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ABSTRACT 
The accelerating social, environmental, and economic challenges of the twenty-first century call 
The growing complexity of sustainability challenges calls for educational approaches that inte-
grate technical analysis with multi-stakeholder decision-making. Industrial ecology (IE) provides a 
relevant framework by combining systems thinking, resource flow analysis, and socio-environ-
mental considerations. However, it is still predominantly taught through traditional lecture-based 
methods, limiting students’ ability to engage with real-world complexity. This paper proposes and 
evaluates an experiential pedagogical framework based on industrial ecology, combining stake-
holder role-play, industrial symbiosis scenario design, and multi-criteria decision analysis (MCDA). 
Implemented in a semester-long course, the framework enables students to collaboratively design 
and evaluate resource-exchange networks while representing different stakeholder perspectives. 
Results show significant improvements in both technical skills (systems analysis, resource flow 
evaluation) and transversal competencies (communication, negotiation, reflexivity). The approach 
enhances student engagement and highlights the role of value judgments in sustainability deci-
sion-making. The framework offers a transferable methodology for sustainability education in en-
gineering and related disciplines. 
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I. PEDAGOGICAL CONTEXT 

1.1. Industrial Ecology as a Discipline 
Industrial ecology (IE) conceptualizes industrial sys-

tems by analogy with natural ecosystems, emphasizing 
the circulation of materials, energy, and information 
across production and consumption networks. Emerging 
in the late 20th century, it aims to move beyond linear 
resource use toward circular and regenerative models 
[1]. At its core, IE studies how industrial processes inter-
act with the environment and how waste from one sys-
tem can become a resource for another, thereby reduc-
ing overall environmental impacts. 

A defining feature of IE is its systemic perspective. 
Rather than focusing on isolated processes, it situates 
them within broader socio-technical and environmental 
contexts. Tools such as material flow analysis (MFA), life-
cycle assessment (LCA), optimization, and input-output 
analysis enable the evaluation of resource use and envi-
ronmental impacts across multiple scales [2]. 

IE also incorporates socio-economic and institu-
tional dimensions, as the implementation of industrial 
symbiosis depends on governance, economic incentives, 
and collaboration between actors [3]. As an interdiscipli-
nary field bridging engineering, natural sciences, and so-
cial sciences, IE aligns with sustainability science. 

In this work, industrial ecology is used as the central 
conceptual framework, providing a systemic approach to 
analyze resource flows and interactions between indus-
trial actors. Within this framework, sustainability repre-
sents the overarching objective, while industrial symbio-
sis constitutes a key operational strategy to improve re-
source efficiency through exchanges of materials, en-
ergy, and water. 

1.2. Pedagogical approaches to sustainability 
  

Teaching sustainability in higher education requires 
approaches that reflect the complexity and multi-dimen-
sionality of real-world challenges. Traditional lecture-
based methods are often insufficient to prepare students 
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for integrative and participatory decision-making con-
texts [4]. As a result, active and experiential learning ap-
proaches are increasingly adopted. 

Problem-based learning (PBL) encourages students 
to address open-ended problems, fostering critical think-
ing and autonomy [5]. Similarly, experiential learning 
frames education as a process combining experience, re-
flection, and application, helping students connect theory 
with practice [6]. 

Role-play exercises are particularly relevant in sus-
tainability education. By assigning students to different 
stakeholders, they expose learners to diverse perspec-
tives and highlight the negotiation processes inherent in 
sustainability governance [7]. These activities develop 
communication, systems thinking, and the ability to han-
dle conflicting objectives. 
Together, these approaches support transformative 
learning, fostering reflexivity, value awareness, and col-
laborative problem-solving skills [8]. They enable stu-
dents to combine analytical tools with the interpersonal 
competencies required for multi-actor sustainability de-
cision-making. 

1.3. Decision-making in sustainability 
contexts 

 Sustainability challenges are characterized by 
complexity, uncertainty, and conflict among diverse ob-
jectives. Decisions in this domain rarely involve clear and 
solutions, rather, they require balancing environmental, 
economic, and social dimensions while reconciling the in-
terests of multiple stakeholders. This complexity de-
mands structured decision-support approaches that can 
make trade-offs explicit, enable transparent evaluation of 
alternatives, and facilitate negotiation among actors with 
divergent priorities. 

One widely used tool in sustainability contexts is 
multi-criteria decision analysis (MCDA). Unlike single-ob-
jective optimization methods, MCDA allows decision-
makers to assess alternatives across multiple, often con-
flicting criteria [9]. In sustainability applications, these 
criteria might include cost, different environmental im-
pacts (especially when dealing with Life cycle assess-
ment approaches LCA), social equity, and feasibility. By 
assigning weights to criteria and scoring alternatives, 
MCDA provides a structured framework to illuminate ten-
sions, clarify stakeholder preferences, and identify op-
tions that balance competing objectives. These methods 
do not eliminate conflict but instead makes value judg-
ments explicit, thereby fostering more informed and 
transparent discussions. 

Beyond quantitative tools, decision-making in sus-
tainability also relies heavily on deliberative and partici-
patory approaches. These methods emphasize the inclu-
sion of diverse perspectives in decision processes, ac-
knowledging that technical expertise alone cannot 

determine sustainable outcomes [10]. Stakeholder en-
gagement, negotiation, and dialogue are therefore critical 
components of sustainability governance, helping to 
build legitimacy, trust, and shared understanding. Role-
play exercises in higher education mirror these dynamics, 
offering students a platform to practice the skills of ad-
vocacy, compromise, and consensus-building. 
The integration of MCDA with participatory approaches 
represents a promising pathway for both real-world sus-
tainability governance and pedagogy. While MCDA struc-
tures the technical assessment of trade-offs, participa-
tory methods ensure that social values and actor per-
spectives are incorporated. 

1.4. Gaps in current pedagogy  
Despite growing interest in innovative approaches 

to sustainability education, significant gaps remain in 
how higher education prepares students to confront the 
complexity of sustainability challenges.  

A key gap lies in the integration of technical and soft 
skills. Engineering and environmental programs fre-
quently emphasize analytical tools, such as life-cycle as-
sessment or material flow analysis, without providing op-
portunities for students to apply these tools in socially 
and institutionally complex settings. Conversely, peda-
gogical activities focused on dialogue or values explora-
tion may neglect the technical rigor required for sustain-
ability decision-making. Few educational models suc-
cessfully combine both dimensions, leaving students ei-
ther technically competent but low prepared for negotia-
tion, or socially aware but lacking in analytical capabili-
ties. 

Another limitation concerns the representation of 
multi-actor dynamics. Sustainability problems are rarely 
solved by single actors and most classroom exercises do 
not capture these dynamics. It can lead to a lack of pre-
paredness when graduates enter professional contexts 
where collaboration and conflict resolution are critical. 
Finally, sustainability pedagogy has often underutilized 
the potential of industrial ecology as a teaching platform. 
While IE’s systemic and interdisciplinary nature makes it 
highly relevant for experiential learning, its application in 
classroom exercises remains relatively limited compared 
to more established approaches such as case studies or 
project-based learning. Addressing these gaps requires 
educational models that merge technical analysis with 
stakeholder engagement, thereby reflecting the inter-
twined realities of sustainability transitions. 

II. METHODOLOGY: PEDAGOGICAL 
FRAMEWORK 

Designing a pedagogical framework that both re-
flects the complexity of sustainability challenges and 
equips students with practical skills requires careful 



 

Boix et al. / LAPSE:2026.0541 Syst Control Trans 5:2689-2695 (2026) 2691  

consideration of teaching methods, learning environ-
ments, and assessment strategies. The approach pre-
sented here combines role-play, scenario design, and 
decision-support tools within the broader conceptual 
lens of industrial ecology (Fig.1). The framework is struc-
tured to simulate the dynamics of real-world sustainabil-
ity governance while grounding student activities in the 
analytical tools of systems thinking. This section outlines 
the four main components of the approach: role-play and 
stakeholder simulation, scenario design and industrial 
symbiosis modeling, integration of decision-support 
methods, and organization of the learning environment 
including assessment. 

2.1. Role-Play and Stakeholder Simulation  
At the core of the pedagogical design is the use of 

role-play to represent the perspectives of diverse stake-
holders. Students are divided into groups, with each 
group assigned to a specific role such as an industrial 
firm, a local authority, a non-governmental organization 
(NGO), or a community organization. The selection of 
roles reflects the variety of actors typically involved in in-
dustrial ecology initiatives and broader sustainability 
governance. 

The role-play format serves several purposes. First, 
it compels students to adopt perspectives that may differ 
from their own, fostering empathy and the ability to un-
derstand conflicting values. For example, a group repre-
senting a manufacturing company may prioritize cost ef-
ficiency and competitiveness, while a community group 
might emphasize environmental justice or local employ-
ment. Second, role-play highlights the interdependencies 
between actors, as no single group can achieve sustain-
ability objectives in isolation. Students must therefore 
engage in negotiation and coalition-building to advance 
their positions. Each group represents a distinct stake-
holder rather than a single company. These stakeholders 
may include industrial firms, local authorities, NGOs, or 
community representatives, each reflecting different 
roles, interests, and decision-making perspectives within 
the eco-industrial system. 

Role descriptions are designed to provide both 
structure and flexibility. Each group receives a back-
ground brief outlining its objectives, constraints, and po-
tential strategies. These briefs include information on re-
source availability, financial limitations, and political pres-
sures, ensuring that students grapple with realistic trade-
offs. At the same time, students are encouraged to exer-
cise creativity in developing arguments and strategies, 
thereby enhancing engagement and ownership of the 
learning process.  

2.2. Scenario Design and Industrial Symbiosis 
Simulation 

Following the role-play introduction, students are 

tasked with designing scenarios for an industrial symbio-
sis—networks in which waste or by-products from one 
industry become inputs for another. The exercise re-
quires groups to collectively design a system of ex-
changes that balances environmental, economic, and so-
cial objectives. Scenario design is typically iterative: 
groups first propose preliminary ideas, then refine them 
through negotiation and systems analysis. 

 
Figure 1. Implemented methodology 

This stage emphasizes the systems perspective 
central to industrial ecology. Students must consider not 
only bilateral exchanges between firms but also the 
broader implications of network design, including re-
source efficiency, resilience, and social impacts. For in-
stance, a proposed energy exchange between two com-
panies may reduce carbon emissions but raise concerns 
about cost allocation or local employment effects. Stu-
dents learn to map these interconnections and to identify 
synergies and conflicts. 

The scenario design culminates in a simulation ex-
ercise in which the proposed system is tested through 
qualitative and quantitative analysis. Tools such as mate-
rial flow analysis (MFA) or simplified life-cycle assess-
ment (LCA) can be incorporated, depending on the tech-
nical background of the students. This analytical compo-
nent ensures that the scenarios are evaluated not only on 
the basis of negotiation outcomes but also on their envi-
ronmental and economic feasibility. By bridging stake-
holder negotiation with technical evaluation, the exercise 
reflects the multi-dimensional character of real-world 
sustainability transitions. 

2.3. Decision-Support Tools in the Classroom 
Learning Environment and Assessment 

To structure the negotiation and scenario design 
process, decision-support tools are introduced, with par-
ticular emphasis on multi-criteria decision analysis 



 

Boix et al. / LAPSE:2026.0541 Syst Control Trans 5:2689-2695 (2026) 2692  

(MCDA). MCDA provides a formal framework for evaluat-
ing alternatives across multiple dimensions, thereby 
making explicit the trade-offs inherent in sustainability 
decision-making. 

In practice, the exercise proceeds by defining a set 
of evaluation criteria that represent the interests of dif-
ferent stakeholders, such as greenhouse gas emissions, 
operational costs, social equity, and local employment. 
Each group assigns relative weights to the evaluation cri-
teria through a structured discussion process reflecting 
their stakeholder priorities. This process may involve di-
rect allocation (e.g., distributing 100 points across crite-
ria) or qualitative ranking followed by normalization. Dif-
ferences in weights between groups are preserved to re-
flect conflicting perspectives and to support subsequent 
negotiation.  

The introduction of MCDA has several pedagogical 
benefits. It compels students to translate qualitative ar-
guments into quantitative or semi-quantitative terms, 
thereby sharpening analytical skills. It also highlights the 
value-laden nature of sustainability decision-making: re-
sults vary depending on the weights assigned to different 
criteria, and no scenario is universally optimal. This rein-
forces the importance of negotiation, compromise, and 
reflexivity. In addition, the use of MCDA familiarizes stu-
dents with a widely applied decision-support tool, en-
hancing their methodological repertoire for future profes-
sional contexts. 

While MCDA is the central tool in this framework, 
other decision-support methods can be incorporated, in-
cluding scenario analysis, cost-benefit analysis, or stake-
holder mapping In practice, MCDA is implemented using 
simple spreadsheet-based tools or scoring matrices 
adapted to the students’ level. Additional tools such as 
simplified MFA calculations, qualitative LCA indicators, or 
stakeholder mapping may also be used depending on 
course objectives and available time. 

2.4. Learning Environment and Assessment 
The successful implementation of this pedagogical 

framework requires careful design of the learning envi-
ronment. The exercise is typically embedded in a semes-
ter-long course on industrial ecology or sustainability 
systems, with the role-play and scenario design compo-
nent spanning several weeks. This duration allows for it-
erative negotiation, technical analysis, and reflection. 
Class sizes of 20–40 students are manageable, enabling 
multiple stakeholder groups while maintaining opportuni-
ties for instructor guidance. All groups participate in the 
evaluation process; however, the level of quantitative 
analysis may differ depending on the stakeholder role. 
Technically oriented groups (e.g., industrial actors) may 
perform more detailed calculations, while other stake-
holders focus on qualitative assessment and interpreta-
tion of results. 

The physical and digital learning environment is also 
significant. Face-to-face interaction supports negotiation 
and collaboration, while digital platforms can be used for 
scenario modelling, data sharing, and documentation. 
Hybrid or online adaptations are possible but require de-
liberate facilitation to ensure engagement. 

Assessment is based on a combination of group and 
individual components. Group performance is evaluated 
through the quality, feasibility, and coherence of the pro-
posed symbiosis scenario, including its technical and 
sustainability performance. Individual assessment is con-
ducted through reflective reports, where students ana-
lyze their learning process, stakeholder role, and deci-
sion-making strategies. In some cases, peer evaluation is 
used to ensure balanced participation within groups. 

Finally, the framework emphasizes formative feed-
back throughout the exercise. Instructors play a facilita-
tive role, guiding discussions, posing critical questions, 
and helping students connect their experiences to 
broader theoretical concepts. Feedback sessions allow 
students to iteratively improve their scenarios and reflect 
on their group dynamics. Such scaffolding enhances the 
depth of learning and ensures that both technical and 
soft skills are developed in tandem. 

III. RESULTS AND DISCUSSION 
The implementation of the pedagogical framework 

described in the previous section generated insights into 
both the acquisition of technical knowledge and the de-
velopment of essential soft skills among students. By in-
tegrating role-play, scenario design, and decision-sup-
port tools within an industrial ecology context, the course 
fostered multidimensional learning experiences. This 
section presents and discusses the outcomes observed, 
highlighting the benefits, challenges, and broader impli-
cations for sustainability education. 

3.1. Technical knowledge acquisition 
One of the most significant outcomes of the exer-

cise was the enhancement of students’ technical under-
standing of industrial ecology concepts. The process of 
designing industrial symbiosis scenarios required stu-
dents to engage deeply with material and energy flows, 
environmental impacts, and resource optimization strat-
egies. Tools such as material flow analysis (MFA) and 
simplified life-cycle assessment (LCA) allowed students 
to quantify the efficiency of proposed exchanges and to 
evaluate environmental trade-offs systematically. 

For example, groups representing industrial firms 
were able to identify potential waste streams that could 
be repurposed for other industries, reducing both costs 
and environmental footprints. Similarly, students in com-
munity and NGO roles highlighted the importance of local 
environmental quality and social equity, prompting teams 
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to adjust scenarios to mitigate negative externalities. 
Through these exercises, students developed the ability 
to integrate ecological, economic, and social considera-
tions into the design of industrial networks. This aligns 
with prior studies emphasizing the value of experiential 
approaches in fostering systems thinking and applied 
technical knowledge (Graedel & Allenby, 2010; Chertow, 
2000). 

Moreover, the iterative nature of the scenario de-
sign encouraged students to refine their understanding 
of technical concepts. Initial proposals often revealed in-
efficiencies or conflicts that could only be resolved by re-
visiting calculations, redesigning material flows, or recon-
sidering energy exchanges. This iterative process mirrors 
real-world engineering practice, where problem-solving 
is seldom linear, and decisions must account for interde-
pendencies and constraints. 

3.2. Development of soft skills 
Equally important were the gains in soft skills, which 

are critical for sustainability governance but often under-
emphasized in technical curricula. Through stakeholder 
role-play and group negotiation, students practiced com-
munication, collaboration, and conflict resolution in a 
structured environment. Negotiation exercises required 
groups to advocate for their assigned priorities while en-
gaging with competing perspectives, promoting empathy 
and the ability to understand others’ motivations. 

Table 1. Summary of observed learning outcomes 

Learning dimension Observed outcomes 

Technical skills Improved understanding of MFA 
LCA resource flows 

Systems thinking Ability to identify interdependen-
cies and trade-offs 

Communication Enhanced argumentation and ne-
gotiation skills 

Collaboration Active participation in multi-
stakeholder discussions 

Reflexivity Increased awareness of value-
based decision-making 

The multi-actor nature of the exercise illuminated 
the challenges of consensus-building. Students fre-
quently encountered conflicting objectives, such as bal-
ancing cost efficiency with environmental responsibility 
or reconciling industrial growth with community well-be-
ing. These tensions prompted discussions not only about 
technical feasibility but also about ethical considerations, 
power dynamics, and social responsibility. By navigating 
these interactions, students enhanced their capacity for 
collaborative problem-solving and developed an appre-
ciation for the complexity inherent in multi-stakeholder 
decision-making (Table 1).  

Reflective assignments and debriefing sessions fur-
ther reinforced these soft skills. Students were asked to 
evaluate their own negotiation strategies, identify points 
of tension, and propose ways to improve communication 
and decision-making. Many reported heightened aware-
ness of group dynamics, leadership roles, and the im-
portance of framing arguments in terms understandable 
to diverse audiences. These outcomes are consistent 
with literature suggesting that experiential learning fos-
ters both cognitive and interpersonal competencies [7, 
8]. 

3.3. Student Engagement and Reflexivity 
The combined technical and interpersonal focus of 

the exercise contributed to high levels of student en-
gagement. Role-play and scenario design provided a 
sense of ownership and agency, motivating students to 
invest effort in both the analytical and negotiation com-
ponents. Anecdotal observations and course feedback 
indicated that students were particularly responsive to 
the opportunity to see how individual decisions impacted 
the broader system, fostering a sense of responsibility 
and connection to real-world sustainability challenges. 

Reflexivity was another important outcome. By par-
ticipating in structured negotiation and decision-support 
exercises, students became aware of the underlying 
value judgments embedded in sustainability decisions. 
For instance, the use of multi-criteria decision analysis 
(MCDA) made explicit how differing stakeholder priorities 
influenced outcomes. Students recognized that “optimal” 
solutions are context-dependent and contingent upon 
the relative weighting of environmental, economic, and 
social criteria. This awareness of subjectivity in decision-
making is crucial for preparing future professionals to en-
gage constructively in contested sustainability arenas. 

3.4. Challenges and Limitations 
Despite the benefits, several challenges were iden-

tified in implementing the framework. First, the complex-
ity of the exercise required careful scaffolding to prevent 
students from becoming overwhelmed. Some groups in-
itially struggled to manage multiple criteria, stakeholder 
perspectives, and technical calculations simultaneously. 
Instructors played a critical role in guiding discussions, 
clarifying technical concepts, and facilitating negotiation 
to maintain momentum. 

Second, participation levels varied within groups. 
While some students emerged as proactive leaders, oth-
ers assumed more passive roles, highlighting the need for 
assessment strategies that capture both individual and 
collective contributions. Reflection journals and peer 
evaluations were useful in mitigating this issue, but vari-
ability in engagement remained a concern. 

Third, time constraints limited the depth of analysis 
possible within a semester-long course. While students 
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were able to explore material flows, energy exchanges, 
and social impacts, more advanced modeling or quanti-
tative assessment would require extended time or dedi-
cated laboratory sessions. Nonetheless, the exercise 
successfully demonstrated the value of experiential 
learning even with these temporal limitations. 

Finally, the exercise occasionally revealed tensions 
between realism and pedagogical objectives. While the 
scenarios aimed to simulate real-world complexities, sim-
plifications were necessary to ensure accessibility for 
students with diverse technical backgrounds. Balancing 
fidelity to industrial ecology principles with the practical 
constraints of classroom implementation remains an on-
going challenge. 

3.5. Comparative Reflection with Other 
Pedagogical Methods 

Compared to traditional lectures or case-study ap-
proaches, the integrated role-play and scenario-based 
framework offers several advantages. It actively engages 
students in both technical and social dimensions of sus-
tainability, bridging a gap that is often left unaddressed 
in conventional curricula. Unlike static case studies, 
which present resolved scenarios, this approach exposes 
students to dynamic negotiation, iterative problem-solv-
ing, and multi-stakeholder complexity. 

Furthermore, the combination of MCDA with role-
play provides a structured yet flexible framework for de-
cision-making. Students are able to quantitatively evalu-
ate trade-offs while simultaneously navigating qualitative 
stakeholder interactions. This dual emphasis fosters in-
tegrative thinking and mirrors professional contexts in 
sustainability engineering, where analytical rigor and in-
terpersonal skills are equally important. 

Nevertheless, the framework complements rather 
than replaces traditional methods. Foundational lectures, 
readings, and theoretical instruction remain essential to 
provide the conceptual grounding that supports applied 
exercises. The strength of the approach lies in its ability 
to translate theory into practice, illustrating the intercon-
nectedness of environmental, social, and economic con-
siderations while cultivating both technical and soft skills. 

IV. CONCLUSIONS AND PERSPECTIVES 
The outcomes of the pedagogical framework pre-

sented in this study carry significant implications for the 
design and delivery of sustainability education in higher 
education. First, the integration of industrial ecology with 
experiential learning demonstrates the value of interdis-
ciplinary approaches in preparing students to address 
complex, multi-dimensional challenges. By combining 
technical analysis with stakeholder engagement and ne-
gotiation exercises, the framework moves beyond tradi-
tional siloed instruction, reflecting the interconnected 

realities of sustainability practice. This suggests that en-
gineering and environmental curricula can benefit from 
embedding experiential modules that actively connect 
theory to practice. 

Second, the framework underscores the importance 
of developing both technical and soft skills. Modern sus-
tainability challenges require professionals who can not 
only analyze material and energy flows but also navigate 
diverse stakeholder interests, communicate effectively, 
and mediate conflicts. The role-play and decision-sup-
port components of the exercise provide structured op-
portunities for students to cultivate these capabilities. 
Importantly, students develop a heightened awareness 
of the value-laden nature of sustainability decisions, 
gaining insight into how social, economic, and environ-
mental priorities intersect and sometimes conflict. Inte-
grating these skills into higher education curricula equips 
graduates to engage meaningfully in real-world decision-
making contexts, enhancing their employability and pro-
fessional effectiveness. 

Third, the framework highlights the potential of ex-
periential learning for fostering systems thinking and re-
flexivity. Students are required to evaluate the broader 
implications of their decisions within interconnected in-
dustrial networks, encouraging them to consider long-
term, cross-scale consequences. Reflective assignments 
and debriefing sessions amplify this effect, prompting 
students to critically assess their assumptions, strate-
gies, and learning processes. This aligns with the broader 
goal of sustainability education to produce graduates 
who are not only knowledgeable but also capable of 
adaptive, reflective problem-solving in complex and un-
certain environments. 

The framework also suggests avenues for scaling 
and adaptation. While developed for industrial ecology 
courses in engineering or environmental programs, the 
approach can be adapted to other disciplines concerned 
with sustainability, including business, policy, or urban 
planning. The combination of role-play, scenario analysis, 
and decision-support tools is sufficiently flexible to ac-
commodate varying student backgrounds, learning ob-
jectives, and institutional contexts. Moreover, hybrid or 
digital implementations are possible, potentially expand-
ing access to larger or more geographically distributed 
cohorts. 

Finally, the study highlights the value of structured 
pedagogical innovation. Implementing such experiential 
frameworks requires careful planning, resources, and in-
structor facilitation. Success depends on balancing real-
ism with manageability, scaffolding technical content 
alongside soft-skill development, and providing timely 
feedback. Institutions seeking to incorporate similar ap-
proaches must recognize that meaningful learning out-
comes emerge not solely from the content itself but from 
the deliberate design of interactive, reflective, and 
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integrative learning experiences. 
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