without engagement at the sub-national level [1], and all SDGs have targets related to
responsibilities at the local and regional level. This integration process is often referred
to as “localizing”, and urban and regional planning are considered critical processes in
which this integration must occur [2]. Literature is abundant with case reports from various
localizing efforts, where municipal and regional authorities have attempted to use the
goals in creating visions, strategies, and plans (see, e.g., [3,4]). These efforts show that
successful integration must be performed systematically [5], building on a coherent and
holistic approach [6] tailored to the local context and plans [7].

While there currently exists a wide range of planning support systems (PSSs) [8–10],
their common objective is to assist planning practitioners and other stakeholders in access-
ing, assessing, and communicating information and knowledge in the planning process.
Following the communicative and collaborative development of planning practices, partic-
ipatory PSS to facilitate stakeholder engagement and interaction have also been developed
(see, e.g., [11]). Planning support system functionality may vary depending on the selected
user and planning tasks but typically include capabilities to acquire, store, analyze and
visualize data [12]. This is achieved by integrating various computational tools that in-
clude, but are not necessarily limited to, geographical information and spatial modeling
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systems [13]. Although land-use models are necessary for planning decision support,
aspatial models and information are also considered valuable and essential [14].

This study aims to demonstrate how systems engineering may be utilized to orga-
nize and facilitate the co-creative development of PSSs for sustainable regional and urban
planning. The systems engineering SPADE (stakeholders, problems, alternatives, deci-
sions, evaluation) methodology is applied in a model-based fashion to develop a problem
structure for urban planning utilizing the SDGs. The article reports on an application of
this approach in the climate, land-use, and transportation planning process (PAKT) in the
Ålesund region, where a series of stakeholder involvement workshops were held to link
the sustainable development goals to planning decisions.

In the following section, we elaborate on contemporary developments and challenges
in PSS development before study methods are introduced in Section 3. Results from the
problem structuring exercise are presented in Section 4 and further discussed in Section 5.
Concluding remarks and further research are presented in Section 6.

2. Background

2.1. Planning Support in Ill-Structured Contexts

Although multiple PSSs have been developed to aid sustainable regional and urban
development, land-use and transport practitioners still largely rely on conventional meth-
ods, tools, and techniques in their everyday practice. Several scholars have explored this
mismatch between the supply and demand of PSSs, often referred to as the implementa-
tion gap in PSS science [15,16]. In surveying planning practitioners and PSS users in the
Netherlands, Te Brömmelstroet [17] found that “soft issues” such as lack of transparency,
poor communication value, and low user-friendliness were considered primary bottlenecks
for tool implementation. These findings were echoed in a study performed by Vonk and
Geertman [18]. They identified challenges related to insufficient instrument quality and
insufficient diffusion in planning practice, and low user acceptance. As a result of these
shortcomings, PSSs often fail to support planning practitioners and other stakeholders in
strategy-making processes [15].

The well-structured environment offered by PSSs is in stark contrast to the complex
and dynamic planning and problem-solving processes at the strategic level [15]. According
to Pidd [19], problems may be classified according to the level of stakeholder agreement
on what the problem is and how it may be solved. Where there exists consensus on both,
problems are merely puzzles; identifying a course of action is a matter of identifying
the best option within the given context. At the other extreme, we find messes where
stakeholders disagree on the problem and how these (different) problems should be solved.
In between, we have problems where a unified problem definition is achievable, but work is
required to formulate the problem and its potential solutions. Rittel and Webber [20] argue
that planning problems are wicked in that it is impossible to achieve a definite answer to
what the problem is and how it may be solved. A key property of wicked problems is that
they are never definitely formulated. The problem and solutions emerge gradually among
stakeholders through a continuous process of judgment, argument, and negotiation [20].

In order to offer a decision aid in these ill-structured contexts, PSS developers need to
approach planning problems more holistically. In their summary of planning support sci-
ence advancements and challenges, Geertman and Stillwell [16] assert that development in
instrumentation needs to be supplemented with the continued research on the dimensions
of application and governance to move beyond the former technology-driven approach in
PSS. The application aspect pertains to the object-oriented goal of planning support and
covers the content of planning and the objectives to be achieved. Governance aspects, in
turn, relate to planning practices and processes by which these objectives are achieved [16].
This paper targets both the application and governance dimensions of planning explicitly
using systems engineering to determine what sustainable urban development is and how
it may be structured within a strategic planning context. This approach permits specify-
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ing the problems a PSS must solve in an open, structured manner, outside the realm of
technology and its current limitations.

2.2. Sustainable Urban Planning at the Strategic Level

The planning context explored in this study is the establishment of a regional land-use
and transportation master plan. Planning tasks at this level requires gathering and metabo-
lizing information from various repositories to address multiple interrelated themes. The
planning proposal should present key trends and development patterns in the region and
identify preferable strategies and policies to support sustainable growth. This entails speci-
fying guidelines and principles for land-use change and the development of transportation
infrastructure and mobility services. In scoping and preparing the proposal, planners need
to engage a wide range of planning stakeholders and facilitate their expression of opinions,
perspectives, and expertise.

The case study presented in this paper follows a regional master plan process. In
2019, Ålesund, Giske, and Sula municipalities, commonly referred to as the Ålesund
region, decided to jointly develop an inter-municipal master plan for climate, land-use, and
transportation planning processes (abbreviated PAKT). The municipalities are located on
the west coast of Norway and cover an area of 731 km2. The municipalities are interlinked
as their 84,000 residents live, work and utilize services across municipal borders. An
important objective in PAKT is to identify strategies to achieve the SDGs [21]. This is also
considered a challenge as planners need to operationalize and link SDGs to their planning
strategies in a meaningful and consistent manner.

While PAKT is inter-municipal, it links to the Norwegian planning hierarchy by
providing a thematic input to each municipality’s social master plans, as shown in Figure 1.
The preparation of PAKT follows a four-stage process that takes place over two years. The
first step involves developing a planning program that describes the current situation in the
planning area pertinent to the theme, including objectives, conflicts, and future scenarios,
and the need for further knowledge to support the planning process. This program was
developed and adopted by the municipalities in early 2020. Next, the practitioners develop
the knowledge basis and planning proposal, which outlines high-level strategies and
guidance for further adoption at the municipal level. While the resulting document is
not legally binding for the municipalities, it provides guidance for subsequent planning,
states how areas should be utilized, and details special considerations and guidance. The
draft planning proposal is currently under development and will be announced for public
consultation during 2021. Once all interested parties and stakeholders have provided their
inputs to the proposal, a revised proposal will be adopted by the municipalities in 2022.

Figure 1. The climate, land-use, and transportation planning (PAKT) process and the municipal planning hierarchy,
modified from [21,22].
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3. Method

3.1. Methodology: Systems Engineering as an Integrative Framework

Systems engineering may be viewed both as a discipline and a process. As a discipline,
it provides a basis for designing and applying systems from a holistic perspective [23]. As
a process, it entails a systematic, top-down, iterative approach to system design, develop-
ment, and deployment [23–25]. While initially developed to handle large-scale complex
technical systems, it has evolved to support problem-solving in socio-technical systems [24].

The systems engineering SPADE methodology developed by Haskins [24] is derived
from essential systems engineering processes to offer a generic, jargon-free framework for
problem-solving. The acronym is built on the steps of the methodology, which encom-
passes defining and analyzing stakeholders, problems, alternatives, decision-making, and
continuous evaluation. The methodology has been applied in multiple problem-solving
efforts, with recent examples from applications to support bioeconomy transitions [26]
and digital twin development of offshore cranes [27]. In [28], SPADE is used to develop a
problem structure for marine emission reduction technology acquisitions. In this article, we
deploy the methodology in the same manner, with the objectives of structuring planning
decisions and reorienting them according to the SDGs. Table 1 summarizes the steps of
SPADE and its application in our case study.

Table 1. The SPADE methodology applied to planning problem structuring, adapted from [24,28].

Step Inquiry

S Stakeholders: Who are the key stakeholders to the planning process?

P Problems: What are the stakeholder sustainability objectives and criteria and how do
they link to the SDGs?

A Alternatives: What are the alternative strategies, policies and measures that may be
implemented to achieve the objectives?

D Decisions: How do alternative courses of action comparatively evaluate towards the
stated objectives?

E Evaluation: Continuous effort in, between and across all steps.

Identifying planning stakeholders is the first step of the approach. These are actors
who influence and/or are influenced by the decisions at hand, in our case, the decisions
and outcomes of the planning process. Stakeholders may be classified in several ways,
e.g., considering their influence [29], but a practical approach is to differentiate between
primary and secondary stakeholders [30]. In our study, we define a primary stakeholder as
an individual or group directly involved in the planning process. Secondary stakeholders
are additional individuals or groups whose interests are influenced by the outcomes of the
planning process, resulting from interaction among primary stakeholders.

Next, stakeholder problems need to be analyzed. In a problem structuring context,
this translates to their values, objectives to be achieved, and the partial ways they may be
described through criteria [31–33]. If planning objectives are not already based on SDGs,
they are reoriented in this step. This also entails identifying and linking objectives and
criteria to measurable SDG-based indicators.

The third step requires formulating alternative courses of action to achieve the stated
objectives. In a planning context, the level of detail in possible alternatives depends on
the maturity of the planning process. High-level strategies are usually formulated at the
initial stage before more detailed policies and measures are identified. In our approach,
we attempt to structure these alternatives in a hierarchical manner. Once stakeholders,
problems, and alternatives are identified, a decision analytical effort may be initiated.
This requires collecting data to understand how alternative courses of action affect SDGs
targeted in previous steps. In this article, we provide a linked problem structure to outline
the decision step. Evaluation is performed within, between, and across all steps.
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3.2. Stakeholder Focus Groups and Workshops

In order to inform the problem structure and support its verification and validation,
a series of stakeholder workshops were held during 2020. The workflow of the stake-
holder involvement process in developing the problem structure for PAKT is shown in
Figure 2. The process was initiated with scoping workshops held with a wide range of
stakeholders representing the municipal, county, and state agencies to provide high-level
expectations to the participatory planning support tool and ideation on its potential use in
the PAKT planning.

Figure 2. Stakeholder workshops in the PAKT problem structuring process.

The problem structuring process was continued through document analysis, where
critical planning documents for the PAKT process were used to provide an initial problem
structure. These encompass the Planning and Building Act, [34] which regulates planning
activities, the National Expectations Regarding Regional and Municipal Planning [35], and
the PAKT planning program [21]. This was presented in another stakeholder workshop for
stakeholder feedback and inputs. Based on this exercise, a modified problem structure was
developed. This structure was updated as the planning proposal [36] was presented.

4. Results

4.1. Stakeholders

The planning process for climate, land-use, and transportation involves many stake-
holders representing various interests, viewpoints, and expertise pertinent to the process
and decisions. We may divide these stakeholders into three main groups, as shown in
Figure 3.
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Figure 3. Stakeholders in the PAKT planning program.

Firstly, the public sector encompasses both the administrative and political resources
necessary to develop and implement planning strategies and policies. In this group, we
find the planners, politicians, and other state agencies that develop, decide, and support the
planning processes. Planners and politicians are considered primary public stakeholders as
they are directly and continuously engaged in the process as the PAKT strategies mature.

Next, we have stakeholders in the private sector, which influence and are influenced
by planning decisions. While land-use policies may strongly influence landowners and
developers, their involvement is less direct at the initial strategic level. In PAKT, enterprise
committees representing private interests are established and hold regular meetings to
provide direct feedback to planning documents. Due to their direct involvement, they are
considered primary stakeholders.

Finally, we have the wider societal stakeholders, with residents, the society at large,
and others represented through interest organizations. Residents are represented through
various committees that provide feedback to PAKT during the planning process. They may
therefore be considered primary stakeholders.

4.2. Problems

The objectives of the PAKT program set out the goals that the proposed PAKT plan
and subsequent adoption of the plan in spatial and transport planning should strive to
achieve. The planning program, draft proposals, and stakeholder feedback resulted in the
objectives hierarchy in Figure 4. Eight initial objectives were distilled to four objectives with
sub-objectives throughout this process. In the initial planning program, objectives were
formulated without explicit links to the SDGs. Through the problem structuring process
and subsequent draft plan proposal, SDGs pertinent to each objective were identified
and formulated.
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Figure 4. Structured objective hierarchy, derived from the PAKT planning program.

In order to operationalize objectives, they were linked to SDG-based indicators, as
displayed in Figure 5. The United 4 Smart Sustainable Cities (U4SSC) indicator set [37] was
used as an initial framework for providing indicators as the municipalities had recently
performed self-assessment using this framework [38]. This permitted using existing data
repositories and analytical models established in the municipalities to support planning
decisions. The mapping between indicators and PAKT objectives helped identify which
objectives were already covered and which objectives needed new indicators. The exer-
cise showed that most of the mobility-related objectives, and anthropocentric land-use
objectives, were well covered. Meanwhile, there was a lack of indicators to evaluate ecolog-
ical and economic impacts from land use. As a result, it was decided to further develop
indicators to accommodate the assessment of these objectives in subsequent work.

4.3. Alternatives

While the decisions following from the PAKT document will continue to be imple-
mented in the period for which it has been adopted, the document itself also decides on
some high-level strategies and policies for area development and lower-level measures
to be implemented, as shown in Figure 6. These decisions will propagate through the
planning hierarchy, ultimately providing the frames for day-to-day decisions made by
planners. At the highest level in PAKT, we find the land-use strategies. These provide the
rules for land-use in the region over the period, such as where residential and commercial
growth will take place and implicitly, the land to be conserved. The PAKT document also
provides a set of measures that may be further defined within the high-level land-use
change strategies, i.e., area-focused measures concerning site selection for residential and
commercial development and location of public services. We may also identify a set of
transport-focused measures that aim to support sustainable transport within the region.
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Agricultural land

Commercial activity
(max)

Self-sufficiency of local centers 
(max)

Biodiversity
(max)

Transport work
(min)

Natural resources
(max)

No existing 
indicator

Figure 5. Linking objectives in the PAKT planning program to SDG-based KPIs.
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Figure 6. Decision hierarchy derived from the PAKT planning proposal.

During the second stakeholder workshop, high-level land-use strategies were identi-
fied as central to all further spatial and transport planning, as shown in Figure 7. These
strategies determine the principles for regional development and therefore have a high
impact on all the identified objectives. Based on the planning proposal, four main options
were identified on a continuum from centralization to decentralization. The first planning
strategy is based on monocentric concentration, where land-use change takes place in a
few select hubs, e.g., the centers in each of the three municipalities. The policy entails
that all residential, commercial and public service development occur in or close to the
hubs to provide high-density service centers. Locating residential areas in the vicinity of
these areas may also reduce transport work and associated negative impacts. The second
strategy is a more polycentric development, where multiple existing hubs are used as a
basis for further regional development. This opens up opportunities for multiple types of
hubs within each municipality, e.g., regional, district, and local hubs that are established.
The third strategy is to perform no changes to existing strategies in PAKT, i.e., to continue
the current plans each municipality has adopted. While these plans are not developed for
regional efficiency but rather to optimize development within a smaller geographic area,
the planners expected this policy alternative as pointing towards a more decentralized
type of policy. The fourth and final strategy option is to deregulate spatial plans for the
region, essentially permitting all land-use change to take place wherever municipalities,
landowners, developers, and other commercial interests see fit. In this option, costs are the
primary driver for site selection of residential development as well as the location of public
and private services.

Figure 7. High-level land-use change strategies in the PAKT program and proposal.

4.4. Decisions

As part of planning decision-making, it is also necessary to evaluate how planning
strategies and other measures comparatively perform against the stated objectives. This
task would require further specifying model parameters and delimiting the decision
problem temporally and spatially to perform a policy evaluation. Figure 8 is however
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useful as it shows the problem structure derived from the SPADE process to support
planning decision-making. This structure will form the basis for evaluation tasks to be
performed by a PSS to support spatial and transport planning in Ålesund, Giske, and Sula
municipality as part of the Smart Plan project. The further design of the planning support
tool also warrants systems engineering techniques, as it is necessary to identify user needs
and requirements for the tool before defining its function and architecture.

Figure 8. High-level problem structure for PAKT.

4.5. Evaluation

Evaluation is a continuous task performed in and between each step in the systems
engineering SPADE method. As part of the stakeholder involvement process, feedback
was given for each element of the problem structure during workshops to update and
improve it. The within-step evaluation was performed by checking consistency with
planning documents and correcting any misinterpretations through stakeholder dialogue.
Consistencies across steps were also checked by tracing between models.

5. Discussion

5.1. Workability of Systems Engineering in Planning Problem Structuring

The application of systems engineering to establish a problem structure for sustainable
urban planning demonstrates how consistent and traceable representations of an initially
complex planning context may be achieved. The approach generates models elicited
from and with stakeholders that help clarify the key planning context elements and their
interrelationships.

While the literature is abundant with PSS tool descriptions, there is little knowledge
about how to scope these tools properly. This requires moving beyond the domain of
information and communication technology to consider the dimensions of application and
governance [16]. SPADE enables PSS developers to gain a comprehensive understanding
of the themes and issues that practitioners and planning stakeholders handle. This may be
useful in establishing explicit and justifiable thoughts on tool scoping.

The approach also proved useful in engaging a wide range of planning stakeholders in
a joint problem structuring effort. As the approach is jargon-free and intuitive, it presents
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a pedagogical frame for stakeholder involvement and co-creative problem-solving. The
model-based implementation in the case study also proved practical as stakeholders easily
could reflect upon and adjust models during and between workshop sessions. As models
are sequenced according to the steps of SPADE, navigation between models was easily
facilitated during discussions.

5.2. Operationalizing and Integrating the Sustainable Development Goals in Planning

The case study also demonstrates how explicit consideration of SDGs in the planning
context may be achieved. While SDG-based planning was stated as an essential objective
of the planning process in initial planning documents [21], they were not directly linked
to planning objectives and strategies. This linkage was made possible once the problem
structure was established. As this reorientation of objectives according to SDGs was made,
it was also possible to link objectives to measurable criteria and indicators, which was
another stated objective in the planning documents.

The case study utilized and linked an existing SDG indicator framework [37] to
planning strategies, which allowed us to use a globally harmonized system. The model
traceability rapidly helped identify entities for which new indicators were required. This
ability to structure existing information and identify missing elements shows the benefit of
creating a consistent model-based problem structure.

Although a specific indicator framework was operationalized in the case study, the
systems engineering approach may also be used in instances where new indicators need to
be developed. Stakeholders and experts could either be engaged to help synthesize new
indicators or help sort and select indicators from a predefined set.

5.3. Theoretical and Practical Limitations

The models generated from the problem structuring exercise reported in this paper
provide a basis for further synthesis of a PSS for strategic planning in the case study region.
As each planning process and region is unique, the structured outputs are also idiosyncratic
to the particular context in which they are developed [15]. The transferability of models
between planning contexts may therefore be low. However, models may be practical in
inspiring, comparing, and contrasting problem structures across planning contexts.

This limitation of model validity may also apply to the same region over time. As
planning is a constantly evolving process, stakeholders’ ideas, opinions, and perspectives
may change, and new problems may emerge [16]. Therefore, a problem structure should
not be considered a permanent representation of the planning context but rather as a
snapshot at a specific point in time. SPADE is a cyclical methodology, and the reported
procedure may be repeated with regular intervals to update and reorient the structured
elements as needed.

Problem structuring and decision support literature highlights the need to create
hierarchies with unique and non-overlapping objectives which reflect the fundamental
values of stakeholders [31,39]. This is particularly important when alternatives are to be
comparatively evaluated using formal models. The objectives and indicators established in
Figure 5 have not been scrutinized for this purpose. Further iterations using SPADE could
be used to validate the objectives and indicators against this formal requirement. This is a
natural step in the continued work of synthesizing a PSS.

The reported application of systems engineering focused on structuring the decision
context for planning stakeholders. While this provides a common frame of reference for
main planning themes, objectives, and strategies, further tool synthesis must also build on
extensive mapping of the practical context of the tool itself. This warrants its own problem
structuring that focuses on PSS users and the tasks they need to perform in addressing
planning decision problems. This subsequent step in the synthesis process could potentially
also be explored from a systems engineering approach, where user needs and requirements
are defined to further specify the PSS functions and architecture.
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6. Concluding Remarks

In this article, we have demonstrated the use of systems engineering to establish a
problem structure to initiate the synthesis of a participatory planning support system (PSS)
for sustainable regional planning. The systems engineering SPADE methodology has been
applied in a model-based way to define and link sustainable development goals (SDGs)
in a practical planning case involving multiple planning stakeholders. The case study
has demonstrated that the approach is applicable in generating consistent and traceable
representations of an initially ill-structured context and practical for engaging stakeholders
in a co-creative problem structuring exercise. The model-based approach to problem
structuring also proved practical in integrating and operationalizing the SDGs by linking
them to indicators and planning strategies.

While the workability of the approach is demonstrated for the given context, additional
applications should be made to further test the applicability and robustness of the approach
across regions, planning domains, and planning levels. Mechanisms and procedures for
updating problem structures within and across planning cycles would also prove useful to
avoid static representations of dynamic planning environments. Further synthesis of PSSs
requires additional mapping of user needs and requirements. Exploring the translation
of planning problem structures to tool functions and architecture is a critical topic for
further research.
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Abstract: Balancing the positive and negative impacts of cruise tourism is a challenging task for port
operators. Necessary information for cruise port planning and decision making may be laborious
to acquire and further combine for holistic decision support. The current study applies a system-
oriented sustainability scoring model to the port of Geiranger, Norway. The aim is to provide a
practical and low-threshold approach for appraising sustainability aspects in cruise port planning and
decision making. The scoring model provides an estimate of performance on sustainability indicators
based on cruise call itinerary information and readily available ship data. Results demonstrate
how using the scoring model can prove useful for both port management, planning, stakeholder
communication and scenario evaluation.

Keywords: cruise ship; sustainability; indicators; tourism; systems thinking; port management

1. Introduction

Global cruise tourism passenger numbers increased by nearly 70% from 2009 to
2019 [1]. Although the coronavirus disease 2019 (COVID-19) pandemic had a significant
impact on the industry in 2020, growth is expected to pick up again in the next few
years [2]. Port cities and vicinities near popular cruise destinations benefit from jobs and
revenue enabled by the industry. Conversely, there are strains that need to be dealt with.
The environmental and social impacts of cruise ships are often concentrated in areas of
high natural and cultural value [3]. Klein [4] points out “people pollution” (crowding),
homogenization of the port experience, and the reduced authenticity of cultural experience
as potential negative social impacts from cruise activities. The economic gains are also
challenged as the expansive offering of onboard cruise ship activities may negatively
influence the cruise passengers’ local spending at cruise destinations. This may lead to
an uneven distribution of costs and benefits between the cruise lines and the community
ashore at destinations [5–8]. Balancing these positive and negative impacts of cruise tourism
is a challenging task for local decision makers and the information available to support
decisions for managing visits from cruise ships is often limited.

Through system development, the cruise ship-at-port system is explored according
to the feasibility to support decisions on which cruise ships to admit as well as invoking
measures countering strains to the port and its vicinity. Building upon the prior works
of utilizing systems to understand tourism systems, the current study aims to develop
and apply a sustainability scoring model for cruise ships. The purpose of the proposed
model aims to provide port operators with a practical approach for evaluating how cruise
calls perform on indicators representing environmental, social and economic dimensions
of sustainability analogue to the triple bottom line framework [9]. The proposed model
will further be applied to a case study on the port of Geiranger, Norway.
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Section 2 of this paper describes the theoretical framework for the study drawing
experience on previous studies. Section 3 describes the methodology in the proposed
systems-based scoring model approach and Section 4 demonstrates how the scoring model
could be applied in planning and management, stakeholder communication and scenario
evaluation. Section 5 concludes the work and provides ideas on further development and
application of the scoring model.

2. Background

Cruise tourism in the context of sustainability in research is a relatively recent and
small field of science, with few publications before Ritter and Schafer [10] called for
more academic scrutiny of the industry. Since then, several scholars have focused on the
environmental impacts of cruise tourism [3,11]. This includes in particular emissions to
air in port cities [7,12–19] and addressing them in terms of economic externalities [20–22].
Johnson [23] points not only to the cruise operators and destinations but also calls for the
tourist to use their market influence to invoke changes towards more sustainable cruise
tourism. Brida and Zapata-Aguirre [24], look at the economic, environmental and socio-
cultural impacts of cruise tourism asking if there is certainty that the benefits of cruise
outweigh the costs. Although they do not fully answer the question, they invite decision
makers in cruise tourism destinations to not blindly implementing efforts to increase cruise
tourism without thorough consideration of potential gains and challenges. Klein [4] looks
at cruise tourism through the “responsible tourism lens”, focusing on “(a) tourism’s impact
on the environment, (b) the equitable distribution of economic benefits to all segments of a
tourist destination, and (c) minimizing negative sociocultural impacts” and the purpose
of this framework is to consider the sustainability of cruise tourism in the perspective
of the port community. The studies mentioned above are important conceptual papers,
but they lack practical means of providing and structuring sustainability information to
port operators.

Hritz and Cecil [25] looked at a case study on Key West, Florida, to construct sus-
tainability indicators for cruise tourism focusing on current and potential resources, de-
mographics of local residents and cruise passengers, economic structure and tourism
demand–supply relationships. The study uncovered opinions on the indicators from differ-
ent stakeholder groups and made up a structure to monitor future policy changes to cope
with rising tourism. A similar approach, focusing on local stakeholders, was undertaken
by Pomeranz, Needham and Kruger [26] regarding a coastal protected area in Alaska, US.
Other studies on stakeholder perspectives of cruise tourism have been conducted since
focusing on the perspectives of local residents [27,28]. Stefanidaki and Lekakou [29] intro-
duce their conceptual approach “cruise-carrying capacity” based on the drivers, pressures,
social processes/state, impacts and responses (DPSIR) relevant for cruise tourism. Based
on an extensive review Stefanidaki and Lekakou [29] also provide a comprehensive set of
sustainability indicators for cruise destinations in their framework based on a literature
review and dialogue with experts. The indicators were derived from literature review
and discussion with peers within cruise tourism research. The set of indicators are com-
prehensive and broad in scope and would provide to a high degree an exhausting set
of parameters for societal planning and policy making on a national or regional govern-
mental level. Wu, Chen and Min [30] built upon the work of previous studies building
a set of indicators for cruise tourism sustainability for assessing regional sustainability
conditions and cruise-industry development. Albeit being comprehensive and focusing
on broad aspects of sustainability related to cruise tourism from the perspective of ports,
the latter two indicator schemes would be too comprehensive for most port authorities to
implement. In order to acquire useful information for sustainability decision support it
is useful to comprehend the tourism industry as a complex and dynamic system of close
and interdependent ties between components [31] p. 34. A port city—with its inhabitants,
businesses, infrastructure and nature—being visited by a cruise ship and its passengers
could be considered as such a system. Arnold and Wade [32] define systems thinking
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as “ . . . a set of synergistic analytic skills used to improve the capability of identifying
and understanding systems, predicting their behaviors, and devising modifications to
them in order to produce desired effects . . . ”. This includes understanding the system
structure and its dynamic behavior. Systems thinking approaches have been applied in
tourism focusing on e.g., organizational learning [33], future simulation [34] and mapping
the effects on climate change from marine tourism [35]. Other recent examples of a systems
thinking approach for establishing sustainability indicators are e.g., Stanitsas et al. [36]—in
the construction industry and Steiniger et al. [37]—for urban sustainability indicators. More
specific to the topic of the current study are Coccossis and Koutsopolou [38] for monitoring
sustainability of coastal tourism; Schianetz and Kavanagh [39] for making sustainability
indicators for tourism destinations; and a more broad-reaching scheme by Roxas et al. [40]
using causal loop diagrams.

3. Materials and Methods

The current study evaluates a model for establishing sustainability indicators for
decision support in cruise ports based on a systems thinking approach—seen from the
perspective of the port. In this context, multiple systems are interacting. Firstly, there is the
cruise ship with the purpose of transport, accommodation and entertainment of tourists
which in itself embodies the characteristics of a system. In the context of sustainability,
cruise ships interact with natural surroundings and socio-technical structures of the port
cities, which also make up a new system that results in desired effects and the opposite.
Examples of these sub-systems are the cruise ship–emission/discharge to nature system;
cruise ship–road traffic system; and cruise ship–tourist distribution system; opposed to the
cruise ship—local business system. These systems encompass both spatial and temporal
boundaries together with interactions on other systems and stakeholders that also should
be addressed in a cruise call sustainability scoring approach.

The literature assessed in Section 2 does not provide a practical and low threshold
approach for appraising sustainability considerations in cruise port planning and decision
making. The authors of the current study therefore propose a model for establishing
sustainability indicators for decision support in cruise ports as shown in Figure 1. The
model builds on a five-step procedure to analyze and evaluate sustainability impacts of
cruise calls to port based on cruise ship characteristics and to use the output for decision
support. The main focus of this paper is, hence, to demonstrate and evaluate the suitability
of the model by using it on a test case of the port of Geiranger, Norway.

 

Figure 1. Proposed cruise call sustainability scoring and decision support model.
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Firstly, the context of the cruise destination system is defined, including cruise port
decision makers’ needs, requirements and constraints together with stakeholders and
their perceptions, expectations and concerns. The concerns and wants of the stakeholders
should be addressed in the indicators used to explain phenomena in the system. Cruise
tourism destinations have great variation based on both demography and society. This
provides different profiles of stakeholders. Popular cruise tourism destinations span from
large cities like Barcelona and Miami to rural societies like the Norwegian fjords or small
Caribbean island societies. The relative impact and focus of cruise tourism to stakeholders
vary according to this as it in big cities is one of many systems affecting sustainability while
it at smaller societies may be a dominant activity regarding economic development and
hence the accompanying externalities. The distribution between gains and externalities
is also an important aspect. Although stakeholders want to influence, the reality is often
that economic and societal structures make up boundaries for involvement and many are
aware and accept this but expect at least to be informed and to be heard [41]. Choosing the
correct indicators for communication of impacts is an important part of this as they should
represent the information requirement.

In the second step, the port operator selects data to compute indicators. The minimum
required data are the number of passengers (PAX), gross tonnage (GT), year built and
duration of the stay. This is information that significantly correlates to environmental
impacts [16]. The second step also consists of informing the model with other available
ship data and the planned itineraries or port calls. The approach proposed in this paper
is also open for further information to be added, as it will inform the model better and
provide more precise impact estimates.

In step three, the indicators for the cruise call sustainability scoring system should
reflect the needs uncovered in the first step, while still being quantifiable through the
available data mapped in step 2. According to Waas et al. [42] an indicator represents
an attribute of a system that is given by a variable and its value. The attribute may be a
quality, characteristic or property while the variable may be expressed using a quantitative
or qualitative value. System stakeholders should be involved in the development of
indicators. Additional literature and resources could also be utilized in the indicator
synthesis process. The output of the exercise is a description of the indicator system
properties and ultimately its synthesis. The indicators in the sustainability scoring model
presented in this paper were established together with professionals at the Port Authority
through a series of workshops. The literature discussed in Section 2 of this paper was used
to establish a predefined set of indicators, which were presented and discussed among
workshop participants. The indicators were evaluated with regards to how they provide
valuable information for sustainability decision support, if the required data for calculating
values are at hand and whether they are possible to implement. The approach is iterative,
meaning that the practitioner should do adjustments on the indicator based on feedback
from the Port Authority between workshops.

The fourth step includes taking the information provided by the indicators at the
given context into account when making decisions. It is important to firstly understand the
dynamics behind the elements of the systems being managed or considered for some act of
change-making. How will management or change influence the different stakeholders of
the systems? Will the decision have the desired effects on the impacts of sustainability?
Will the decision provide a balanced solution within all three dimensions of sustainability?
The scope of decision making could vary between day-to-day operations like management
and planning to more long-term uses like scenario evaluation, e.g., Pesce et al. [43] utilized
indices of different sustainability aspects in the decision making about different routing
options for cruise ships at the port of Venice, Italy. The indicators could also be used
for communicating to stakeholders “the state of sustainability” at the cruise tourism
destination.

Lastly, each step includes evaluating the indicators with the requirements and desired
attributes stated by the decision makers. In this step one also reviews what has been done
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in the other steps and check if improvements could be achieved before implementation of
the indicator set. This step is inspired by other circular Systems Engineering approaches
like the ones by Fet [44] and Haskins [45]. Analysts using this approach need to evaluate
whether the data, models and indicators being used to estimate impacts to sustainability
are in line with the desires and concerns of stakeholders. It must also be considered
whether the output is understood by stakeholders and gives them valuable input. Either it
is decision makers who need the background to make informed choices or stakeholders
who require and/or deserve to be kept in the loop.

4. Results and Discussion

4.1. Step 1—Context

The sustainability scoring model is applied within the context of the port of Geiranger,
Norway (Figure 2). The first step was taken through document analysis, participating in
relevant meetings with stakeholders for the port and working meetings with Stranda Port
Authority. The primary systems identified were the cruise ships calling to port and the port
destinations with which they interact. A key functional requirement of these indicators is to
determine how cruise calls positively and negatively influence the port destination. Critical
constraints encompass the time and other resources needed for accessing and modeling
data to compute sustainability indicators.

In order to provide meaningful information for decision support for the three purposes
given in Figure 1, step four—an overview of the given ports present and future challenges
is needed. The quay is situated in a small village with 240 permanent residents, surrounded
by steep mountains ranging over 1400 m above fjord level. Geiranger admitted 402,335
cruise passengers in 2019, ranking 3rd in the country [46]. The rising influx of tourists to
Geiranger up towards 2019 has led to a debate on the negative effects of mass-tourism
and particularly cruise tourism and its accompanying emissions is under much public
scrutiny [17,47,48] and perceptions about tourism from local stakeholders are mixed [49],
while tourists are generally quite satisfied [50]. The scrutiny has led to actions taken by both
local and national government from capping the total daily number of cruise passengers
to Geiranger at 6000 by the local port authority to the National Parliament passing a bill
requesting that only zero-emission ships shall operate in the World Heritage Fjords by
2026 [51]. Before this, amendments on the shipping emissions for the same area were laid
down by the Norwegian Maritime Authority (NMA) to only admit ships with IMO tier III
emission standards for NOx by 2025 [52].

 

Figure 2. Port of Geiranger, Norway. Photo: First author.
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4.2. Step 2—Available Cruise Call Input Data

For the second step, data from the port of Geiranger, Norway, from the years 2015 to
2019 were made available from Stranda Municipality Port Authority. This includes the time
of arrival and departure of the cruise ships. Based on the cruise ship name as an identifier—
data on key ship characteristics were extracted from the IHS-seaweb [53]. Two indicators
from each of the three dimensions of sustainability are proposed for the sustainability
scoring model (Table 1). The indicators follow the taxonomy given by the triple bottom line
framework [9] and Kleins [4] responsible cruise tourism lens, being respectively well known
and frequently cited works in the literature on general sustainability and cruise tourism
sustainability. Establishing indicators within these dimensions gives a clear structure both
on how to utilize indicators for decision support and communication. The indicators are
calculated from input variables normally found in cruise call itinerary information kept
by port authorities. The input variables were also confirmed by Norwegian cruise port
authority representatives. Gross tonnage is the weight of the ship. Port time (tp) is how
long the cruise ship is docked at port either on a quay or at anchor as passengers are
landed. PAX is the number of passengers onboard the ship. Year built (YB) is the year the
cruise ship was built. The idea is to keep the indicators in the proposed scoring model
easy to implement and use for local port authorities as they seldom have the resources
to undertake sustainability assessments of the cruise calls they receive. With the scoring
model, they can do rough sustainability assessments of each cruise call and be able to use
the information when planning itineraries for future cruising seasons as port callings often
are booked a couple of years in advance.

Table 1. Input variables needed to determine the scoring model indicators.

Input Variable Unit Indicator Reference Aspect Area of Interest

GT, tp kg Green house gas
emissions Environmental impact

and resource use
Environmental

GT, tp, PAX kWh/PAX/h Energy efficiency

PAX NOK Spending potential Equitable distribution
of economic benefits

EconomicPAX, GT NOK Port fee

GT, tp, YB kg NOx emissions Minimizing negative
social/health impacts SocialPAX, tp PAX/h Guest frequency

4.3. Step 3—Testing the Indicators
4.3.1. Environmental Impact

Under the critical constraints encompassing the time and other resources needed
for accessing and modeling data to compute sustainability indicators, the scoring model
proposed in the current study comes with limitations in this regard as only the hotel phase
of cruise ship operations in port are covered by the sustainability scoring system. The
combined variable port time and GT is found through regression modelling to be the
best independent variables to predict emissions from cruise ship hoteling at port [16].
The proposed indicator for greenhouse gas (GHG) emissions per cruise call presented in
the scoring model is hence based on a regression model for hotel power demand (E) for
cruise ship hotel power provided by the authors [54]. E is further multiplied by tp and
the emissions factor for greenhouse gas emissions given as kg CO2 per kWh from the
third IMO greenhouse gas study [55]. Greenhouse gas emissions were estimated for all
cruise calls at Geiranger for the years 2015 to 2019. The interquartile range has remained
steady in the period and the median has increased (Figure 3). E is also suitable for the
energy efficiency indicator proposed in the scoring model, but rather than multiplying
with an emissions factor it is divided by PAX and tp. This gives an indicator presenting
how much energy is allocated to each of the passengers in the cruise ship. The energy
efficiency indicator (Figure 4) gives many more outliers than any of the other indicators,
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yet the median is on the lower band of the interquartile range. This is due to ships with
a high passenger-to-space ratio, meaning that the ships are relatively large compared to
the number of passengers. Looking at the details behind the statistical summaries, it is
apparent that there is a trend of ships with the highest passenger count are the most energy
efficient.

 
Figure 3. Estimated greenhouse gas emissions [kg] per cruise ship call in Geiranger from 2015–2019,
n = 937.

 
Figure 4. Estimated energy efficiency [kWh/PAX/h] per cruise ship call in Geiranger from 2015–2019,
n = 937.
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4.3.2. Equitable Distribution of Economic Benefits

When cruise calls are ordered by operators the port authority at least knows the
passenger capacity of the given ship. Spending potential (SP) is given as the number of
passengers multiplied by the average cruise passenger spending factor related to a cruise
call for the given port, region or country. The spending factor (SF) gives how much money
each cruise passenger on average spends when they go ashore at cruise destinations. The
spending factor is normally gathered through surveying cruise passengers to a specific
geographical area. The PAX data given for a cruise ship itinerary is commonly in the plan-
ning phase of a cruise call based on the passenger capacity of the vessel. It is not common
that all passengers disembark the cruise ship at each port call. When calculating spending
potential, PAX is multiplied by the landing factor (LF), giving how large percentage of
total PAX is going ashore on average. The specific landing factor used when calculating
the case data for Geiranger is provided by Stranda Port Authority as between 0.5–0.8 for
this specific port. The value for SF for the port of Geiranger is for the data presented in
this article LF = 0.7 and SF = 460 NOK [56]. The study also tried to see if the longer the
guests stay, the higher is the possibility to spend money on local shops, cafes, etc. [56].
This effect, however, is not quantified in the scoring model in other ways than that cruise
calls which have pt < 2 are assumed not landing passengers due to time restrictions, hence
giving a spending potential of zero. The port fee (PF) indicator gives how much the cruise
ships must pay the local port authorities to use the quay. How the port fee is calculated
could differ among ports. For the case of Geiranger, the rules for equating the port fee are
extracted from the port authority web pages. Both spending potential and port fee are
considered benefits in the scoring model and are hence considered variables that should be
maximized.

4.3.3. Minimizing Negative Social/Health Impacts

Social indicators are considered as indicators impacting the well-being of both vis-
itors and local inhabitants. Indicators dealing with emissions to air are considered core
indicators, suggesting indicators stating the amount of emissions (SOx, NOx, PM) per
cruise passenger and the number of days where air quality standards are exceeded for
the given pollutants [29]. At the same time, one also could consider the air pollutants
with local effects as environmental indicators. Exposure to NOx may cause impaired lung
function, increased susceptibility to respiratory infections and development or worsening
of asthma and bronchitis [57]. Although air quality measurements for Geiranger show
few occurrences of emissions exceeding the threshold levels for air pollution in national
and international regulations, the studies show that the emissions are frequently above the
Norwegian Institute of Public Health’s air quality criteria during the tourist season [58].
Although the tourist season does not span over the whole year it is still a significant period
of the year with significant pollution levels. The purpose of air quality criteria is to prevent
negative health effects due to air pollution. The emissions concentrations in the criteria
are set so low that most people can be exposed to these levels without suffering harmful
health effects. Based upon these arguments the authors of this paper propose that NOx
emissions are considered as a social indicator as they affect the health and well-being
of local inhabitants and visitors. The guest frequency indicator alludes to the notion of
crowding or “people pollution” [4]. The guest frequency (GF) factor is calculated by PAX
onshore/port hours. It gives an expression of how many people to be landed/berthed
per time unit. Less time also means less time to disperse, meaning more traffic and more
crowding.

4.4. Step 4—Decision Support

The fourth step in the methodology proposed in Figure 1 requires that using the
indicators is dependent on the management and decision-making context. This includes
performing planning and management operations such as assessing port call requests on
both a long-term and day-to-day basis, as well as invoking abatement measures to reduce
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strains or bolster opportunities. Other identified needs were information to support long-
term strategic planning as well as the means to communicate towards stakeholders such as
actors in the local community as well as cruise corporations and government bodies.

4.4.1. Port Management and Planning

Spending potential and port fee was estimated for all cruise calls coming to Geiranger
from 2015 to 2019. These indicators are directly linked to the benefits of having cruise ships
visiting the port for local business and the port owner, respectively. The trade-off between
benefits and externalities is a central challenge for the port authority. From Table 2 one
could observe that both the estimated cumulative spending per cruise call and port fee
has increased over the five years, but so have the greenhouse gas emissions as well. This
information could be useful for port operators in order to see both the benefit and cost
of having more or less cruise tourists going ashore at their destination. Also, it could be
useful to see whether, if ships were only to dock and do not let tourists ashore, the port
fee might still keep up at high levels, but that would weaken the potential for businesses
to generate income. The guest frequency indicator provides a means for port operators to
say how many tourists the area needs to absorb. The average number of cruise passengers
ashore has remained stable over the five years. A high value on this indicator means that
many tourists disembark, are distributed, and board the ship within a specific time window.
Decision makers could use this information to observe over time if there are correlations
between the indicator and what is observed outside considering the destination’s ability
to absorb the number of tourists ashore. In this way, anecdotal reports of “crowding”
could be related to the guest frequency number and, with many observations, the port
operators could potentially gain an idea of whether there are levels of guest frequency
when there is an increased risk of experiencing oversaturation of people in the area. This
information could further be used to forecast such events and plan measures to abate the
issue in advance.

Table 2. Cumulative scoring system indicators for cruise calls to Geiranger 2015–2019.

Year

Environmental Economic Social

GHG
Emissions
[ktonnes]

Hotel
Energy Use

[GWh]

Spending
Potential
[MNOK]

Port Fee
[MNOK]

NOx
Emissions
[Tonnes]

Number of
Tourists

‘000 [PAX]

2019 5.47 7.74 132 20.9 71.3 288
2018 5.06 7.16 114 18.1 64.3 250
2017 4.97 7.02 117 18.3 71.4 255
2016 4.52 6.39 106 16.7 70.1 230
2015 4.34 6.14 106 16.4 69.7 229

4.4.2. Scenario Evaluation

Considering strategic planning, quantifying greenhouse gas emissions could be used
for setting targets and goals and to evaluate the impacts of future policies. Setting a target
for cumulative and median greenhouse gas emissions over a season are examples of goals
for which this indicator could be used (Tables 2 and 3). Furthermore, policies could be
implemented, such as incentivizing cold-ironing or LNG ships and the indicator could be
used to see whether these policies are having an effect. Utilizing this information could
be valuable in a decision support sense as it provides port authorities information about
which ships bring the most spending and port income per energy usage, which is directly
proportional to emissions of both global and local pollutants.
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The NMA is uncertain whether the cruise industry will be ready for zero emissions in
2026 and, therefore, suggest postponing to 2030, while still keeping Tier III for 2025 [59].
The year 2025 was selected for the scenario, using the Tier III compliant cruise ships
scheduled to come to Geiranger in 2020 (before the COVID-19 pandemic brought cruise
tourism to a halt) as a proxy. After discussing with local port authorities, it was concluded
that making any good prognosis for future cruise tourist visits would be very uncertain due
to the unknown short to medium-term effects of the pandemic. The case of emulating 2025
through 2020 was therefore accepted as sufficient for the sake of illustrating the scoring
system for scenario evaluation.

Table 3. Average scoring system indicators per cruise calls in Geiranger 2015–2019.

Environmental Economic Social

GHG
Emissions
[tonnes]

Energy
Efficiency

[kWh/PAX/h]

Spending
Potential
[MNOK]

Port Fee
[MNOK]

NOx

Emissions
[kg]

GF
[PAX

Onshore/Port
Hours]

2019 25.9 3.06 0.63 0.10 338 183
2018 27.5 3.25 0.62 0.10 350 178
2017 27.7 3.07 0.65 0.10 399 188
2016 24.3 3.00 0.57 0.09 377 163
2015 24.5 2.96 0.60 0.09 394 177

Both NOx emissions and guest frequency are estimated on parameters explaining
the size of the ship. Gross tonnage and number of passengers respectively. Due to this
one should expect that since greenhouse gas emissions have increased together with
the number of passengers the same should apply for NOx emissions as they are both
estimated based on the energy demand. However, this is not the case for the historical
data from 2015 to 2019 (Table 2). A possible explanation for this are the policies related
to NOx Tier-standards, requiring ships with lower NOx emissions. One could based on
this observation speculate that the NOx Tier standard policies have been successful over
the five-year period as average spending has increased while median NOx pollution has
stayed still. Regarding the future scenario, results from Table 4 show that there will be
a significant reduction in the total number of tourists and spending potential, both with
a decrease of 55% from 2019. Cumulative greenhouse gas emissions will decrease even
more by 63% and NOx by 92%. These estimates would suggest that the reduction in
environmental impact would be greater than the loss in income. When looking at the
results from Table 5 one could see that although the cumulative greenhouse gas emissions
are decreasing, the emissions per cruise call have increased. The average energy efficiency
has also worsened. The explanation of why this might be the case could be due to the
more uneven configuration coming to Geiranger under the assumptions made for the case
study, as it is either very large or relatively small ships, with the ships in the mid-size
class not being as represented as they were historically. One could also see this in the
average guest frequency, meaning that although the cumulative number of tourists has
drastically declined, the flux of tourists when ships call to port will increase. This could be
valuable information when planning how to organize for receiving tourists in the future or
considering new regulations. In this specific case the average capacity to absorb tourists
through landing boats and distribution with buses etc. needs to remain the same even
though the total number and hence possibility for income decreases. Effects like this
will be very interesting to study in forthcoming work related to the 2026 zero-emissions
regulations being addressed by the authors of the current study.
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Table 4. Cumulative scoring system indicators for cruise calls to Geiranger 2019 and 2025.

Environmental Economic Social

Year
GHG

Emissions
[ktonnes]

Hotel
Energy Use

[GWh]

Spending
Potential
[MNOK]

Port Fee
[MNOK]

NOx

Emissions
[Tonnes]

Number of
Tourists

‘000 [PAX]

2025 2.01 3.31 59.4 9.18 5.70 129
2019 5.47 7.74 132 20.9 71.3 288

Table 5. Average scoring system indicators per cruise call to Geiranger 2015 and 2025.

Environmental Economic Social

GHG
Emissions
[Tonnes]

Energy
Efficiency

[kWh/PAX/h]

Spending
Potential

[NOK]

Port Fee
[NOK]

NOx

Emissions
[kg]

GF
[PAX

Onshore/Port
Hours]

2025 30.5 3.52 0.90 0.14 86.4 230
2019 25.9 3.06 0.63 0.10 338 183

4.4.3. Communication with Stakeholders

In terms of stakeholder communication, the output from indicators could be valuable
to use for informing with quantifiable information on sustainability [29]. Daily or per-
cruise call values of the indicators could prove useful information to actors dependent or
affected by cruise tourism. The spending potential indicator could prove useful for local
business to forecast their revenue and enable better staffing for the given cruise call days.
Together with information on GF for a given day, personnel and service level could be
tailored based upon this information. In Geiranger, cruise calls are often booked a year or
two in advance and therefore the indicators from the proposed scoring system could be
communicated to local businesses in advance providing forecast information on the market
and a better foundation to choose strategies and investments. Communicating openly
on these benefits could also provide more approval of cruise tourism from stakeholder
groups with a negative view of the industry. Conversely, the GF indicator could be valuable
for people wanting to visit Geiranger on more calm days, avoiding the busiest days and
allowing for a more even distribution of visitors. Communicating indicators of local air
pollution, like the NOx indicator, could provide useful information for people sensitive
to aerosols. Knowing that there will be potentially large emissions, one could choose
to stay out of Geiranger if there are e.g., are weather conditions that tend to worsen air
pollution. Using historical information on ship activity and pollutant levels can provide
a way of forecasting air pollution levels [60]. The results from the indicator could also be
communicated to governing bodies and other stakeholders like greenhouse gas accounting
initiatives.

4.5. Step 5—Evaluation

The resulting scoring model provides indicators that may evaluate various sustain-
ability aspects related to cruise calls in both short and long-term perspectives using openly
available data. The proposed sustainability scoring model for cruise ships at port has
several technical and practical properties that are valuable for cruise port operators and
owners. Firstly, the approach is practical, with a low barrier for implementation. This
assertion is based upon the fact that the basic input variables to the scoring model are basic
cruise call itinerary data and supplementary data that are openly available. Secondly, the
scoring model provides estimates on six indicators representing the social, environmental
and economic aspects of sustainability and also could be mapped in accordance with the
relevant UN Sustainable Development Goals (SDGs) [61]. The indicators are useful when
port operators and/or owners seek decision support with aim of enabling sustainability as
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a control parameter as well as utilizing them for communication with stakeholders. Thirdly,
the scoring model is open to assigning weights among the criteria expressed through the
indicators. Regarding matters which could be improved, the model could benefit from
also including indicators addressing the effect of cruise tourism on onshore traffic strains
as tourists are further distributed in the area by bus [62]. The relative importance and/or
severity among the criteria expressed in the scoring model could be perceived differently
between ports depending on their unique characteristics. Optimizing only one of the
criteria does not guarantee the most advantageous solution.

5. Conclusions and Further Work

Balancing the impact of cruise traffic for port operators is challenging and often
requires access to extensive tools and methods, while a practical/screening approach is
missing. The information gained through the cruise call sustainability scoring model as
demonstrated in this paper will, therefore, be a valuable contribution to support decisions
in further management. The model provides data on six sustainability indicators based
on calculations from readily available cruise call data. This information is then used to
determine which measures to invoke for countering environmental and social strains to the
port and its vicinity, at the same time balancing it with the economic gains from the activity.
The case as demonstrated for the port of Geiranger, Norway, indicates that the cruise call
sustainability scoring and decision support model is valuable in practice and beneficial
for the cruise traffic port operators in the implementation of the SDGs in operational
management procedures.

Scholars investigating sustainability in management and decision support may find
the current study relevant as it includes a systems approach to establish and implement the
SDGs for practical use. However, we acknowledge there are other models which are more
comprehensive like the sustainability indicator sets by e.g., Stefanidaki and Lekakou [29]
or Wu, Chen and Min [30], while the model proposed in this study uses an alternative
approach, thus being more focused on practicality and low threshold for implementation
than the currently available models. To increase the comprehensiveness of the model,
more indicators can be included such as other emission factors, shore power availability,
discharge to water, visual pollution and other means of local inhabitants and visitors’
perceptions of a cruise call. The cumulative strain from multiple and simultaneous cruise
calls could also be considered an improvement to the model.

The model could further be extended in its application by adding a multi-criteria
decision making (MCDM) component. Instead of being static in the decision support
stage, exploring how different stakeholder group perceptions give preference to different
ship types through weighting schemes may further increase the possibility of making a
balanced decision with credibility among a broad range of stakeholders [63]. Knowledge
of how difference in opinions may lead to possible trade-offs may also aid the future
strategic decision on the development of tourism destinations and cruise port operations.
This will be the topic in a forthcoming study where the sustainability scoring model will
be implemented with MCDM methodology for the appraisal of future scenarios of port
infrastructure development in the Geirangerfjord area.
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Abstract: The COVID-19 pandemic represents a massive, often unanticipated, external disruption
for many companies. As a concept for responding to such disruption, organizational resilience
has recently received great attention. In the organizational context, the overriding question is how
companies can become more resilient. This study aims to contribute to answering this question by
identifying, categorizing, and providing specific business model patterns for achieving resilience
on the corporate level. For this purpose, a review of publications by major consulting firms was
conducted. Patterns were extracted from publications until a convergence criterion indicated that no
new pattern could be identified considering further publications. The 110 extracted unique patterns
were clustered into 13 objectives, and additionally categorized according to resilience phases, as well
as business model elements, to support the application in practice. The final catalog of patterns was
validated through expert interviews and thus provides organizations, such as those in the electrical
industry, with an overview and specific approaches on how to tackle industrial resilience through
the adaption of their business model.

Keywords: organizational resilience; business model; resilience measure; business model pattern;
COVID-19; pandemic; crisis; risk management; business continuity; electrical industry

1. Introduction

1.1. Motivation

Against the backdrop of increasing volatility in business environments, organizational
resilience is receiving significant attention from research and practice. The current pan-
demic is accompanied by changing consumer patterns and behavior, disrupted supply
chains and the need for effective health measures, among other factors. This underscores
the importance of being able to anticipate potential threats, cope effectively with adverse
events and adapt to changing conditions.

The concept addressing this ability is resilience. Existing literature covers the con-
cept [1–3] of resilience and, based on literature reviews [1,3–7] or case studies [2,8,9], general
principles and attributes of resilient organizations, or parts of organizations like supply
chains [10], are discussed. To help companies cope with volatility in the short term and
achieve resilience in the long run, it is essential to provide them with practical and effective
tools [9]. For example, Mallak [11] provides principles and suggests how to apply them.
Fiksel et al. [12] also provide a practitioner-focused description; however, their analysis is
on supply chains. Although a variety of general and sustainability-oriented business model
pattern collections exist (e.g., [13]), as well as approaches for developing resilient business
models (e.g., [14]), no pattern collection focusing on resilience is yet available. Therefore,
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this study aims at closing this research gap by developing such a pattern collection against
the background of the COVID-19 pandemic. The German electrical industry was chosen
for validation as they faced several impacts of the pandemic situation.

For this purpose, it is first pointed out how resilience fits into the concept of systems
engineering and sustainability. Afterward, using the example of the German electrical
industry, the results of a current survey illustrate the impact of the pandemic at various
levels. Subsequently, the concept of resilience and the concept of the business model are
outlined and brought together to guide the following developments. Based on a review
of contributions on resilience by the main players in the consulting industry, measures or
so-called business model patterns are identified, classified, and validated through expert
interviews. The insights gained are used to provide recommendations for practice and
research. In conclusion, the results of the paper are summarized and an outlook for further
research and development is given.

1.2. Academic Relevance: Contributions to Systems Engineering and Sustainable Development

The logic of how companies create value is a key element of value creation systems.
Understanding value and considering customers, users, other beneficiaries, and suppliers
is an essential activity of model-based systems engineering [15]. Business models provide
a common, conceptual modeling framework for describing this logic, by defining key
elements and their relationships. Developing or innovating business models is thus an
important aspect supporting the engineering of complex industrial systems. For example,
it supplements the hardware and software of technical innovations [16]. Resilient business
model patterns can serve as principles and recommendations as well as best-practice
examples for designing complex value creation systems, and thus contribute to research in
systems engineering, specifically with relevance to business engineering and to designing
innovation systems.

The Sustainable Development Goals (SDGs) of the United Nation aim to enable
transformation to move toward a global state of sustainability. This state can change
dynamically over time, and is described by a current global consensus, i.e., the SDGs [17].
Sustainable transformation can be divided into two main components: mitigation and
adaptation [18]. Mitigation aims at eliminating the underlying negative causes for global
trends and their connected risks, whereas adapting aims at building up resilience against
global risks by increasing the capability to appropriately react to shocks. Thus, resilience is a
possible answer for organizations to adjust to climate change, for instance, with its uncertain
consequences or other unknown disturbances. This directly contributes to SDG targets 13.1
and 13.3 [19]. In the literature, it is argued that there is a relationship between the different
areas of resilience, e.g., that resilient organizations can lead to resilient communities [9].
Therefore, resilience also facilitates SDG targets 9.1 and 11.b [20,21]. Furthermore, it is
shown that social and environmental practices have a positive effect on long-term metrics,
and researchers have argued that they therefore support resilience [22]. Hence, this paper
intends to contribute directly to research approaches supporting sustainability and the
SDGs. It provides a holistic view on how to achieve a higher state of resilience in value
creation systems, helping industrial stakeholders to adapt to global sustainability risks.

1.3. Industrial Relevance: Impacts of the COVID-19 Crisis on the Electrical Industry

The electrical industry in Germany is represented by ZVEI, the German Electrical
and Electronic Manufacturers’ Association. ZVEI has more than 1600 member compa-
nies, which account for approximately 90% of the employees of the electrical industry in
Germany. Its member structure comprises global players as well as medium-sized and
family-owned companies. ZVEI’s members employ 867,500 people in Germany, and an
additional 790,000 people globally. The sector generated a turnover of approximately
181.9 billion Euros in 2020. The electrical industry accounts for 10% of industrial turnover,
14% of total employees, as well as 3% of the gross domestic product of Germany in 2020 [23].
Its companies employ 26% of all employees in the area of research and development, are
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responsible for 23% of innovation expenditures of the manufacturing industry, and realize
one-third of their turnover with product innovations.

The electrical industry is an essential supplier for the health, building and mobility
industry as well as for the energy sector. Typical products are automation components and
systems, batteries, consumer electronics, home appliances, microelectronic components and
systems, electric power tools, medical systems, and electrical installation systems, as well as
electric traction systems and vehicles, among others [24]. Consequently, most of the business
models of the electrical industry are B2B-oriented, with comparatively little B2C orientation
addressing electrical consumer products such as home appliances. Value creation of the
electrical industry is characterized by highly interconnected global networks [25].

In April, during the first wave of the COVID-19 pandemic, ZVEI conducted two
surveys on the impact of the crisis on the electrical industry in Germany. 128 member
companies participated in the survey at the beginning of April (4–7 April 2020). The partic-
ipants comprised 24% (45 billion Euros) of the sector’s turnover. 114 member companies
participated in the second survey at the end of April (23–27 April 2020). The participants of
this second survey comprised 41% (78 billion Euros) of the sector’s turnover. Comparisons
of selected results from both surveys are presented in Figures 1 and 2.

 

Figure 1. Impact of the COVID-19 crisis on orders in April. (Multiple answers possible, answers
weighted by turnover, own illustration data from [26,27]).

 

Figure 2. Impact of the COVID-19 crisis on the supply chain at the end of April 2020. (Multiple
answers possible, answers weighted by turnover, own illustration data from [27].)
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In the first ZVEI survey, more than half of the participating companies (55%) had
already received fewer orders than before the crisis. 26% reported a slump in orders
(see Figure 1). In the same survey, the companies expected sales to fall by an average of
14%. Only 3% considered it realistic to completely make up for these losses within the
near future. The rest expected to recover only half of them or even less in the foreseeable
future [26]. In the second survey, 12% expected to make up for the loss [27].

In the second survey, 86% of the companies continued to report slight problems with
their suppliers. For 7%, the problems had taken on a serious level (see Figure 2). As far as
the supply chain was concerned, 68% of companies were experiencing slight difficulties,
and 26%, serious difficulties. For around 90% of companies, sales of their own products and
services had been impaired. In half of the cases, orders had collapsed. In just under a third
of the companies, sales had also been disrupted due to their own production stoppages
(see Figure 1) [27].

At the beginning of April 2020, the COVID-19 crisis had already hit the companies
of Germany’s electrical industry quite hard. In particular, a decrease in orders, as well as
production downtime and limited supply chain functionality, hindered the production
systems of the electrical industry. The impact of the crisis further increased over April, and
the production conditions for the companies continued to deteriorate.

This snapshot of the situation in April is also evident when looking into the economic
development of the electrical industry from January to October 2020. According to the
ZVEI economic barometer in January 2021, orders were down 6.9% compared to the same
period in the previous year. In the first ten months of 2020, production was 8.1% lower
than in the first ten months of 2019. In those ten months, the aggregate sector turnover
amounted to 146.8 billion Euros, 7.2% short of the previous year’s figure. In November
2020, 26% of the sector’s companies rated their current economic situation as good, 49% as
stable, and 25% as poor. As far as expectations for the coming six months were concerned,
24% of the companies expected business to pick up, 61% expected it to remain stable, and
15% to slow down [28].

The COVID-19 crisis showed the vulnerability of global value creation networks, and
led to negative impacts for the electrical industry in Germany with its complex, glob-
ally connected manufacturing systems. Resilient value creation approaches can enable
industrial stakeholders to cope with future crises in a more efficient and effective manner.
Resilient value creation is expected to reduce the negative impacts of internal and external
shocks and contribute to the competitiveness of companies in a future that is increasingly
shaped by the direct effect of climate change. In conclusion, the identification of spe-
cific patterns for resilient value creation, as intended by this paper, can be of substantial
industrial relevance.

2. Literature Review

The aforementioned results exemplify the effect of an unexpected crisis on companies.
This is where resilient value creation comes into play as an answer to the posed challenges.
The concept of value creation, laid out in the following text, is based on a manufacturing-
oriented perspective as described by Stock et al. [29], and Stock and Seliger [30]. Companies
create value by linking value creation modules of different aggregation levels, e.g., factories,
production lines or assembly workspaces, in horizontally and vertically integrated global
networks. Individual business models define and frame the activities of stakeholders
involved throughout the value creation network, and lead to cooperation and competition
among them.

2.1. Resilient Value Creation

Organizations must continuously prove themselves against adverse events that can
have a negative impact on them. Enterprise risk management and business continuity
management are established approaches that support businesses in acting proactively and
reactively. These approaches are based on risk identification, which is difficult because they
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depend on knowledge about the nature of the adverse events, as well as their occurrence
probability and impact [12]. Additionally, these methods usually assume the independence
of risks, which in today’s complex systems and networks is questionable [31]. Furthermore,
Fiksel et al. [12] argue that the process of risk management is too simplified, and learning
opportunities are not considered, as risk management always assumes a return to its initial
state. They conclude that, while building resilience might not be a substitute for other
risk management approaches, it is an approach that continuously adapts to changing
circumstances and can give a competitive advantage by building capabilities [12].

The term “technological sovereignty” is strongly related to the topic of resilience. It
is defined as “the ability of governing bodies to choose and take political, economic, and
scientific measures of their own within the operational framework of their international
commitments. The aim is to protect well-defined system-critical infrastructures, including
the competence to control risks associated with the use of certain technologies” [32] (p. 3).
The COVID-19 crisis, especially at the beginning of the pandemic when global supply
chains were massively disrupted, demonstrated the dependency of European society on
products imported from non-European countries, leading to increasing global competition
and tensions in international trade [32]. The capability to provide key technologies without
relying on third countries is now an ongoing political discussion. Technological sovereignty
thus describes the actions of a government on a macroeconomic level to ensure indepen-
dence in clearly defined core areas of great social-economic relevance, whereas resilience
covers the actions of individual companies on a microeconomic level for increasing the
ability to cope with shocks of different sorts.

The overview of the development of the term, “resilience”, by Linnenluecke [33]
identifies the origins of the concept in publications as early as 1981. The term is used in
several contexts such as psychology, ecosystems, infrastructure, etc. Bhamra et al. [1] see
the common definition across all fields of resilience as the “capability and ability of an
element to return to a stable state after disruption” [1] (p. 5376), although the context
might change from an ecological, individual or organizational perspective. McManus
et al. [9] point out that there is a connection between the different fields and perspectives
of resilience, as resilient organizations can lead to resilient communities.

Previous research on the topic of resilience has shown that there are different defini-
tions of the term [3], and the research itself is divided into several research streams, one of
them being the “adaptability of business models” [33]. Duchek [3] identifies three scholarly
groups. The first one views resilience as the ability to resist and recover, and the second
one focuses on the development “of organizational processes and capabilities”, while the
last group also brings anticipation into its scope.

Collections of definitions of resilience in the organizational context (and others) can
be found, for instance, in Bhamra et al. [1], Kamalahmadi and Parast [5], Linnenluecke [33]
and Duchek [3]. So far, there is a lack of consistent conceptualization [3,33].

The measurement of resilience is an ongoing research topic; however most studies mea-
sure resilience after specific events, predictive factors are missing [33]. Ruiz-Martin et al. [6]
suggest the four levels of fragile, robust, resilient, and antifragile to classify the resilience
level, and note that these can change over time. The measurement itself is not the topic of
this article. However, it is assumed that achieving higher states of resilience is possible.

To conceptualize resilience, and for ease of understanding the concept, Thoma [34]
suggests a resilience cycle consisting of five phases—prepare, prevent, protect, respond
and recover—based on approaches from classical disaster management. Duchek [3] uses a
three-phase approach that includes anticipation, coping and adaptation. During the first
phase, which Duchek [3] defines as an offensive one, the organization should observe its
environment and prepare for unexpected events. This is followed by the coping phase,
where actions are conducted as a response to the event and adaptation after the event,
where the organization should transform and adapt based on learning from the crisis it has
undergone [3]. Following this approach, in this study, three phases are applied for ease
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of usage and increased practical applicability. However, within the first phase, we also
include resistance to an unexpected event as a possible reaction and not only adaptation.

Based on the existing definitions from Ruiz-Martin et al. [6], and Vogus and Sutcliffe [7],
for the purpose of the paper we define resilient value creation as follows: the ability,
capacity or capability of value creation systems, including its stakeholders, to return to
a competitive state (which can be based on a different business model than before) by
preparing for, responding to, and recovering from internal or external and known or
unknown disturbances.

Thus, measures of resilient value creation can be characterized by combining different
business model activities throughout the phases of anticipation, coping and adaptation of
the resilience cycle.

2.2. Business Models and Business Model Patterns

As mentioned before, “working constructs that are practical and effective in the short
and long term” [9] are essential for achieving corporate resilience. Business models can be
understood as such constructs as they allow, depicting and thereby capturing organizations
with all their elements and respective characteristics in their entirety [35–37]. Furthermore,
they allow the adequate analysis and design of organizations [38,39]. In this context, gener-
ating value for the organization and its stakeholders represents the overall goal [35–37,40],
through which competitive advantage can be realized and organizations’ survival can
be secured [35,37,41].

In the context of this paper, resilience can thus also be understood as an organization’s
capability to always have an adequate business model at hand for both short-term and
long-term competitiveness, and thereby, survive. For the generation of business models, a
variety of approaches exist [36,42].

A particularly promising, efficient and effective approach is the application of so-called
business model patterns [13,43,44]. In the relevant literature, business model patterns are
generally understood as design options for the configurations of a business model which
has proven successful in practice, and represents solutions for recurring problems [44–46].
In addition to the term “business model pattern”, different terminologies are used: busi-
ness model analogies [47]; atomic business models [48]; operating business models [49];
profit models [50]; business models [51]; business model configurations [52]; and business
model archetypes [53].

Business model patterns can refer to both a business model as a whole and to in-
dividual elements of a business model [47,54]. A business model can thus represent a
combination of different patterns. According to Gassmann et al. [46], business model
patterns are of particular importance, because their analysis of disruptive business models
over the last 50 years shows that more than 90% of all business model innovations are
merely recombinations of known ideas, concepts, and elements of business models from
other industries. Against this backdrop, leveraging business model patterns that have
proven successful in other industries and companies offer an efficient approach for gener-
ating business models and for decision support [13,44,55]. To date, a variety of business
model pattern collections with different focuses have been created [13,42,43,56,57]. In this
context, the focus has been put on different industries and businesses such as banking [58],
car-sharing [56], destination management [59], e-business [38,60–62], e-mobility [63], open
data [64], the internet of things [65], insurance [66], social business [67,68] and utility
computing [69], as well as industry-independent generic patterns [43,52,57,70]. In addition,
a variety of pattern collections have been dedicated to the field of sustainability [13,71–75],
focusing on the areas of economic, environmental and social dimensions in the frame of
business models and their development. Regardless of the respective focus, the develop-
ment of pattern collections is carried out both by means of literature analyses, taking into
account scientific and non-scientific articles (e.g., [43]), and based on empirical research
(e.g., [46]), as well as by means of conceptual work (e.g., [62]), and combinations of the
different approaches (e.g., [58]).
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To the best of the authors’ knowledge, so far, no specific collection that focuses on
business model patterns with regard to resilience is yet available. Complementary to exist-
ing general and sustainability-focused pattern collections, as well as further approaches for
designing resilient and sustainable business models (e.g., [14,76]), a generic pattern collec-
tion dedicated to resilience seems promising, and thus illustrates a promising approach for
supporting organizations in becoming and remaining resilient.

3. Methodology

To investigate which business model patterns are relevant for resilient value creation
during COVID-19, and what can be learned for future crises, this research focused on the
recommendations and findings of globally operating business consultancies. At the begin-
ning of the pandemic, only a few academic publications on resilience during the COVID-19
crisis were available. In contrast, consultancies were able to publish their experiences ad
hoc without the need of going through academic review procedures. Therefore, this study’s
methodology focuses on the consultancies’ insights in order to gain practical-oriented
knowledge with high relevance for the industry. Thus, the research results provide an
overview of the resilience experiences from global consultancies during the beginning of
the COVID-19 crisis.

The research methodology followed the algorithm shown in Figure 3. To support the
procedure, Microsoft Excel was used. First, relevant sources were identified by analyzing
resilience-related open-access publications of established business consultancies, sourced
from their websites. For starting the algorithm, a consultancy was randomly selected from
a list of the top 10 consultants by revenue [77], and searched for resilience-related content
on their websites. For the respective consultancy under consideration, the relevant content,
i.e., individual sources, was then extracted. Subsequently, in each of these publications,
relevant statements were identified. A statement represents a self-contained approach
for resilient value creation. From each single statement, specific objectives and patterns
were condensed and transferred into one list. In the next step, the novelty of the identified
patterns was checked by comparing them all before capturing anonymized patterns. After
processing each publication, it was evaluated regarding a pre-defined convergence criterion.
The convergence criterion was defined as the number of new patterns of a publication
divided by all patterns of that publication. For the threshold, 10% was determined. This
allowed monitoring of the knowledge gain during the research process. In the case that
newly sourced statements repeatedly did not contribute new knowledge in terms of unique
patterns, and convergence was reached, the review was stopped. Eventually, four different
consultancies (BCG, McKinsey, Deloitte, EY; k = 4) and 10 related publications (p = 10)
were analyzed, leading to 171 statements (m = 171). From these statements, 226 objectives
(n = 226) and 245 patterns (z = 245) were derived. The convergence criterion for the final
source equaled 0.077, meaning that only 8% (or 1 out of 13) of the patterns derived from
this source could be classified as novel. The two previous iterations reached 15% (8 out of
54) and 25% (4 out of 16) regarding the convergence criterion. By reaching a value below
0.1 in the final iteration, the algorithm was exited.

Subsequently, the list of objectives and patterns, i.e., the “Bucket of Patterns”, was
processed. This step included a further clustering of the objectives and patterns in terms of
similarity. This resulted in 13 objectives. Under each objective, similar patterns were then
grouped together and reformulated as an actionable measure. At the same time, patterns
that were too broad or general, or articulate an objective itself, were omitted. In total,
this resulted in 110 unique patterns. In the next step, each of the remaining patterns was
assigned to one or more resilience phases according to Duchek [3], based on its content.
Furthermore, each pattern was assigned to one or more elements of the business model
according to Osterwalder and Pigneur [36]. In the case where patterns affected the business
model as a whole, they were assigned to an overarching business model level.
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Figure 3. Research methodology.

As a result of this procedure, the pattern catalog comprised 13 objectives and 110 pat-
terns, and was subsequently validated through semi-structured interviews with 3 experts
from the electrical industry. The identified patterns were also compared with the afore-
mentioned characteristics of the German electrical industry. In conclusion, the main result
of this research is a qualitative meta-study of validated patterns for industrial resilience,
based on the practical experiences of well-established business consultancies. The results
of this approach are presented in the following section.

4. Results and Validation

This section takes a closer look at the objectives, the patterns and their assignment
to resilience phases and business model elements, before describing how the patterns
were validated.

4.1. Results

The provided structure aimed at enabling practitioners to choose suitable patterns
from the catalog according to their individual needs. All patterns are listed in Supple-
mentary Table S1, which shows the 13 objectives, a short explanation and the number
of patterns within each objective. As shown in Table 1, most patterns were assigned to
the objective “ensure liquidity” while a few are assigned to “empower people and create
culture” and “increase transparency of the value creation system”. However, the number of
patterns per objective does not allow any conclusions about importance. For a discussion
of the objectives against the literature and their relevance, see Section 5.

Table 1. Identified objectives of resilient value creation and number of patterns per objective.

Objective Brief Explanation Number of Patterns

Adapt and align leadership All changes which are necessary in the leadership style of the
organization and the strategic orientation. 10

Anticipate change in customer demand Identify at an early stage how customer needs and
distribution channels are changing, e.g., towards digital sales. 10

Anticipate moment of rebound
Identify early on when the disturbance is over, and then
prepare accordingly to ensure a smooth and fast ramping-up
of operations.

6

Create awareness on different scenarios
and risks

Facilitate better understanding about the occurrence and
effects of possible adverse events, as well as
feasible countermeasures.

12
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Table 1. Cont.

Objective Brief Explanation Number of Patterns

Design a flexible system
Create a system and its components, be it individual
organizations, supply chain or technical systems, to be
easily modified.

10

Empower people and create
culture

Build competencies and motivation to create a higher
individual resilience, as well as facilitate a cultural framework
in which people can act resiliently.

5

Enable agile actions Facilitate quick and easy response to any changes
when necessary. 8

Ensure employees’ safety (in a health
crisis)

Guarantee the physical and emotional wellbeing of the
employees, especially in a health crisis. 8

Ensure liquidity Stay on top of finances to have sufficient cash available or be
able to convert assets quickly into cash. 15

Identify revenue opportunities Question product and service listing and reorganize
if necessary. 6

Increase robustness Create stability and reduce vulnerability to severe impacts by
increasing redundancy and diversity. 6

Increase transparency of the value
creation system

Share information with suppliers and collect information, e.g.,
by “control towers”, and create visibility of material stocks. 5

Use digital processes and work tools
Digitalize the complete system from E2E, and use digital tools
to support employees. The basis is IT security, which is a
top priority.

9

Total 110

With regard to the distribution of patterns in relation to phases and objectives, different
insights can be gained. As shown in Table 2, most patterns are assigned to the coping
phase (65). This is followed by 48 patterns assigned to the adaptation phase, and 47 to the
anticipation phase, as shown in Table 2. A possible explanation for this distribution among
the phases might be the time frame of the study. It was conducted when most companies
had to deal with the consequences of COVID-19, and consultancies tried to offer related
solutions. Regarding the relationship between objectives and resilience phases, the data
show that nearly all objectives are represented in more than one phase, except “anticipate
moment of rebound”. This objective is only present during adaptation. Contrary to the
general focus on coping and adaptation, there is a clear relationship between the “creation
of awareness” and the anticipation phase, which seems logical as it is most important before
the disturbance affects organizations. In this way, organizations can react early and quickly.
The objective “ensure liquidity” has a high relevance during the coping phase, as it is most
crucial for organizations to stay on top of their finances during this phase. The objective
“ensure employees’ safety” was not represented during the anticipation phase, but it shows
high representation during the coping phase. Building a robust operation needs a clear
focus on anticipation, with no patterns assigned to adaptation. The advancement in digital
processes shows little relevance during the adaptation phase. When discussing this topic,
it is important to consider that the process of becoming resilient is regarded as a cycle.
Therefore, each adaptation phase is followed by an anticipation phase. However, if a
company is well prepared, it might require fewer or no activities during the crisis itself.

The distribution of patterns according to the business model elements is illustrated
in Table 3. By far the most frequent patterns are those assigned to key resources (52),
followed by key activities (28). The explanation of this concentration relates to the high
prevalence of patterns in the coping phase. When companies were forced to cope with the
initial effects of the pandemic, existing resources and processes were the obvious starting
point. A significant, yet only approximately half as large, number was assigned to key
partners (23), which might be explained through supply chain difficulties arising. Sixteen
patterns showed a relationship to the business model as a whole (row: “meta”) signaling
the need for broader measures to deal with the pandemic. In general, it shows that, across
all patterns, the internal view of the business model (cost structure, key activities, key

231



Sustainability 2021, 13, 6090

resource) is more in the foreground than is the external view (revenue stream, customer
segments, channels, customer relationships, key partners).

Table 2. Objectives in the respective phases of resilience. Dark shades highlight the highest number of patterns in the
respective objective cluster.

Objective

Resilience Phases

Number of Patterns in
Anticipation Phase

Number of Patterns in
Coping Phase

Number of Patterns in
Adaption Phase

Increase transparency of the value
creation system 3 3 2

Increase robustness 6 2 -
Create awareness on different scenarios

and risks 10 4 4

Design a flexible system 6 4 5
Empower people and create culture 2 4 4

Enable agile actions 4 6 1
Ensure employees’ safety (in a health crisis) - 7 1

Ensure liquidity 2 12 6
Adapt and align leadership 4 7 3

Anticipate change in customer demand 2 9 3
Use digital processes and work tools 7 4 9

Identify revenue opportunities - 3 4
Anticipate moment of rebound - - 6

Total 47 65 48

Table 3. Distribution of identified patterns across business model elements.

Business Model Element Number of Patterns

Meta 16
Key Partners 23

Key Activities 28
Key Resources 52

Value Proposition 9
Customer Relationships 5

Channels 9
Customer Segments 8

Cost Structure 17
Revenue Streams 12

4.2. Validation

The validation of the identified business model patterns, and the related classification
according to resilience phases, objectives and business model elements, was based on a
joint workshop with three company representatives from the electrical industry, as well as
two representatives of ZVEI.

In the beginning, a short questionnaire for assessing the current and future relevance of
industrial resilience for Germany’s electrical industry was used. All participants agreed that
issues related to industrial resilience gained importance during the COVID-19 pandemic
and will become an even more important topic in the future.

Afterward, a qualitative discussion of the overall research approach, as well as of
individual objectives and patterns related to the electrical industry, was conducted. Most
of the patterns were assessed as very important or important by the participants. Some
patterns assigned to the objectives “ensure revenue opportunities” and “ensure liquidity”
were neither assessed as important nor as unimportant, as the representatives felt more con-
fident about discussing patterns related to manufacturing and supply chain management
due to their specific backgrounds. During the discussion, it was stated that the catalog of
patterns is an important means for improving industrial resilience in the value creation
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of companies. However, it was pointed out that many patterns are rather generic and
are applicable to any industry. Thus, it was noted that specific challenges of the electri-
cal industry were not being sufficiently addressed. A core statement of the participants
was that dual/second sourcing strategies often cannot be effectively realized, since only
a few suppliers are globally capable of manufacturing complex electrical or electronic
parts and products. This fact is currently also highlighted in the media, as a shortage of
microelectronics and chips is hindering the manufacturing process of many companies.
The shortage shows that manufacturing capacities of sufficient quality cannot be scaled
up quickly, due to the high complexity of the required processes and produced products.
Thus, the implementation of redundancies by emphasizing dual-sourcing strategies in
value creation networks seems not to be a favorable approach for the electrical industry.

Since the identified objectives and patterns are non-industry-specific for the time
being, it is necessary to interpret them against the background of the challenges faced
by the electrical industry as described in Section 1. The electrical industry as a whole
shows a very high degree of connectivity with other sectors, and therefore covers a very
diverse spectrum of products and services. This ranges from end-customer business for
building automation and digital services in the healthcare sector, to highly specialized plant
technology in industrial production. With this in mind, a collection of generic patterns
(see Supplementary Table S1) is generally necessary to cover the wide range of potential
challenges faced by individual companies. Nevertheless, several characteristics of the
electrical industry must be considered to align the pattern catalog accordingly (see Table 4).

Table 4. Characteristics of the electrical industry in Germany and the resulting focus for the resilience patterns.

Characteristic of Electrical
Industry and Relevance
for Resilience

Related Resilience
Objectives

Related Business Model
Elements

Resulting Focus for
Resilience Patterns
(Reference for Pattern ID in
Supplementary Table S1)

Mainly B2B-oriented:
long-term and more rational
business relationships but
limited overview of quickly
changing end-user markets

• Anticipate change in
customer demand

• Anticipate moment
of rebound

• Customer relationship
• Customer segment
• Channels

• Consider long-term
effects of prioritization
and pricing on
relationship with key
customers (2.5; 2.10)

• Monitor behavior of
end-customers of
customers to anticipate
demand changes early
and dampen bullwhip
effect (2.4; 3.3; 3.5)

High share of turnover with
capital goods: higher
susceptibility to delayed
investments by customers

• Anticipate change in
customer demand

• Design flexible systems

• Value proposition
• Revenue streams

• Expand products with
supporting services to
generate continuous
revenue (2.1; 2.9; 5.1)

• Utilize product-service
systems to provide
functionality instead of
ownership, to
accommodate flexible
demand and reduce
dependency regarding
financial investment
barriers (2.2; 2.3; 2.4; 5.1)
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Table 4. Cont.

Characteristic of Electrical
Industry and Relevance
for Resilience

Related Resilience
Objectives

Related Business Model
Elements

Resulting Focus for
Resilience Patterns
(Reference for Pattern ID in
Supplementary Table S1)

High portion of digital
products and services: ability
to support customers’
increased transparency and
flexibility needs to
address crises

• Identify revenue
opportunities

• Use digital processes and
work tools

• Increase transparency of
value creation system

• Key activities
• Value proposition
• Channels

• Leverage and advance
the technology portfolio
to serve upcoming
digitization demands
created by the crisis (10.2;
10.3; 10.4)

• Accelerate internal
digitization projects to
ensure effective working
capabilities (13.1; 13.7;
13.8; 13.9)

• In own products,
enhance data generation
and usage to as basis for
transparency needs (12.2;
12.4)

High degree of innovation:
ability to realize new
technologies and applications
for changing needs

• Identify revenue
opportunities

• Value proposition
• Key activities

• Create new features and
services quickly,
concentrating on
essential features (10.2;
10.3)

• Transfer changes into
new long-term business
models (10.1; 10.2; 10.4)

High number of SME: faster
reaction capability but limited
financial and personnel
redundancies

• Adapt and align
leadership

• Empower people and
create culture

• Ensure liquidity

• Key resources • Utilize closer
management proximity
from owner/CEO to
employees to make and
implement decisions,
considering the strategic
perspective as well as
current operative
problems (1.3; 1.5; 6.4)

• Secure availability and
skills of key personnel to
reduce dependency on
individuals (1.2; 6.2)

• Utilize better process
overview and autonomy
of employees (1.4; 6.1)

• Focus on ensuring
liquidity with internal
measures, as bank loans
are less accessible (9.1;
9.3; 9.10)

Highly globally connected
supply chains with limited
supply alternatives: higher
susceptibility to impairments,
even locally.

• Create awareness on
different scenarios and
risks

• Design flexible systems
• Increase robustness

• Key partners
• Key resources

• Monitor events and risks
on global (political)
landscape (4.6; 4.7)

• When redundancies and
alternatives cannot be
achieved by
dual-sourcing, adapt
inventory allocation and
prioritize customers (5.1;
5.8; 5.10; 11.3)
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Most business models in the electrical industry are B2B-oriented, which simplifies
communication, as customer contacts are mostly well defined and requirements are more
explicit compared to the B2C market. However, when prioritizing individual customers
in the event of shortages, greater attention must be paid to the long-term effects on the
supplier–customer partnership. As the electrical industry is a driver for digitization and
innovations, with digital products and services being elements of many business models,
existing capabilities and activities can be leveraged to serve external demands quicker and
translate new features into long-term post-crisis business models. At the same time, this
provides opportunities to advance internal digitization roadmaps. Small and medium-
sized companies (SMEs) make up the majority of the electrical industry. As SMEs have
a limited access to external loans from the financial market for investments, in any case,
patterns to ensure liquidity without relying on external sources need to be focused. On the
other hand, the closer relationship between management and employees can be utilized
to establish clear communication and decision making in a quicker and more credible
manner. The high level of connectivity in global supply chains represents a major risk for
electronics companies, as multiple regions have to be continuously monitored both from
a demand and a supply perspective. At the same time, the global networks often cannot
be used to create supply alternatives via dual-sourcing, as the necessary resources and
components are often only available through very few suppliers. To compensate for this,
companies need to resort more often to adapted inventory strategies and the prioritization
of customers.

5. Discussion and Future Recommendations

The catalog is based on found statements in consulting publications, and therefore
provides a picture of how to achieve resilience from a practical point of view, giving
managerial recommendations. At the same time, it provides the basis for comparison with
scientific literature. Practitioners can use the catalog in different ways. First, it gives a
holistic overview of objectives and assigned patterns for reaching a state of higher resilience.
Second, by combining resilience phases and patterns, it helps to shift the focus to what
time each objective should be pursued. Third, by combining business model elements and
patterns, the catalog on the one side helps to identify patterns that are suited to making
single business model elements more resilient, and on the other side, the categorization
simplifies the allocation of patterns within the organization. At the same time, this still
is a general catalog; the suitability of each pattern for the specific question still needs to
be checked every time. A company-specific solution also needs to be worked out by the
practitioners. The interrelationship of the patterns was not investigated. It was assumed
that each pattern in itself increases resilience.

There are, however, limitations to this study. First, only a few well-known consultan-
cies were considered. Second, the approach concluded the search when a convergence
criterion was reached. Continuing might deliver more insights; however, the number is
expected to be very small. Third, in the course of this study, validation took place in a
qualitative way in a single workshop, with experts from different companies from the
German electrical industry. While it is unlikely, as the experts came from multinational
organizations, it is possible that in other countries there will be a different result. Thus,
applying the catalog to companies to gain insights on its applicability and usability con-
stitutes a logical next step. Lastly, some patterns are certainly a reaction to the type of
crisis. As COVID-19 was a health crisis, some patterns and objectives might be less relevant
during other types of crisis, especially the cluster of ensuring employees’ health and safety,
which might be less relevant during non-health-related crises. The cluster regarding a
change in customer demand might also be less oriented toward a digital channel during
other crises.

Comparing the objectives against existing literature can give more insight into whether
the proposed patterns extracted from consultancies improve resilience. As the objectives fit
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with resilience in the literature, and the patterns fit with the objectives, this can be seen as
confirmation of the patterns.

The ability to come to a good decision quickly, among other factors, is influenced by
leadership, decision-making structures and knowledge management, and the flexibility
of an organization [9]. This confirms the general relevance of the objectives “adapt and
align leadership” and “empower people and create culture”. Defining a long-term vision
(1.9) is seen as a positive factor for resilience [4]. According to the literature, including
other opinions into the decision-making process, as well as decentralizing control [4],
supports resilience. This confirms patterns 1.4 and 1.7. However, it contradicts pattern
1.3. A possible explanation is that, according to the analyzed literature, at different times,
different leadership styles should be utilized. The focus on finding solutions quickly, rather
than finding the perfect solution (1.6), is found in the literature as the term “bricolage” [78],
which is seen as an important aspect of resilience [11]. Creating a culture where disruptions
are seen as an opportunity, and which is supporting creativity [4,11], is a driver of resilience,
yet this is not explicitly mentioned in the patterns. Having enough available personnel (6.2)
and ensuring that they are motivated and aligned (6.4), e.g., by ensuring their wellbeing
(6.5), can also be found in the literature [4].

The clusters “anticipate change in customer demand” and “anticipate moment of re-
bound” are not found in the literature with this particular focus. However, the implications
of this focus on manufacturing and on fulfilling customer demands (2.8, 2.9, 3.2, 3.4, 3.5)
are important topics when addressing supply chain resilience [12].

The objective “create awareness on different scenarios and risks” can be found in
many sources. Existing literature addresses the awareness of the environment in which the
organization is operating, e.g., by building scenarios [9], and at the same time addresses
managing potential negative impacts on the organization [9]. Organizations need to be able
to observe the environment, identify possible threats, and prepare accordingly [3]. In this
context, it is also important to recognize the problem [3]. Most of the patterns in this cluster
are placed into the anticipation phase (see Table 2). This is in line with Duchek [3], where
“observation and identification” [3] is placed in the anticipation phase. This capability in
turn is closely related to the objective “increase transparency of the value creation system”,
as it is also related to the information within the system. Patterns can therefore be seen as
relevant. The patterns related to the supply chain (12.2, 12.4, 12.5) can also be found as
visibility [12] in previous literature.

The objective “ensure liquidity” is focused on financial resource availability, as that
was a particular focus within the analyzed publications. While that factor can also be
found in the scientific literature [3,4,6], there it is not only understood in terms of financial
resources but also as the availability of other resource types.

The cluster “design a flexible system” can be found in the literature regarding supply
chains [12]. Patterns within the objective “enable agile actions” are focused more on the
ability of individuals to perform agile actions [4,9,11], which has been covered above.

Redundancies to build robustness are mentioned especially in the literature [3,4,6,12],
and are therefore seen as relevant. Furthermore, the literature mentions the importance
of networks and collaborations [4,6], which is also represented by the pattern “preserve
supplier networks on which you depend” in the objective of robustness.

The cluster “ensure health” is not mentioned explicitly in the literature. Nevertheless,
the well-being of staff is mentioned in the literature [4,12]. The frequent mention in the
analyzed sources of this objective is certainly a consequence of the COVID-19 pandemic
being a health crisis. Therefore, it might be less relevant in other types of crisis; however,
as it is also generalized in the literature it seems to be relevant to a certain point.

The patterns of “identify revenue opportunities” are not prevalent in the scientific
literature. In contrast, liquidity and revenue generation are frequently mentioned in the
grey literature of consultancies. This can be seen as too narrow a focus on short-term
and reactive measures in the field of resilience management. On the other hand, it can
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also indicate a research gap regarding the criticality of available cash as a basis to survive
a crisis.

The objective of “digital processes and work tools” is not directly represented in the
scientific literature. The aspect of cybersecurity (13.4, 13.5) is, however, mentioned [12].
The analyzed literature stems mainly from the context of the COVID-19 pandemic, during
which capabilities for remote working by utilizing digital tools were highly relevant. It can
be assumed that digitization is not an unlimited measure for improving resilience and may
also have negative effects in specific crisis situations.

An aspect that is highlighted by the literature is learning from the previous crisis and
changing accordingly afterward [3]. This aspect was not present in the analyzed consulting
literature; pattern 4.4 only partly includes it.

Further insights can be gained by comparing the results of this study with existing
pattern collections from the business model domain. When matching the patterns with
collections focusing on sustainability, the main differences persist with regard to the content
of patterns and the structure or classification of patterns. In collections such as those by
Lüdeke-Freund et al. [13] and by Lüdeke-Freund et al. [72], and Bocken et al. [73], content-
wise focus is predominantly put on the environmental as well as the social dimension
of business models. This aims to improve regular business performance with regard to
these dimensions, while economic performance is also considered. When being applied
to specific industries, as for example in the case of the banking industry, the patterns are
adapted to that industry’s characteristics [58]. Regarding the results of this study, this
would entail adapting the pattern catalog to the electronic industry, which has not been
realized at present. Crises in terms of single events that are needed to be dealt with are not
explicitly focused on or taken into consideration in the mentioned collections.

The predominant focus on sustainability dimensions is also reflected in the structuring
or classification of patterns in these collections. Patterns are clustered in topics related to
the environmental and social dimension, e.g., creating value from waste, substituting with
renewables and natural processes, and encouraging sufficiency [58], or are assigned to
the three dimensions of sustainability or subdimensions of the sustainability triangle [13].
On the other hand, a similarity with regard to the current study persists in the fact that
business model elements and underlying elements are partly applied to structuring or
classifying patterns [72].

The comparison of the pattern catalog of this study to generic pattern collections
draws a different picture. In contrast to the aforementioned pattern collections with a focus
on sustainability, the economic performance seems to be in the foreground. Patterns that
are related to social or environmental aspects are partly considered, but seemingly play a
subordinate role here. Crises, on the other hand, are also not explicitly considered [56,57].
In relation to this study, it shows that although patterns of similar content are included in
the generic pattern collections, especially those related to increasing revenue and decreasing
costs, they are also related to sourcing and other aspects [43]. A further similarity with
this study is the structuring or classification of patterns, which also takes into account
business model elements and an overarching business model perspective [43]. Regarding
the structuring of patterns, the contribution by Remane et al. [56] provides some insights
on how structuring can be conducted in the case of specific industries. Here, the patterns
are assigned to specific characteristics of the car-sharing business, which is in general a
promising option for structuring existing collections according to specific industries.

Against the backdrop of the preceding explanations, it can be concluded that resilience
has until now not been taken thoroughly into consideration in the context of business
model patterns, although overlaps between the content of this study’s catalog and existing
collections exist. Thus, bringing the different collections together and structuring them
according to the respective focus of business model development, e.g., improving resilience,
seems promising. In this context, the structuring of patterns plays a very important role, as
it determines the access to and the usability of collections.
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Besides the differences and commonalities between the different collections, their ap-
plication requires a structured approach for target-oriented business model development.
Therefore, the focus should be put on synergies between existing collections and further
pattern-independent approaches. In the context of resilience, bringing this study’s collec-
tion and, for example, the approaches by Carayannis et al. [14] and Biloslavo et al. [76]
together, is a promising next step towards a systematic business model development
for resilience.

6. Conclusions and Outlook

This study made a first attempt to fill the research gap related to the lack of pat-
tern collections, with a focus on resilience. Based on publications by large consultancies,
110 unique patterns were identified and compiled in a catalog. For structuring the cat-
alog and thereby enabling target-oriented access to the patterns, these were assigned to
13 objectives related to resilience, developed through clustering, and assigned to the three
phases of resilience as well as to business model elements. The structured, yet generic,
catalog was validated based on interviews with representatives of the German electrical
industry. Additionally, the pattern catalog was analyzed and interpreted with regard to the
characteristics of the German electrical industry. This resulted in the selection of patterns
that are of high relevance for the industry, with industry-specific interpretations. These
steps showed the catalog’s general relevance, as well as its usefulness in the context of the
electrical industry.

With regard to practice, the catalog thus provides companies with an overview and
specific starting points for becoming more resilient, which can be selected according to
company-specific needs. The assignment to the resilience phases and business model
elements supports this selection. By improving the resilience capabilities of the value-
creation system through the identified patterns, companies can continue to contribute
social and economic value, especially to local communities, while maintaining economic,
ecological, and social resources. In this context, practitioners could be further assisted by
catalogs that combine different targets like sustainability and resilience.

Furthermore, the structured catalog was analyzed with regard to relevant scientific
literature, and differences as well as commonalities were identified, providing a variety of
starting points for further research and development. In this regard, it showed that not all
of the 13 objectives are represented in scientific literature, but that a general consistency
exists. The analyzed publications showed a stronger focus on health concerns, revenue
opportunities and digital processes, while the aspect of learning was less prevalent. The
timing of the analysis, as well as the nature of the current crisis, might be causal for these
circumstances, and future research should analyze the underlying reasons in more detail.
In addition, subsequent research should repeat the approach chosen in this study after the
pandemic, and see whether the identified patterns change.

Another starting point for further research persists in the analysis of existing pattern
collections from the literature with a focus on patterns that are potentially relevant for
resilience, to extend the structured catalog of this study. In addition, applying the catalog
to specific industries and extending it by industry-specific patterns through case studies
and literature analysis represents a promising opportunity to increase its relevance and
usefulness for specific organizations. Further research could also consist in reviewing
scientific and further literature independently of the current pandemic. In doing so, the
catalog could be supplemented by scientific findings, as well as by experiences from other
crises, such as the financial crisis and the ongoing disruptions between China and the
USA. In addition to the pattern-based approach outlined in this article, further pattern-
independent approaches exist that also support companies in becoming more resilient,
and that can be combined with this study’s results to unlock synergy potential. Apart
from the focus on resilience, merging existing pattern collections independent of their
focus, e.g., sustainability, creating industry-specific or general collections, and developing
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classifications or taxonomies that enable demand-oriented or occasion-related access on
this basis, represent great research and development potential.

Following up on the approach of the literature review as chosen in this contribution,
the next logical step consists in the practical application of the catalog, e.g., in a case study
approach to validate its effectiveness either within the electrical industry or outside. In the
long run, this could result in the development and deployment of a maturity model that
helps companies to follow a predefined path to resilience, based on their current status quo.
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