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ABSTRACT

Chemical engineering faces an increasing imperative to integrate sustainability principles beyond traditional economic and envi-
ronmental considerations. The social dimension—encompassing impacts on human well-being, equity, community health, labor
practices, and ethical governance—represents a critical yet often underdeveloped pillar within the field. To tackle this research
gap, this study employs a systematic literature review. Its unique contribution is the synthesis of a fragmented, multidisciplinary
body of literature into a coherent conceptual framework specifically for chemical engineering. Social sustainability is concep-
tualized, examining its key elements and its place within the broader triple bottom line framework, while critically analyzing
the inherent complexities and frequent hierarchy observed among the triple bottom line pillars, particularly, the dominance of
economic drivers. The review narrows its focus to three critical themes: the persistent challenges in conceptualizing social sus-
tainability for engineering contexts; a critical evaluation of assessment methodologies, particularly qualitative and stakeholder-
based approaches; and actionable strategies for integrating these concepts into chemical engineering practice and education.
Strategies for advancing social sustainability are explored, including robust stakeholder engagement, integration into corporate
policy and project management, supply chain responsibility, green engineering principles, industrial symbiosis, responsible in-
novation, and educational reform. The evolving role and ethical responsibilities of chemical engineers as agents of social change
are emphasized.

1 | Introduction is inextricably linked with significant responsibilities. The

chemical and process industries are major consumers of global

Chemical engineering stands as a cornerstone of modern civ-
ilization, providing the essential processes and technologies
that transform raw materials into the vast array of products
underpinning energy, materials, food, agriculture, transporta-
tion, healthcare, and countless other sectors vital to contempo-
rary life (Chang et al. 2021; Stahl et al. 2019). The discipline's
ability to manipulate matter and energy at various scales has
driven unprecedented industrial progress and improvements in
living standards globally. However, this transformative power

energy and material resources, often relying heavily on finite
fossil fuels, and are substantial contributors to emissions, waste
streams, and the generation of potentially hazardous substances
(Arastoopour 2019; Chang et al. 2021; Iles and Mulvihill 2012).
These activities inevitably exert profound impacts, not only on
the natural environment but also critically on human health,
occupational safety, community well-being, labor practices, re-
source access, social equity, and the overall fabric of society (Das
and Cabezas 2018; Vallance et al. 2011).
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In response to the escalating global challenges associated
with industrial activity, population growth, resource de-
pletion, climate change, environmental degradation, and
persistent social inequalities, the concept of sustainable de-
velopment has emerged as the defining paradigm for the 21st
century (Valsaraj 2013). Famously articulated by the World
Commission on Environment and Development in their re-
port “Our Common Future,” sustainable development aims
to “meet the needs of the present without compromising the
ability of future generations to meet their own needs” (Bond
et al. 2012). This definition intrinsically demands a balanced
consideration of economic, environmental, and social ob-
jectives (Clift 2006). The operationalization of this concept
is frequently captured by the “Triple Bottom Line” (TBL)
framework, advocating for the simultaneous pursuit of eco-
nomic viability (“profit”), environmental protection or integ-
rity (“planet”), and social equity (“people”) (Azapagic and
Perdan 2005; Garcia-Serna et al. 2007; Sikdar 2003).

Within chemical engineering, the journey toward sustainabil-
ity has seen notable advancements, particularly concerning
the economic and environmental pillars. Driven by regula-
tory pressures (Garcia-Serna et al. 2007), opportunities for
cost reduction through efficiency gains, and a growing soci-
etal awareness of environmental degradation, the field has
increasingly embraced concepts such as green chemistry,
green engineering, cleaner production, industrial ecology,
process intensification, and pollution prevention (Allen and
Shonnard 2001; Jin et al. 2004). Chemical engineers are rou-
tinely tasked with optimizing resource utilization (water, en-
ergy, materials), minimizing waste generation and emissions,
developing processes based on renewable feedstocks and
energy sources, designing inherently safer operations, and
improving overall process efficiency. Indeed, the capacity to
develop environmentally superior technologies that are simul-
taneously economically advantageous is often presented as
the primary pathway for chemical engineering contributions
to sustainable development (Sikdar 2003).

However, the third pillar—social sustainability—has histori-
cally received less attention and rigorous analysis within the
chemical engineering field, presenting persistent and unique
challenges for the discipline (Mitchell 2000). While its impor-
tance is increasingly acknowledged as integral to the holistic
vision of sustainable (Azapagic and Perdan 2005; Garcia-Serna
et al. 2007), its practical integration into the core functions of
chemical engineering design, assessment, operation, and edu-
cation remains significantly less mature and often peripheral
(Azapagicand Perdan 2005; Garcia-Sernaetal. 2007; Popovicand
Kraslawski 2015; Van Schoubroeck et al. 2018). The definition
of social sustainability itself is complex, multifaceted, context-
dependent, and lacks a single, universally accepted conceptual-
ization (Littig and Griefiler 2005; Vallance et al. 2011), making it
difficult to translate into the quantitative, standardized metrics
typically favored in engineering disciplines (Kloepffer 2008).
Research and practical observation suggest that a “clear hier-
archy” often prevails in sustainability assessments, particularly
within the chemical sector, where economic and environmen-
tal considerations frequently overshadow social aspects (Van
Schoubroeck et al. 2018). Furthermore, the sustainability chal-
lenges encountered by engineers are often characterized more

profoundly by their social complexity than their technical dif-
ficulty, demanding approaches that transcend traditional en-
gineering methodologies (Azapagic and Perdan 2014). Issues
involving stakeholder values, community acceptance, ethical
dilemmas, equitable distribution of risks and benefits, and fair
labor practices in global supply chains (Bullard 2018; Cole and
Foster 2001; Locke 2013; Lopes de Sousa Jabbour et al. 2024) re-
quire interdisciplinary perspectives and engagement beyond the
typical scope of chemical engineering training.

A central barrier to the integration of social sustainability into
routine engineering practice is the fundamental challenge of
measurement and quantification. Unlike environmental im-
pacts, such as emissions, which are often “much more easily
standardized and quantified,” social and socioeconomic con-
cerns present a far greater complexity (UNEP/SETAC 2009).
Key questions remain on how to “assess and measure the so-
cial effects” of a product or process and how to “assign a result
or a number” to qualitative issues such as working conditions
or community impacts. This difficulty arises because social
impacts are often captured through qualitative data, which is
frequently subjective and requires interpretation by capable ex-
perts. For example, numeric data on wages may not fully capture
social impact, as compliance with minimum wage laws does not
always mean the wage is livable.

However, the abstract principles of social sustainability trans-
late into concrete and increasingly urgent challenges with di-
rect implications for chemical engineering practice. The choices
made in process and product design, for instance, are not so-
cially neutral. A clear example is the development of biofuels, an
engineering solution to the environmental challenge of climate
change that has, in turn, raised significant social concerns about
land-use change and food security (Azapagic and Perdan 2014).
To address this challenge, frameworks such as Social Life
Cycle Assessment (S-LCA) have been developed, aligning with
the ISO 14040 and 14044 standards for Life Cycle Assessment
(Jorgensen et al. 2008). However, even the foundational guide-
lines for S-LCA acknowledge that the methodology is not yet
mature. They describe the technique as a “skeleton” that pro-
vides a basic structure but needs to be fleshed out with further
research and development (UNEP/SETAC 2009). The guidelines
explicitly state that impact assessment methodologies are still
under development, making S-LCA an open field for future re-
search. The scarcity of comprehensive social databases, the lack
of standardized data quality requirements, and the difficulty in
aggregating disparate social indicators into a coherent assess-
ment remain significant hurdles. This methodological immatu-
rity and lack of standardized quantification make it difficult for
engineers, who are trained in quantitative analysis, to incorpo-
rate social criteria into their design, optimization, and decision-
making processes.

Also, the implementation of engineering projects now in-
creasingly depends on a “Social License to Operate,” which is
granted not by regulators alone, but by the communities and
stakeholders affected by a project (Vanclay et al. 2015). This
shifts the engineer's working environment into the realm of
“postnormal science,” where high stakes and systemic un-
certainty demand inclusive deliberation with an “extended
peer community” that includes the lay public (Clift 2006).
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Consequently, the role of the engineer is expanding beyond
that of a purely technical problem-solver to that of a norma-
tive agent of social and technological change, who must help
frame societal problems, not just devise solutions (Clift 2006;
Narodoslawsky 2013).

This new operational reality for engineering practice creates
an unavoidable imperative for a paradigm shift in engineering
education. Traditional curricula focusing primarily on tech-
nical and economic optimization are no longer sufficient to
prepare graduates for these complex sociotechnical challenges
(Harris et al. 2019). Integrating sustainability cannot be a su-
perficial “add-on” but requires its incorporation as a core prin-
ciple woven throughout the curriculum (Batterham 2006).
This means teaching not only the technical fundamentals
but also systems thinking and life cycle methodologies to
equip students to analyze and manage trade-offs across the
economic, environmental, and social pillars (Azapagic and
Perdan 2014; Narodoslawsky 2013). Educational programs
must cultivate new competencies in interdisciplinary collab-
oration, stakeholder engagement, and ethical reasoning, pre-
paring engineers to work effectively with social scientists and
the public to navigate value-laden ‘wicked’ problems (Azapagic
and Perdan 2014; Mehlich et al. 2024). Ultimately, the goal is
to foster a professional “state of mind” (Jin et al. 2004) that
embraces a broader sense of social responsibility and prepares
chemical engineers to contribute constructively to a more eq-
uitable and sustainable society (Mehlich et al. 2024).

The literature describes social sustainability as a “messy concep-
tual field” (Vallance et al. 2011) and notes a scarcity of research
covering this dimension in engineering projects, often due to
the qualitative nature and difficulty of evaluating social indi-
cators (Miret et al. 2016; Schoggl et al. 2017; Van Schoubroeck
et al. 2018). This systematic literature review (SLR) advances be-
yond existing work by providing the first comprehensive synthe-
sis aimed at structuring this fragmented knowledge specifically
for the chemical engineering discipline. Unlike general reviews
on sustainability, this study addresses the distinct need for a
conceptual framework that translates abstract social principles
into the actionable language of chemical engineering practice
and education (Harris et al. 2019). The novelty of this research
lies in addressing specific research questions that bridge the gap
between social science concepts and engineering application:

“What is the current state of conceptualizing social sustainabil-
ity within, and for, the chemical engineering context, moving
beyond the general triple bottom line?”

“What are the primary methodologies and assessment tools
available for social sustainability, and what are their specific
limitations and opportunities when applied to chemical engi-
neering systems?”

“How can social sustainability principles be effectively inte-
grated into core chemical engineering practices such as pro-
cess design, product development, and sustainable supply chain
management.”

“What is the role of education in fostering social sustainabil-
ity, and what pedagogical strategies and curricular changes

are needed to prepare future chemical engineers for these
challenges?”

By systematically answering these questions, this review moves
beyond generic discussions to provide a targeted, discipline-
specific synthesis. It aims to illuminate critical knowledge gaps
and propose concrete pathways for embedding social equity, jus-
tice, and community well-being more deeply into the theory and
practice of responsible chemical engineering (Harris et al. 2019).

2 | Materials and Methods

Guided by a pragmatist research philosophy, this study prior-
itizes the research problem and the real-world impact of the
knowledge generated. It values research methods that effec-
tively answer the research questions (Saunders et al. 2009). This
pragmatist philosophy directly informs the selection of an SLR
as the core methodology because it represents the most effec-
tive and workable approach to address the research questions
posed. Being often described as a “messy conceptual field” or
a “concept in chaos,” characterized by a fragmented, multi-
disciplinary body of literature (Vallance et al. 2011), social
sustainability constitutes a “wicked” problem that cannot be
neatly resolved within a single, reductionist scientific paradigm
(Azapagic and Perdan 2014; Van Steen 2012). A pragmatist ap-
proach, therefore, values a methodology that can systematically
collate, analyze, and synthesize heterogeneous sources to build
a coherent and actionable understanding. An SLR provides the
necessary structure for this task (Neri et al. 2025). Furthermore,
given that the corpus of documents includes a mix of qualita-
tive and quantitative data, a statistical meta-analysis would
be infeasible (Eizenberg and Jabareen 2017). Consequently,
the choice of thematic analysis and narrative synthesis is a
pragmatic one. Thematic analysis is a practical tool for identi-
fying recurring concepts and patterns across diverse sources
(Thakuri et al. 2025), while narrative synthesis provides a struc-
tured method to integrate these themes into a cohesive concep-
tual framework that directly answers the research questions
(Seuring and Miiller 2008). This research design is therefore not
intended to test a discrete hypothesis but to pragmatically build
an integrated framework from a complex and varied knowledge
base, prioritizing the usefulness and relevance of the findings
for engineering practice and education.

The SLR followed the three-step approach advocated by
Tranfield et al. (2003): (1) planning, (2) conducting, and (3) re-
porting the review.

2.1 | Planning the Review and Database Search

The article selection process, shown in Figure 1, followed the
PRISMA guidelines (Moher et al. 2009). It involved identi-
fying relevant publications from the Scopus, OpenAlex and
ScienceDirect databases. A systematic search using Boolean
combinations of the keywords “social sustainability” and
“chemical engineering” was conducted. The search, con-
ducted in January 2025 focused on English language publica-
tions, emphasizing the most recent 5Syears and foundational
papers. Included were peer-reviewed journal articles, relevant
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FIGURE1 | Flow diagram for the selection of documents based on PRISMA.

conference papers, book chapters, and key reports. Excluded
were non-English articles, and publications lacking full-text
access.

2.2 | Conducting the Review

During the screening phase, 196 articles were selected and ana-
lyzed to assess the quality of the sources and the relevance to the
research topic. The distribution by source of the resulting 142
documents is shown in Table 1.

As shown in Table 1, leading journals in the field, such as
Journal of Cleaner Production, Chemical Engineering Science,
Sustainability (Switzerland), and International Journal of
Life Cycle Assessment have shown a relevant interest in this
subject.

Figure 2 shows that conceptualizing and integrating social sus-
tainability in chemical engineering are the most represented
themes in the document corpus, followed by methodologies and
assessment tools, and lastly, by the role of education. This distri-
bution suggests a logical progression in how the field of chemi-
cal engineering is addressing social sustainability: the primary
focus has been on defining the problem and finding practical
applications. The strong emphasis on integration reflects the ur-
gent need to translate these abstract principles into the day-to-
day practices of chemical engineers, which is identified as a core
challenge. Once the concepts are broadly defined, the next logi-
cal step is to develop tools to measure and assess them. However,
the lower number of documents compared to conceptualization
and integration reflects the acknowledged immaturity of these
tools (discussed in the next sections). The evidence presented in

TABLE1 | Papers' distribution by source.

No of papers for
Journal final analysis
Journal of Cleaner Production 14
Chemical Engineering Science 4
Sustainability (Switzerland) 4
International Journal of Life Cycle 4
Assessment
Environmental Science and Technology 3
AIChE Journal 3
Industrial and Engineering Chemistry 3
Research
Current Opinion in Green and 2

Sustainable Chemistry

Chemical Engineering Research and 2
Design

Chemical Engineering Transactions 2
R&D Management 2
Computers and Chemical Engineering 2
Other 97
Total 142

Figure 2 also suggests that educational reform can be seen as a
subsequent step that logically follows the establishment of con-
cepts, practices, and assessment tools.

4

Sustainable Development, 2025

518017 SUOWILIOD BANIEID 3R jddle 3} Ad PeUBAOB 32 S YO ‘88N J0 3N 10} ARICI1 BUIIUO AB|1A UO (SUONIPUOD-PLE-SLLLBI WO A3 1M ARG PUIIUO//SAIY) SUOIPUOD PUE SWLB | 841 39S *[G202/TT/22] U AIqiTauiluo B]1M ‘EBNLIOd aUei4po0 Aq 96102 PS/Z00T 0T/I0p/w00 /B| W AZeiq1pul|uo//sdny Woaj popeojumod ‘0 ‘6T2T660T



34;17%

= Conceptualizing social

58;29% sustainability

s Methodologies and
assessment tools

= Integrating social
sustainability

The role of education
60;31%

46;23%

FIGURE2 | Proportion of documents per theme.

2.3 | Reporting and Disseminating the Review

In our analysis of the data, we used a combined technique
of inductive and deductive thematic analysis (Braun and
Clarke 2012; Fereday and Muir-Cochrane 2006). In addition to
an inductive approach, we employed a template in the form of
codes from a codebook, based on the research questions and a
preliminary review of the foundational papers, to organize the
text for subsequent interpretation. The following key themes
formed the basis of the template: conceptualizing social sustain-
ability in chemical engineering; methodologies and assessment
tools for social sustainability; integrating social sustainability
into chemical engineering practice; and the role of education
in fostering social sustainability. The overall process was com-
posed of the following stages: developing the code manual (Stage
1); testing the reliability of codes by coding test documents by
different researchers to ensure reliability (Stage 2); summariz-
ing data and identifying initial themes (Stage 3); applying the
template of codes and additional inductive coding of segments
of data that described a new theme (Stage 4); connecting the
codes and identifying themes (Stage 5); and corroborating and
legitimating coded themes, to ensure that the clustered themes
were representative of the initial data analysis and assigned
codes (Stage 6). Although presented as a linear, step-by-step
procedure, the research analysis was an iterative and reflexive
process implemented using the ATLAS.ti software. Extracted
data were then narratively synthesized for each theme (Thorley
et al. 2019). This process generated an analytical description of
the current knowledge on social sustainability in chemical en-
gineering, identifying patterns and gaps in the literature. The
synthesis focused on triangulating information across multi-
ple sources where possible and noting differing perspectives or
specific details related to each of the above-mentioned themes.
Consistent with SLR practices, the focus remained on content
addressing the core research questions within the specified re-
search context.

3 | Conceptualizing Social Sustainability in
Chemical Engineering

While the TBL provides a foundational framework (Azapagic
and Perdan 2005; Garcia-Serna et al. 2007; Sikdar 2003), trans-
lating the broad concept of social sustainability into specific,
actionable terms relevant to chemical engineering practice
is a significant challenge (Garcia-Serna et al. 2007). Unlike

&[3
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Justice & Well-being

Ethical Conduct
& Governance
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SOCIAL & Empowerment
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Social Cohesion J Access to Essential

& Cultural
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FIGURE 3 | Core principles and dimensions of social sustainability
particularly pertinent to chemical engineering.

environmental impacts (e.g., greenhouse gas emissions mea-
sured in CO, equivalents, water consumption in cubic meters)
or economic performance (e.g., profit margins, return on invest-
ment), social aspects are often characterized by their qualitative
nature, context-dependency, intangibility, and resistance to
quantification using universally accepted, standardized met-
rics (Azapagic and Perdan 2014; Kloepffer 2008; Popovic and
Kraslawski 2015). Definitions vary across disciplines, but com-
mon themes revolve around social equity, justice, well-being,
community cohesion, and the capacity of social systems to func-
tion effectively over the long term, ensuring that both present
and future generations can thrive (Colantonio 2011; Dempsey
et al. 2011; Eizenberg and Jabareen 2017).

The Global Reporting Initiative (GRI), widely used for cor-
porate sustainability reporting, defines the social dimension
in terms of an organization's impacts on the social systems
within which it operates, encompassing issues such as labor
practices, human rights, society, and product responsibility
(Global Reporting Initiative 2011). For chemical engineering,
translating these broad concepts into actionable principles re-
quires careful consideration of the specific interfaces between
chemical processes, products, industries, and the societies
they affect.

Based on the synthesis of the literature (detailed next), the core
principles and dimensions of social sustainability, particularly
pertinent to chemical engineering, can be articulated as illus-
trated in Figure 3. Understanding these interconnected dimen-
sions provides a necessary foundation for chemical engineers to
systematically identify, assess, and integrate social sustainabil-
ity considerations into their professional activities. It shifts the
focus from purely technical problem-solving to a sociotechnical
systems perspective, acknowledging the profound ways engi-
neering shapes, and is shaped by, society. As noted by Azapagic
and Perdan (2014), the social complexity often inherent in
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sustainability problems presents a greater challenge for engi-
neers than the technical aspects, underscoring the need for a
broader skillset and perspective.

Figure 3 is grounded in a comprehensive review of a multidis-
ciplinary literature corpus, aiming to bring structure to what
has been described as a “concept in chaos” or a “messy concep-
tual field” (Vallance et al. 2011). The dimensions are aligned
with the foundational principles of sustainable development
outlined in reports such as the Brundtland Report, which em-
phasizes meeting human needs and ensuring equity (Aarseth
et al. 2017; Vallance et al. 2011). More specifically, the frame-
work draws on established methodologies such as S-LCA, whose
impact subcategories are explicitly defined based on interna-
tional agreements, treaties, corporate social responsibility (CSR)
initiatives, and foundational stakeholder theory (Reed 2008;
UNEP/SETAC 2009; Vallance et al. 2011; Van Hattum-Janssen
et al. 2012). For example, the Health and Well-being and Labor
Practices dimension corresponds directly to the stakeholder cat-
egories (e.g., Workers, Local Community, Society) and impact
subcategories (e.g., Health and Safety, Working Conditions) that
form the basis of the internationally recognized UNEP/SETAC
S-LCA Guidelines (Miret et al. 2016; UNEP/SETAC 2009).

The fundamental principle of equity and social justice demands
the fair distribution of resources, opportunities, benefits, and
burdens across all societal groups, irrespective of race, ethnic-
ity, gender, socioeconomic status, age, or geographical loca-
tion (Rawls 2005). In chemical engineering, this translates to
ensuring that the positive impacts of chemical industries (e.g.,
job creation, essential products) are shared equitably, while the
negative impacts (e.g., pollution, health risks, displacement) do
not disproportionately fall on vulnerable or marginalized pop-
ulations (Bullard 2018). It involves actively challenging and
addressing systemic inequalities and power imbalances that
perpetuate social exclusion and environmental injustice (Cole
and Foster 2001; Valizadeh et al. 2024).

Health, safety, and well-being encompass protecting and pro-
moting the physical, mental, and social health of all individuals
affected by chemical engineering activities. This includes strin-
gent occupational health and safety protocols to protect work-
ers from hazardous materials, accidents, and harmful working
conditions (Li et al. 2011; OSHA 2016). It also extends to safe-
guarding the health and well-being of communities adjacent to
chemical facilities by minimizing pollution (air, water, noise),
preventing catastrophic incidents, and ensuring the safety of
chemical products for consumers throughout their lifecycle
(West et al. 2016). The proactive reduction of chemical hazards
through green chemistry and engineering directly contributes
to this dimension (Anastas and Zimmerman 2007). Promoting
overall well-being also involves considering access to essential
services such as healthcare and clean living conditions, which
can be impacted by industrial activities (Putnam 2000).

Community engagement and empowerment emphasize the im-
portance of fostering meaningful, two-way communication and
collaboration with local communities and other stakeholders
affected by chemical engineering projects or operations (Apel
et al. 2024; Waddock 2008). It involves transparently shar-
ing information, actively listening to concerns, valuing local

knowledge, and ensuring communities have a genuine voice
in decision-making processes that impact their lives (Azapagic
and Perdan 2014; Matthies et al. 2024; Vanclay et al. 2015).
Empowerment enables communities to participate actively in
shaping their own development and holding industries account-
able (Demuijnck and Fasterling 2016).

Respect for human rights and fair labor practices requires re-
specting and upholding the fundamental human rights of all
individuals throughout the value chain, as outlined in inter-
national declarations (United Nations 1948). This includes the
right to a safe working environment, freedom of association and
collective bargaining, nondiscrimination, the elimination of
forced and child labor, and fair wages and working hours (Pérez-
Lopez et al. 2025). Chemical engineers and companies have a re-
sponsibility to ensure these rights are respected not only within
their direct operations but also within their global supply chains
(Locke 2013; Lopes de Sousa Jabbour et al. 2024).

Chemical engineering plays a vital role in producing goods
and services fundamental to human well-being, such as clean
water, sanitation, affordable energy, pharmaceuticals, fertiliz-
ers, and materials (Hussam and Munir 2007; Pipil et al. 2024).
Social sustainability demands consideration of equitable access
to these essential products and services, particularly, for under-
served populations, ensuring that technological advancements
contribute to meeting basic human needs globally (Cornel and
Schaum 2009; Echeverry et al. 2024).

Social cohesion and cultural preservation involve recognizing
and respecting the social fabric and cultural heritage of commu-
nities affected by chemical industry activities. Projects should
aim to minimize social disruption, avoid forced displacement
where possible, support local economies and traditions, and
foster a sense of community identity and solidarity rather than
division (Putnam 2000; Vallance et al. 2011).

Consistent with the original Brundtland definition, intergener-
ational equity requires considering the long-term consequences
of current actions and ensuring that the pursuit of present
benefits does not compromise the ability of future generations
to meet their own social, environmental, and economic needs
(WCED 1987). This involves responsible resource management,
preventing long-term environmental damage with social reper-
cussions, and investing in education and infrastructure for the
future.

Underlying all these dimensions is the need for strong ethical
governance and conduct. This involves adherence to profes-
sional codes of ethics, transparency in operations and decision-
making, accountability for impacts, and a commitment to
responsible innovation that anticipates and mitigates potential
negative social consequences (Iordache 2024; Martens and
Carvalho 2016; Owen et al. 2012).

Translating these dimensions into measurable indicators in-
volves using a combination of quantitative, semi-quantitative,
and qualitative data, reflecting the reality that not all social
impacts can be easily captured by numbers (Miret et al. 2016).
Quantitative indicators are the most directly applicable in en-
gineering models. A key example is job creation, which can be
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quantitatively measured as the total number of direct, indirect,
and induced jobs created by a project or supply chain (Miret
et al. 2016). Another critical quantitative metric is related to
health and safety. For instance, the Fire and Explosion Index,
widely used in the chemical industry, can serve as a measurable
indicator for social sustainability by quantifying process hazards
that impact workers and the surrounding community (Isella and
Manca 2025). Other metrics include tracking the number of ac-
cidents or lost workdays (Miret et al. 2016). Semiquantitative
indicators are often based on scoring systems or checklists. For
example, a company's performance on “fair salary” can be rated
on a scale based on compliance with living wage benchmarks
versus minimum wage laws (UNEP/SETAC 2009). Such scoring
can also be applied to assess compliance with labor rights based
on international standards (Kloepffer 2008). These indicators
are particularly useful in the early design phases of a project,
where detailed quantitative data may be unavailable (Schoggl
et al. 2017). Many crucial social aspects, such as “community
engagement” or “social acceptance” are best captured through
qualitative data gathered via surveys, interviews, and partici-
patory stakeholder workshops (Gehlot and Shrivastava 2024;
Neves et al. 2020; Reed 2008; Vanclay et al. 2015). While not
easily integrated into optimization models, this information is
vital for a holistic assessment and for securing a “social license
to operate.” By adopting a structured approach and utilizing a
mix of quantitative, semiquantitative, and qualitative indica-
tors, chemical engineering can move beyond purely descriptive
principles toward a more rigorous and actionable integration of
social sustainability, detailed next.

4 | Methodologies and Assessment Tools for Social
Sustainability

To effectively integrate social sustainability into decision-
making, chemical engineers need robust methodologies and
tools to identify, measure, and evaluate the social impacts of their
projects, processes, and products. While assessment remains
challenging due to the qualitative and context-specific nature
of many social factors (Branch et al. 2019), several approaches
have emerged, though their application in chemical engineering
requires careful consideration of inherent limitations.

Analogous to the more established environmental impact as-
sessment (EIA), social impact assessment (STA) is a process for
identifying, predicting, evaluating, and mitigating the potential
social consequences of planned interventions (e.g., new chem-
ical plants, major process modifications, infrastructure proj-
ects) before decisions are made (Silva et al. 2022; Vanclay 2002;
Vanclay et al. 2015). SIA typically involves: (a) defining the proj-
ect's area of influence, identifying affected stakeholders, and de-
termining key social issues (e.g., health, employment, culture,
community cohesion); (b) gathering information on existing so-
cial conditions; (c) analyzing potential positive and negative so-
cial changes; (d) assessing the significance of predicted impacts;
(e) developing measures to manage impacts, often through
stakeholder consultation; and (f) tracking actual impacts and
adapting strategies. Integrating SIA rigorously into the project
planning cycle is a key strategy for proactive social risk man-
agement and benefit enhancement (Aarseth et al. 2017). While
often mandated for large projects, its deeper integration into the

chemical engineering design process itself holds significant po-
tential for anticipating and mitigating social risks early on.

S-LCA aims to extend the life cycle thinking paradigm, well-
established in environmental LCA, to the social domain, as-
sessing impacts across the entire value chain from raw material
extraction to end-of-life (Margni and Curran 2012; Tokede and
Traverso 2020). The UNEP/SETAC Guidelines provide a frame-
work (Ramos 2024). S-LCA methodologies typically define
stakeholder categories (workers, local communities, consumers,
society, value chain actors) and impact subcategories within
each (e.g., occupational health and safety, fair wages, child
labor, human rights, community health, consumer safety, cor-
ruption) (Ramos 2024). Similar to Environmental LCA (E-LCA),
it involves goal and scope definition, life cycle inventory data
collection (quantitative and qualitative), life cycle impact assess-
ment, and interpretation. For example, Pérez-Lépez et al. (2025)
explored using life cycle costing (LCC) outcomes to inform
screening S-LCAs. S-LCA methodological development is ongo-
ing, particularly regarding impact pathway definition, indicator
selection/weighting, data availability and quality (especially
for global supply chains), and interpreting results. Relating di-
verse social indicators (often qualitative) to the functional unit
is a particular challenge (Kloepffer 2008). Despite limitations,
S-LCA offers a valuable framework for mapping potential social
hotspots across a value chain.

Recognizing the interconnectedness of the TBL pillars, Life
Cycle Sustainability Assessment (LCSA) aims to integrate E-
LCA, S-LCA, and LCC into a single, comprehensive framework
(Guinée et al. 2011; Kloepffer 2008). The goal is to provide a
holistic view of trade-offs and synergies. However, integrat-
ing these distinct assessments with their different metrics and
maturity levels remains a major research challenge (Chang
et al. 2021). Multiobjective optimization techniques are being
explored to handle these trade-offs explicitly in process design
(Isella and Manca 2025).

Social return on investment (SROI) is an outcomes-based frame-
work that attempts to quantify the social, environmental, and
economic value created relative to the investment cost (Guinée
et al. 2011; Nicholls et al. 2012). It assigns monetary values
(using financial proxies) to social/environmental outcomes to
calculate a value-to-investment ratio. The process involves scop-
ing, mapping outcomes via stakeholder engagement, evidenc-
ing and valuing outcomes, establishing impact (accounting for
deadweight, etc.), calculating the ratio, and reporting. While
complex and potentially controversial due to monetization,
SROI can demonstrate broader societal contributions beyond
financial metrics. Similar principles are seen in social cost-ben-
efit evaluations (Alao and Popoola 2025; Fatima et al. 2024).

While these assessment methodologies provide valuable frame-
works, their applicability and limitations for chemical engineer-
ing practice are highly context-dependent. The choice of tool is
contingent on the specific engineering task, whether it is a site-
specific project, a product's life cycle design, or a strategic invest-
ment decision. The core challenge for the discipline remains the
integration of often qualitative and context-specific social data
into the quantitative, model-driven decision-making typical of
engineering. A critical comparison reveals distinct scopes and
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levels of maturity. SIA is a project-level, site-specific tool primar-
ily applicable to chemical engineers involved in the planning,
construction, and operation of facilities such as new chemical
plants or biorefineries (Stadler 2020). Its main strength lies in
managing local community impacts—such as health, employ-
ment, and cultural heritage—and is often essential for securing a
“social license to operate” (Asada et al. 2020; Vanclay et al. 2015).
However, its limitation for a chemical engineering context is its
narrow scope; it focuses on the impacts of a facility, not the full
life cycle of the products manufactured within it. In contrast,
S-LCA is a product- and process-level tool that is conceptually
well-aligned with the “cradle-to-grave” systems thinking funda-
mental to chemical engineering (UNEP/SETAC 2009). It is the
most appropriate framework for engineers engaged in process
design and product development, as it aims to identify and mit-
igate social risks across complex global supply chains, thereby
avoiding the unintentional shifting of burdens (Clift 2006).
However, its practical application in engineering is severely
constrained by significant limitations: the foundational UNEP/
SETAC guidelines describe S-LCA as a “skeleton” that is not yet
mature and requires substantial future research, particularly
in the life cycle impact assessment phase; S-LCA relies heavily
on qualitative, subjective, and context-dependent data, which
is difficult to integrate into the quantitative optimization mod-
els and process simulations that engineers typically use (Miret
et al. 2016). Data collection is often expensive, and comprehen-
sive databases for social impacts are scarce; relating diverse so-
cial indicators (e.g., child labor, community engagement) to a
technical functional unit (e.g., 1 kg of product) remains a central
problem, hindering direct comparison and trade-off analysis in
process design (Kloepffer 2008). While LCSA aligns with the ul-
timate goal of sustainable chemical engineering, its applicability
is largely limited to academic research and high-level strategic
assessments. For routine engineering practice, it is currently im-
practical as it inherits all the methodological and data limita-
tions of S-LCA while adding the complexity of integrating three
distinct assessment types (Arastoopour 2019; Bakshi 2019;
Isella and Manca 2025; Sharno and Hiloidhari 2024). SROI, on
the other hand, is a valuable tool for project justification and
strategic communication. By monetizing social outcomes, it cre-
ates a compelling narrative for engineering managers seeking
investment in projects with social benefits (Nicholls et al. 2012).
Its main limitation for chemical engineers is its reduced utility
in technical design and optimization, where the subjectivity of
financial proxies for non-market goods is less useful than physi-
cal or process-based metrics (Nicholls et al. 2012). The overarch-
ing limitation across these tools is the challenge of bridging the
gap between qualitative social science data and the quantitative,
model-centric world of chemical engineering. In summary, for
chemical engineers: SIA is the most practical and often manda-
tory tool for new facility projects; S-LCA provides the essential
conceptual framework for sustainable product and process de-
sign, though its current implementation is best suited for qual-
itative hotspot analysis rather than quantitative optimization;
SROI is most useful for making the business case for sustainable
projects to management and investors; and LCSA remains an
aspirational but largely impractical goal for routine design.

Using Key Performance Indicators (KPIs) is essential for track-
ing social sustainability progress (Azapagic and Perdan 2014).
Indicators should cover relevant dimensions (e.g., safety

rates, community health, local employment, supplier diver-
sity, stakeholder satisfaction). Organizations such as GRI pro-
vide standardized reporting frameworks (Global Reporting
Initiative 2011), enhancing transparency. Sector-specific initia-
tives such as the AIChE Sustainability Index and the IChemE
sustainability metrics (which have a separate section on met-
rics for social sustainability) also exist (Dimian et al. 2014;
Sikdar 2003). Selecting relevant, robust social indicators re-
mains crucial (Batterham 2006). Company-specific methods
such as BASF's Eco-Efficiency Analysis also aim to integrate
multiple dimensions (Saling et al. 2002).

Given the limitations of quantitative methods, direct en-
gagement with stakeholders (employees, communities,
customers, NGOs) is vital not just as a principle but as an as-
sessment method (Azapagic and Perdan 2014; Elias et al. 2002;
Reed 2008). Surveys, interviews, focus groups, and workshops
provide invaluable qualitative data on perceived impacts, con-
cerns, and priorities that metrics alone cannot capture (Iles and
Mulvihill 2012; Matthies et al. 2024). Significant challenges
persist across these methodologies: (a) reliable social data, es-
pecially local or deep supply chain data, is often scarce (Branch
et al. 2019; Pérez-Lopez et al. 2025); (b) assigning numerical
or monetary values to qualitative aspects is complex and po-
tentially ethically problematic (Kloepffer 2008; Pérez-Lépez
et al. 2025); (c) establishing clear causal links and defining ap-
propriate system boundaries is difficult; (d) social impacts are
highly context-dependent, hindering standardization; and (e)
assessments can be influenced by assessor and stakeholder val-
ues. Addressing these requires ongoing methodological develop-
ment, data transparency efforts, interdisciplinary collaboration
(especially with social scientists), and acceptance of qualitative
assessment's vital role.

While the limitations of data scarcity, quantification, and sub-
jectivity are persistent, the reviewed literature also highlights
several practical and forward-looking strategies for addressing
these challenges. Rather than being paralyzed by them, prac-
titioners are developing pragmatic approaches to make social
sustainability assessment more manageable and meaningful.
To overcome the significant challenge of data scarcity, the lit-
erature suggest a multi-pronged approach that moves beyond
reliance on non-existent databases (UNEP/SETAC 2009). A
key strategy is to conduct a “hotspot assessment” as a prelim-
inary step. This involves a desktop screening that uses readily
available information from web searches, literature surveys,
and interviews with NGOs or unions to identify which unit
processes or supply chain stages are most likely to present
social risks (e.g., child labor, poor working conditions). This
pragmatic approach allows practitioners to prioritize and
focus more resource-intensive, on-site data collection efforts
where they are most needed. For areas identified as hotspots,
the literature advocates for direct, on-the-spot data collec-
tion, acknowledging that comprehensive databases are often
minimal. Recommended methods include social audits, di-
rected and semi-directed interviews, focus groups, and sur-
veys with relevant stakeholders. To improve data quality and
overcome bias in reporting (e.g., a company is unlikely to re-
port child labor), a strategy of data triangulation is proposed.
This involves using and comparing information from multi-
ple sources. For example, practitioners can complement their
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primary data by integrating information from other social as-
sessment tools and reporting frameworks, such as GRI-based
reports or SA8000 certifications, directly into an S-LCA study.
To manage the inherent subjectivity and qualitative nature of
social impacts, the literature proposes moving away from a
purely quantitative mindset and embracing mixed-method ap-
proaches. A central strategy is to actively involve and engage
stakeholders throughout the assessment process. This is cru-
cial to counteract the risk of developing “top-down” indicators
that may not represent the views and priorities of the impacted
communities. Engaging with an “extended peer community,”
including the lay public, helps define relevant criteria and en-
sures that the assessment reflects lived experiences, which is,
particularly, important when dealing with the complexity of
social issues (Clift 2006). Instead of forcing all impacts into a
quantitative framework, the recommended strategy is to use a
mix of quantitative, semi-quantitative, and qualitative indica-
tors. Quantitative indicators can be used for metrics such as
the number of accidents, while semi-quantitative scales (e.g.,
scoring systems, yes/no checklists) can be applied to aspects
like the presence of a stress management program. Qualitative
descriptions are essential for capturing nuances that numbers
cannot, such as the details of community engagement mea-
sures. To bring structure to the characterization phase and re-
duce pure subjectivity, the UNEP/SETAC guidelines propose
using “performance reference points.” These are thresholds or
goals derived from international conventions, scientific con-
sensus, or best practices that provide a transparent basis for
scoring and weighting different social indicators.

The literature acknowledges that social assessment methodol-
ogies are still maturing and highlights several areas for future
research and development to improve rigor and usability. There
is an urgent call for the development of better databases for so-
cial information and software tools to speed up the process and
make S-LCA more mainstream. A proposed research direction
is to adapt robust techniques from environmental LCA, such as
the “pedigree matrix,” to social assessment. This would allow
the conversion of qualitative data quality criteria (e.g., reliability,
completeness) into quantitative scores, making the assessment
process more transparent and rigorous. The reviewed literature
notes that effective S-LCA requires practitioners to have a strong
background in LCA, CSR, and STA. Therefore, a long-term strat-
egy is to build knowledge through conducting more case studies
and developing educational materials to foster the necessary in-
terdisciplinary skills.

5 | Integrating Social Sustainability into Chemical
Engineering Practice

Moving beyond assessment, the core challenge lies in embed-
ding social sustainability principles into the day-to-day practices
and decision-making processes of chemical engineers across
various domains (illustrated in Figure 4 and detailed next).
This requires a shift in mindset and the application of specific
strategies and tools, leveraging opportunities identified in green
engineering, industrial ecology, and responsible innovation.
Moreover, chemical engineers need to broaden their skillset
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beyond technical expertise, embracing interdisciplinary collab-
oration, stakeholder engagement, and ethical reflection as core
competencies.

Developing new materials, products, and technologies requires a
proactive approach to anticipate social and ethical implications
early (Owen et al. 2012; Stilgoe et al. 2013). Key elements include
(a) systematically considering potential future impacts of emerg-
ing technologies (e.g., nanotechnology, synthetic biology, artifi-
cial intelligence) (Guston 2014); (b) involving diverse groups in
discussions about technology development (Fisher et al. 2006;
Matthies et al. 2024); (c) integrating ethical analysis alongside
technical and economic assessments; (d) encouraging critical
reflection on assumptions and values influencing research and
development (Stilgoe et al. 2013); (e) designing flexible technolo-
gies and governance frameworks (West et al. 2016); and (f) pro-
actively integrating safety and sustainability (including social
aspects) from the earliest design stages (Apel et al. 2024; Bidart
et al. 2024; Deng et al. 2024).

Process design is a cornerstone of chemical engineering, offer-
ing significant leverage for incorporating sustainability from
the outset (Allen and Shonnard 2001; Lopez-Flores et al. 2025).
Integrating social considerations involves: (1) prioritizing less
hazardous substances, energy efficiency, waste minimization,
and renewable feedstocks inherently reduces risks to work-
ers, communities, and consumers (Alviri et al. 2025; Anastas
and Zimmerman 2007; Garcia-Serna et al. 2007; Zimmerman
et al. 2020); (2) building safety into the fundamental design
minimizes the potential for catastrophic failures with severe
social consequences (Li et al. 2011); (3) smaller, more efficient
units can reduce footprint, resource consumption, and hazards
(Stankiewicz and Moulijn 2000); (4) utilizing multiobjective op-
timization including social indicators (e.g., worker exposure,
community risk, job creation) alongside economic and envi-
ronmental metrics (Isella and Manca 2025; Kittichotsatsawat
et al. 2024); (5) designing processes that utilize waste streams
or produce usable byproducts fosters local economic linkages
and reduces overall resource/waste burden (Chertow 2000;
Han et al. 2025; Neves et al. 2020); (6) incorporating feedback
from potential host communities regarding concerns such as
noise, traffic, visual impact, and safety (Waddock 2008); and 7
Considering designs appropriate for low-resource settings when
developing technologies for essential goods (e.g., water purifica-
tion, pharmaceuticals) (Hussam and Munir 2007).

Chemical supply chains present significant social risks related
to labor practices, human rights, and community impacts
(Seuring and Miiller 2008). Integration strategies include: (a)
evaluating suppliers on social performance and verifying com-
pliance (Locke 2013; Quan et al. 2024); (b) utilizing technologies
and demanding transparency to understand origins and pro-
duction conditions (Hejazi 2024; O'Rourke 2003); (c) prioritiz-
ing suppliers adhering to recognized social certifications (e.g.,
Fair Trade, SA8000) (Han et al. 2025); (d) collaborating to help
suppliers improve social performance; (¢) implementing clear
corporate policies addressing human rights, labor standards,
and so forth; (f) identifying and mitigating social risks within
the supply chain (Lopes de Sousa Jabbour et al. 2024); and (g)
utilizing tools such as social media marketing to enhance com-
munication and transparency, especially for SMEs (Ayokunmi

et al. 2025; Orji et al. 2020). To substantiate the acknowledg-
ment of risks to labor and human rights, the reviewed literature
offers several concrete examples from chemical and related
supply chains that illustrate these challenges in practice. A
foundational issue in global supply chains is the potential for
companies to shift not only environmental but also social bur-
dens to regions with less stringent regulations or enforcement
(Seuring and Miiller 2008; Silva et al. 2022). This phenome-
non, sometimes termed the “export of unsustainability,” can be
seen where energy-intensive industries, such as primary metal
production, migrate to countries with lower operational costs,
effectively transferring environmental impacts and often ex-
posing local labor forces to different standards of occupational
health and safety (Clift 2006). A stark historical example is the
1984 Bhopal disaster, where a plant producing the insecticide
“Sevin” operated with different safety standards, less rigorous
training, and poorer management than a similar facility in the
United States, leading to catastrophic consequences for workers
and the surrounding community (Mehlich et al. 2024; Vanclay
et al. 2015). More contemporary examples emerge from the tran-
sition to a bioeconomy. The use of bio-based feedstocks, such as
lignin from the wood-pulping industry for producing bio-based
chemicals, reconfigures supply chains, creating potential social
risks such as job displacement and “labor declines for conven-
tional suppliers” in the fossil-based sector (Asada et al. 2020;
Lettner et al. 2020). These examples underscore that managing
social sustainability in chemical supply chains requires a proac-
tive approach to identifying and mitigating a range of risks, from
immediate health and safety hazards to broader socioeconomic
disruptions (Lopes de Sousa Jabbour et al. 2024).

Waste-to-Energy requires careful SIA and community engage-
ment regarding emissions, siting, and traffic (Ramos 2024).
Recycling technologies are key to developing efficient and safe
processes (e.g., for plastics) considering worker safety and recy-
cled material quality (Han et al. 2025). The valorization of waste
streams creates value from waste (e.g., granite waste, urine nu-
trients, locust bean pods) can create economic opportunities but
needs social assessment (Gehlot and Shrivastava 2024; Vordoagu
and Adams 2024). Converting biomass/food waste needs con-
sideration of land use and food security impacts (Martinelli
et al. 2024; Peccia and Westerhoff 2015). The development of
sustainable materials and products requires social assessment.
Bio-based materials need evaluation regarding land use com-
petition and lifecycle impacts (Gruter 2025; Quan et al. 2024).
Using advanced materials for pollution control offers indirect
social health benefits (Pipil et al. 2024). Integrating sustain-
ability beyond green chemistry in cosmetics requires assessing
sourcing, labor, and safety (Alviri et al. 2025). In this context,
chemical engineers are pivotal, requiring social considerations.
For example, the production of green ammonia requires mul-
tiobjective optimization considering economic, environmental,
and social factors (land use, safety, community acceptance)
(Isella and Manca 2025). In the case of Biofuels/Bio-CNG, this
requires evaluating environmental sustainability and social
cost-benefits (food prices, land rights) (Alao and Popoola 2025;
Sharno and Hiloidhari 2024). Hydrogen production requires
considering safety, infrastructure costs, and public acceptance
(Tcharkhtchi et al. 2024). Designing campus/urban energy sys-
tems must include “Scope 3” emissions and social ramifications
(energy poverty, job transition) (Ozkan and Crowl 2024; Tian
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and You 2024). Geothermal/underground storage requires care-
ful assessment of subsurface impacts and community concerns
(Yang et al. 2024). Implementing water-energy-food nexus re-
quires integrated approaches considering social equity in re-
source allocation and access (Echeverry et al. 2024; Mirza and
Qurat-ul-Ann 2025). Valuing the role of chemical engineers in
the context of social sustainability requires understanding so-
cioeconomic impacts of adopting new technologies/practices
and assessing safety and social acceptance of recovering nutri-
ents from waste streams (Liu et al. 2024; Valizadeh et al. 2024).
This area also requires considering social implications, such as
decisions on access, safety, and equity (Boakye and Okte 2025).
Developing sustainable materials using local resources offers
potential social benefits (e.g., durability, cost-effectiveness)
(Quan et al. 2024; Vordoagu and Adams 2024).

While the principles of social sustainability are applicable
across a vast spectrum of chemical engineering activities, the
reviewed literature provides the strongest evidence and great-
est relevance for integration within three priority domains: (1)
sustainable process and product design, (2) sustainable supply
chain management, and (3) waste management and the circu-
lar economy. These areas represent the core functions where
chemical engineers can exert the most significant and direct
influence on social outcomes, moving beyond theoretical prin-
ciples to actionable, current practice (Arastoopour 2019; Garcia-
Serna et al. 2007; Huppes and Ishikawa 2007; Silva et al. 2022).
Prioritizing these domains allows for a focused application of
chemical engineering skills to address pressing social chal-
lenges (Azapagic and Perdan 2014).

6 | The Role of Education in Fostering Social
Sustainability

Integrating social sustainability principles effectively into
chemical engineering practice hinges critically on how future
generations of engineers are educated and trained (Fitzpatrick
and Byrne 2024; Glassey and Haile 2012). Traditional curricula
have often marginalized societal context, ethical dimensions,
and social impacts (Chen and Pfluger 2024; Mitchell 2000). A
paradigm shift in chemical engineering education is necessary
to equip graduates for the complex sociotechnical challenges
ahead (Azapagic and Perdan 2014).

Embedding social sustainability requires integration across the
curriculum, not just isolated courses (Chen and Pfluger 2024;
Walker and Clausen 2024). Sustainable development (TBL),
social dimensions, and ethics, should be introduced early (e.g.,
introductory engineering courses). Social considerations must
be woven into technical subjects: (a) include SIA/S-LCA, ethi-
cal dilemmas, community engagement, inherent safety linked
to social risk in process design (Lopez-Flores et al. 2025); (b)
discuss energy poverty, equitable access, social ramifications of
energy transitions in thermodynamics/energy subjects (Ozkan
and Crowl 2024); (c) examine lifecycle social impacts, ethical
sourcing, end-of-life management in materials science (Han
et al. 2025); (d) discuss process safety implications for workers/
communities in kinetics/reactor design; and (e) incorporate
SROI, social cost-benefit analysis, ecological economics in eco-
nomics disciplines (Fitzpatrick and Byrne 2024). Specialized

courses on sustainable engineering, green chemistry, indus-
trial ecology, environmental policy, and engineering ethics
with significant social content should be offered (Walker and
Clausen 2024). Explicit incorporation of social sustainability
criteria (SIA, community impact, ethics, stakeholders) beyond
technical/economic optimization should be required in design
projects.

Effective pedagogy involves active learning and real-world rele-
vance. Real-world cases (successes and failures) should be used
to illustrate complex sociotechnical interactions and prompt
critical thinking/ethical deliberation (Hussam and Munir 2007;
Freckleton 2013). Structured training in engineering ethics,
codes, decision frameworks, and dilemmas (Iordache 2024;
Mehlich et al. 2024) should be provided. Methodologies and tools
such as SIA/S-LCA should be the subject of dedicated training
(Pérez-Lopez et al. 2025; Vanclay 2002). Students should en-
gage in projects addressing real-world problems with commu-
nity partners. Collaboration with students/faculty from other
disciplines (social sciences, policy, etc.) should be encouraged/
required (Avelino et al. 2024; Tles and Mulvihill 2012; Matthies
et al. 2024). Scenarios to navigate ethical dilemmas or stake-
holder interests and invite practitioners to share experiences
should be used.

Beyond technical knowledge, education must cultivate crucial
skills and attitudes such as: (a) understanding complex systems
and interconnectedness (Bakshi 2019); (b) identifying, analyz-
ing, and making justified ethical decisions (Harris et al. 2019);
(c) communicating effectively with diverse audiences, active
listening; (d) identifying stakeholders, understanding perspec-
tives, incorporating them into decisions (Elias et al. 2002); (e)
awareness and sensitivity to diverse cultural norms (Awan
et al. 2018); (f) recognizing sustainability as an evolving field;
and (g) instilling professional responsibility toward society and
the environment (Karjanto 2022). Integrating these elements is
essential for preparing graduates who are technically proficient,
ethically grounded, socially aware, and equipped for a sustain-
able future (Hiibscher et al. 2024). Educational reform is fun-
damental to shifting the mindset and skillset of the profession
(Azapagic and Perdan 2014).

While curricular recommendations for social sustainability can
appear broad, the literature provides several documented edu-
cational experiences and measurable outcomes that can ground
these proposals in practice. A foundational approach involves
integrating sustainability not as an “add-on,” but as a core prin-
ciple throughout the engineering curriculum, a paradigm shift
now supported by accreditation bodies that assess programs on
outcomes rather than inputs (Karjanto 2022). Documented ped-
agogical experiences include long-standing courses such as the
“Sustainable Entrepreneurship and Technology” subject at Delft
University of Technology, which since 1996 has required chem-
ical engineering students to develop business plans for sustain-
able products (Bonnet et al. 2006). The outcomes of this course
are measured through project appraisals and student focus
groups, which have shown an enhanced student understanding
of sustainability’s complexity and its integration into business
(Bonnet et al. 2006). Similarly, a five-lecture series on ecolog-
ical economics at University College Cork for chemical engi-
neering students produced measurable outcomes via student
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surveys, with 95% of respondents finding the material useful
for understanding concepts such as ecological limits and the
social dimensions often overlooked in traditional engineering
(Fitzpatrick and Byrne 2024). More specific and measurable out-
comes are also documented through project-based learning. For
example, Barcelona Tech requires a mandatory “Sustainability
Report” for all final degree projects in Informatics Engineering,
which is assessed using a “sustainability matrix,” providing a
concrete evaluation of students' ability to apply sustainability
principles (Rubio et al. 2019). Service-learning projects also
offer documented outcomes by developing skills in “sustainabil-
ity awareness, cultural sensitivity, [and] empathy” and helping
communities “ensure individuals' human rights via sustainable,
culturally appropriate, technology-based solutions” (Harris
et al. 2019). Furthermore, studies focusing on specific sustain-
ability topics have measured educational results; for example, a
study on bioeconomic innovations measured “learning effects”
through case studies (Asada et al. 2020), while another on farm-
ing systems used surveys to measure social outcomes such as
“labor practices, job satisfaction, and the broader community
impact” (Wang et al. 2024). These examples demonstrate that
educational initiatives in social sustainability can be docu-
mented and their outcomes, both qualitative and quantitative,
can be measured, providing an evidence-based foundation for
new curricular proposals.

7 | Future Research Directions

To address the need for a more focused research agenda, future
work can be prioritized into urgent, transitional, and long-term
directions that are directly actionable for chemical engineering.
This structured approach helps translate the broad imperatives
of social sustainability into a focused research and innovation
agenda.

The most urgent priorities address immediate methodological
and technological gaps. Methodologically, there is a pressing
need for robust assessment tools suited for the early stages of
research and development to overcome the “design paradox,”
where design freedom is highest but data is scarcest (Chebaeva
et al. 2021; Gasafi and Weil 2011; Schoggl et al. 2017). Key
among these is advancing S-LCA by creating better socioeco-
nomic databases, software tools, and impact assessment meth-
ods, which remain an “open field for future research” (Tokede
and Traverso 2020). Technologically, chemical engineers are
positioned to lead immediate decarbonization efforts through
process intensification—creating smaller, cleaner, and more
energy-efficient technologies (Arastoopour 2019)—and ad-
vancing carbon capture, utilization, and sequestration, from
novel sorbent development to process-level integration using ad-
vanced computational models (Arastoopour 2019).

For the medium-term transition, a key area for chemical engi-
neering research is the development of sustainable biorefiner-
ies that convert underutilized resources and waste streams into
value-added products, thereby generalizing the traditional re-
finery concept (Asada et al. 2020; Narodoslawsky 2013). This
includes innovating unit operations, such as membrane and
chromatographic separations, tailored for biogenic feedstocks
(Narodoslawsky 2013). Concurrently, research into the cleaner

production and conversion of natural gas from sources like
shale and hydrates is vital as it serves as a critical transitional
fuel, requiring chemical engineering expertise to address en-
vironmental challenges and develop new conversion pathways
(Arastoopour 2019).

Long-term actionable directions require a fundamental para-
digm shift. This involves expanding the boundaries of Process
Systems Engineering to holistically integrate ecosystem capac-
ities and human behavior (e.g., the “rebound effect”), moving
from a paradigm of dominating nature to one of learning from
and respecting its limits (Bakshi 2019). Concrete research areas
include the direct integration of renewable energy (e.g., concen-
trated solar power) into chemical processes, developing large-
scale energy storage solutions like green hydrogen, and creating
novel chemical recycling technologies for a true circular econ-
omy (Arastoopour 2019; Han et al. 2025). Achieving these goals
will require chemical engineers to engage in deeper interdisci-
plinary collaboration, particularly, with social sciences, to tackle
“wicked” sustainability problems (Azapagic and Perdan 2014;
Clift 2006).

8 | Conclusion

This review's specific findings collectively lead to the conclusion
that integrating social sustainability into chemical engineering
requires a fundamental paradigm shift, moving the discipline be-
yond its traditional technoeconomic boundaries (Bakshi 2019).
A central finding, synthesized from the literature, is that while
the traditional three pillars of sustainability are theoretically
equal, a clear hierarchy persists in practice where social aspects
are often marginalized due to their complexity and the immatu-
rity of assessment methodologies (Seuring and Miiller 2008; Van
Schoubroeck et al. 2018).

The review of assessment tools concludes that while frame-
works such as S-LCA offer a structured approach for evalu-
ating impacts on stakeholders such as workers, consumers,
and local communities across the value chain (Gehlot and
Shrivastava 2024; Ramos 2024; UNEP/SETAC 2009), their prac-
tical application is consistently hampered by challenges in data
availability, indicator selection, and quantifying qualitative so-
cial values (Jorgensen et al. 2008; Tokede and Traverso 2020).
This methodological gap directly connects to findings from
specific practice areas; for instance, the analysis of supply chain
management revealed that a lack of robust social metrics con-
tributes to reactive rather than proactive management of labor
and human rights. Similarly, in education, the evidence showed
that while innovative pedagogical experiences exist, the lack
of standardized, measurable outcomes for social sustainability
competencies impedes their systematic integration into engi-
neering curricula (Fitzpatrick and Byrne 2024).

Ultimately, this review concludes that addressing these in-
terconnected findings requires chemical engineering to em-
brace its role in solving complex “wicked” problems (Azapagic
and Perdan 2014; Bakshi 2019) by actively developing social
assessment tools, fostering deeper interdisciplinary collab-
oration with the social sciences (Azapagic and Perdan 2014;
Matthies et al. 2024), and fundamentally reframing engineering
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education to equip future professionals with the necessary ethi-
cal and practical skills.
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