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Sustainable development
strategies for smart sustainable
campus operations: global trends,
challenges and opportunities

Aniefon Essien*, Eghosa Ekhaese and Daniel Babalola

Department of Architecture, Covenant University, Ota, Nigeria

Higher Educational Institutions (HEIs) worldwide are increasingly adopting the
Smart Sustainable Campus (SSC) model to drive sustainability across campus
operations. This systematic literature review (SLR) critically examines global strat-
egies, trends, challenges, and opportunities in SSC implementation, focusing on
the five core operational domains: waste management, setting and infrastructure,
energy management, water management, and sustainable mobility. Based on
the PRISMA Flow Chart, the research examined 90 peer-reviewed publications
dated 2015-2025, sourced from Scopus, Web of Science, ScienceDirect and
Emerald Insight. The findings indicated that, despite breakthroughs already made,
notably in energy management and intelligent infrastructure, gaps remain in inte-
grated frameworks, standardised metrics, and comprehensive policy approaches.
Financial constraints, technological differences, policy fragmentation, and data
privacy are among the challenges common in a developing context. Yet, recent
technological advances, such as Artificial Intelligence, the Internet of Things,
blockchain, digital twins, cross-sector collaborations, and capacity-building
efforts, offer a radically new possibility for SSC development. The study provides
a detailed roadmap linking SSC operations to the United Nations Sustainable
Development Goals (SDGs), positioning HEIs as pivotal agents in building sustain-
able, resilient, and inclusive academic environments.
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energy management, smart sustainable campus, sustainable development goals,
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1 Introduction

The emergence of Smart Sustainable Campus (SSC) represents a significant evolution in
how higher education institutions (HEIs) will address challenges related to global sustainability
(Hariram et al., 2023). Rooted in the principles of sustainable development, SSCs represent an
institutional transition embedded with digital innovation and ecologically oriented campus
activities (Santos, 2024). Factors such as environmental concerns, technological development,
and international sustainability frameworks, including the United Nations Sustainable
Development Goals (SDGs), the Talloires Declaration, and the UI Green Metric World
University Rankings, have influenced the shift to SSCs, as asserted by Leal et al. (2021). These
global agendas continue to encourage HEIs to become not only centres of knowledge creation
but also operational exemplars of sustainability.
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The SSC paradigm is broadly categorised into three major concep-
tual streams. The human-centric stream is the first, with an emphasis
on behaviour change, stakeholder input, and equity (Atay et al., 2025).
The second one is the techno-centric stream, which is characterised by
the implementation of digital technologies such as Artificial Intelligence
(AI), the Internet of Things (IoT), and big data analytics (Wen et al.,
2023; Zaballos et al., 2020). The third, the post-anthropogenic stream,
points to a more radical re-visioning of campuses as self-managing,
adaptive ecosystems staying within global thresholds (Agarwal, 2023).
Together, these streams frame the multidimensional nature of SSCs and
emphasise the importance of aligning operations with ecological integ-
rity, social well-being, and technological resilience. Across international
literature, four major strategies for operationalising sustainability
within HEIs have been identified: (1) education, (2) research, (3) com-
munity collaboration, and (4) campus operations (Dzhuguryan and
Deja, 2021). This study specifically focuses on the fourth strategy,
campus operations, which comprises five core indicators: energy; set-
ting and infrastructure; water management; sustainable mobility; and
waste management. These domains represent critical leverage points
through which SSCs can influence environmental impact, institutional
efficiency, and socio-cultural transformation (Pandiyan et al., 2024;
Rehman et al., 2024; Rodriguez et al., 2023).

Ayyash and Salah (2025) noted that, despite the proliferation of
case studies and institutional reports, the SSC literature remains frag-
mented. Few studies have offered integrative perspectives spanning all
five operational domains, particularly through the lens of global diver-
sity and policy alignment (Stuckrath et al., 2025; Marin-Gonzalez et al.,
2022; Adenle et al., 2021). Furthermore, while some campuses have
achieved technological sophistication, others remain constrained by
limited resources and policy inertia. Ferraris et al. (2020) expressed that
a critical synthesis of global trends, gaps, and innovations is necessary
to advance theory and practice in SSC development. Kim et al. (2021)
revealed that the literature reveals a misalignment between the techno-
logical and socio-political dimensions of SSC implementation. While
advanced digital solutions are increasingly available, their deployment
often lacks institutional coherence, stakeholder engagement, and con-
textual sensitivity (Oliveira and Proenga, 2025; Mugeet et al., 2022;
Oyedepo et al., 2021). In addition, current research frequently isolates
operational domains rather than examining them as an integrated
system, leading to siloed approaches and suboptimal outcomes.

This study investigates sustainable development strategies for
Smart Sustainable Campus operations, emphasising global trends,
challenges, and opportunities across core operational domains. To
realise this goal, the research will be informed by the following
research questions:

i) How are Smart Sustainable Campuses defined and operation-
alised globally across waste, energy, infrastructure, water, and
mobility domains?

ii) To what extent do these operational practices align with the
SDGs and international sustainability declarations?

iii) What are the key institutional, technological, and socio-cul-
tural challenges and opportunities in the adoption of SSC
strategies?

1.1 Emergence of the smart sustainable
campus

According to Martinez et al. (2021), the concept of the Smart
Sustainable Campus (SSC) represents a dynamic intersection between
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sustainability imperatives and technological innovation in higher edu-
cation institutions (HEIs). Its emergence is rooted in two foundational
trajectories: the environmental sustainability movement in academia
and the digital transformation of institutional operations (Rane,
2023). Historically, HEIs have played an instrumental role in advanc-
ing the sustainability discourse, particularly since the 1990 Talloires
Declaration, which was the first official commitment by HEI leaders
to environmental sustainability (Lan and Shizhu, 2025). It was then
followed by such global initiatives as the United Nations Decade of
Education for Sustainable Development (2005-2014), Rio + 20
Outcome Document (2012) and acceptance of Sustainable
Development Goals (SDGs) in 2015 that all in one strengthened the
requirement of being able to incorporate sustainability in educational
processes, as well as operational and community engagement
(Sugandha et al., 2025; Reihaneh and Marzieh, 2023; Hiltunen et
al,, 2022).

Concurrently, Sen et al. (2021) pointed out that the rapid growth
of digital innovations, including the Internet of Things (IoT), Artificial
Intelligence (AI), cloud computing, and data analytics, has enabled
campuses to digitalise the operations and streamline the management
of resources in real-time (Alshuwaikhat et al., 2022). This digital trans-
formation was first framed under the “smart campuses” tag, centring
on efficiency and user experience. Nonetheless, the increased under-
standing of climate change, resource depletion, and equity concerns
led to the synthesis of the smart and sustainable paradigms, which
resulted in the emergence of the SSC model complex, technology-
enhanced, and sustainability-centred campus framework (Negri et al.,
2021). The SSC therefore presents a strategic transition from linear,
resource-use-based campuses, bound by compartments and compart-
mentalised governance, to adaptive, participatory, circular systems in
line with planetary boundaries and socio-technical resilience
(Mohammed et al., 2022). This is because of growing external pres-
sures on HEIs to reduce their environmental footprint, model climate
leadership, and educate future sustainability practitioners (Pacini et
al.,, 2025). As such, the SSC has come as not only an upgrade of tech-
nology but also a revolutionary institutional design, which has multi-
dimensional repercussions on the structure of infrastructure, morale
of governance, teaching and learning methods and interactions with
the stakeholders (Jiao et al., 2024; Zainullah et al., 2024; Yan et
al,, 2023).

1.2 Conventional campus to smart
sustainable campus

According to Malagnino et al. (2021), transitioning from a con-
ventional campus to a Smart Sustainable Campus (SSC) is not just
about technology; it is a paradigmatic shift of how HEIs view and
operationalise sustainability. Traditional campuses operate on frag-
mented systems in which facilities management, academic depart-
ments, and student affairs feel like silos, with no shared sustainability
objectives or interoperable sustainability data (Gonzalez-Garcia et al.,
2023). Such campuses are traditionally described by operational inef-
ficiencies in the usage of resources, numerous fixed assets, and respon-
sive approaches to maintenance and environmental responsibility are
minimal. In addition, as asserted by Rieckmann and Bormann (2020),
sustainability efforts, when present, are more project-driven than sys-
temic, lacking institutional anchoring or long-term strategic planning.
The SSC model envisions the campus as a living laboratory (Azzali and
Sabour, 2018), particularly a dynamic, data-rich environment that
incorporates sustainability and technology at every level of operation
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(Adeyemi et al., 2018). At the core of this model, there lies the idea of
interconnectivity, as physical systems (e.g., energy grids, water infra-
structure, transportation networks), digital systems (e.g., IoT sensors,
campus apps, cloud platforms), and social systems (e.g., student and
staff behaviours, governance frameworks) all interact collectively to
enable the system to adapt through decisions and continual enhance-
ments (Weil et al., 2023; Jawad et al., 2023; Esfilar et al., 2021).

Rey-Hernandez et al. (2023) underscored that a significant dis-
tinction lies in how governance and sustainability evaluation are
approached. Whereas traditional models still heavily rely on manual
audits and trailing indicators, SSCs use real-time dashboards and pre-
dictive analytics to monitor performance and simulate interventions
(Kolokotsa et al., 2016). This empirical framework is capable of ana-
lysing in detail the patterns of resource consumption; identifying inef-
ficiencies early enough is the foundation of designing policies based
on evidence. Pan et al. (2023) stated that integrating Building
Information Modelling (BIM), digital twins, and smart metering
enables advancements in SSC operations. As SSCs become able to
transcend the reactive management practices of conventional cam-
puses and move toward anticipatory and resilient operations
(Dominguez-Bolano et al., 2024; Olawumi et al., 2023; Alshuwaikhat
et al., 2022). Alrashed (2020) stated that, on a par with the societal
change, SSCs aim to influence is the cultural shift. Sustainability in
conventional settings is often the responsibility of a specific unit or
office. In SSCs, sustainability is institutionalised as a cross-cutting
principle embedded in teaching and research agendas, operational
protocols, and student life (Batal et al., 2024; Shao and Min, 2024;
Garcfa-Monge et al., 2023). It is a holistic approach that encourages
taking shared responsibility and enables all stakeholders to play a role
either in bringing about sustainability results, or it may be a change
in changing behaviour, innovations, or advocacy of policy outcomes
(Zhou and Zheng, 2024; Ramirez et al., 2023; Mohammed et al.,
2022). The transition towards SSCs is an integrated reorganisation of
the university as a knowledge organisation and a sustainability player
(Doaa and Davies, 2025; Nkem et al., 2019). It puts HEIs to the test by
requiring them to align their operational logic with global sustain-
ability demands, the trend toward digital technologies, and evolving
stakeholder expectations.

1.3 Theoretical framework

The implementation of Smart Sustainable Campus (SSC) initia-
tives is grounded in multidimensional theoretical thinking that goes
beyond describing only the structural and operational aspects of
campus transformation, to the socio-cultural and institutional con-
texts upon which they are grounded (Ajiboye et al., 2022). The inter-
related theories of Triple Bottom Line (TBL), Socio-Technical Systems
(STS) Theory, and Diffusion of Innovations (Dol) Theory provide
guiding insight into the planning, implementation and assessment of
SSCs (Xie et al., 2023).

The foundational framework of the Triple Bottom Line (TBL) for-
warded by Elkington (1997) enables a broader sustainability assess-
ment than economic assessment. It suggests that any system that can
be sustained must achieve a balance among three pillars: environmen-
tal integrity, social equity, and economic viability (Dawodu et al.,
2022). Lim et al. (2022) asserted that when applied to SSCs, the TBL
lens enables HEIs to assess whether campus operations (e.g., energy
systems, water use, infrastructure, mobility, and waste management)
not only reduce ecological impact but also enhance social inclusion
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(e.g., accessibility, participation) and institutional efficiency (e.g., cost
savings, resource optimisation). For instance, green buildings can save
emissions (environmental), improve the indoor environment with
regard to health (social), and save utility costs (economic), hence
meeting the TBL mandate.

The Theory of Socio-Technical Systems (STS) is complementary
to the TBL, as it focuses on the interface between technological inno-
vation and societal structures (Ahlborg et al., 2019). Sony and Naik
(2020) stated that the STS theory is a concept formulated in organisa-
tional research, arguing that technology systems are never isolated and
are deeply embedded and shaped by institutional cultures, governance
structures, and user behaviours. In SSCs, implementing smart grids,
IoT sensors, or mobility platforms must be coordinated with the uni-
versity’s social architecture, how it decides, its stakeholders’ values,
and the preparedness of its institution (Akbar et al., 2023; Sangita and
Sakharle, 2022). STS theory therefore underscores the need to change
technical infrastructures and human systems concurrently for effec-
tive SSC transformation.

Diftusion of Innovations (Dol) Theory, first presented by Rogers
(2003), provides some useful insights on the process of diffusion of
innovations (SSC-related or otherwise) across and among institutions.
Perceived advantage, compatibility with existing systems, trialability,
observability, and complexity are among the factors this theory focuses
on in the adoption context (Duanmu and Chai, 2025). Single-source
computing settings in SSC environments change agents, including sus-
tainability champions or IT departments, are often early adopters (pio-
neers) of technologies, such as digital twins or energy dashboards, that
tend to spread to other departments (Liu and Ren, 2020; Liu et al.,
2020). Communication channels, peer influence, and institutional cul-
ture are also mentioned in the theory as factors that underscore speed
or slowness in the adoption of SSCs (Ivars-Baidal et al., 2023).

These frameworks, taken cumulatively, demonstrate the signifi-
cance of systemic thinking in SSC planning (Santos, 2024; Sima et al.,
2022; Frangozo et al., 2021). Although TBL guarantees adherence to
sustainability outcomes, STS provides an operational interface
between technology and organisation, and Dol provides the temporal
and cultural pathways for the diffusion of SSC. The theories point out
that SSC success cannot be reduced solely to the deployment of appro-
priate tools, but rather to the creation of the right institutional envi-
ronments that are flexible, participatory, and future-oriented.

1.4 International declarations, indicators,
and institutional commitments

The process of development and introduction of the Smart
Sustainable Campuses (SSCs) is more and more determined by policy
frameworks and institutional ranking rules of the global community,
which demand thorough incorporation of sustainability in the work
of higher education establishments (Rieckmann and Bormann, 2020).
Such international declarations and indicator-based assessments are
not only sources of normative guidance, but they also give universities
incentives to measure, benchmark, and enhance their sustainability
performance (Doaa and Davies, 2025). The framework most relevant
to sustainable development is the United Nations Sustainable
Development Goals (SDGs), adopted in 2015, which provide a uni-
versal blueprint of 17 goals and 169 targets to be achieved in sustain-
able development (Lan and Shizhu, 2025). Higher education
institutions are increasingly aligning their SSC strategies with key
SDGs, including SDG 4 (Quality Education), SDG 7 (Affordable and
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Clean Energy), SDG 11 (Sustainable Cities and Communities), SDG
12 (Responsible Consumption and Production), and SDG 13 (Climate
Action). For instance, the shift of a HEI toward renewable energy
sources or the zero-waste movement has a direct, positive impact on
several SDG goals, reinforcing their universal relevance (Malagnino
etal, 2021).

The Talloires Declaration, the first declaration by HEI leaders
promising to commit higher education to sustainability, is another
policy tool on which the new policies are based (Mai et al., 2024).
More than 500 HEIs signing it require environmental literacy as a
component of instruction, operations, and informing communities.
This declaration laid the groundwork for SSCs by formalising sustain-
ability as a core institutional mandate, rather than an ancillary activity
(Lan and Shizhu, 2025). In parallel, ranking systems such as the UI
Green Metric World University Ranking and the Sustainability
Tracking, Assessment and Rating System (STARS) have played a criti-
cal role in shaping SSC operational indicators (Horan and O'Regan,
2021). Green Metric, for instance, evaluates HEIs across six criteria,
which are setting and infrastructure, energy and climate change,
waste, water, transportation, and education or research (Boiocchi et
al., 2023). These indicators directly mirror the core operational
domains examined in this study and provide HEIs with quantitative
benchmarks for performance improvement.

National-level initiatives also shape SSC development. In coun-
tries like the United Kingdom, the Carbon Trust Standard for
Universities and the Environmental Association for Universities and
Colleges (EAUC) have institutionalised sustainability reporting and
carbon reduction targets (Saha et al.,, 2020). Similarly, Australia’s
TEFMA (Tertiary Education Facilities Management Association) pro-
motes smart campus technologies to improve operational perfor-
mance (Mahmoud et al., 2024). In emerging contexts, governments
have begun to integrate SSC goals into broader national sustainability
agendas, though funding, infrastructure, and monitoring gaps remain.
Despite these efforts, challenges persist. Numerous HEIs face the
dilemma of scattered implementation, as proclamations of sustain-
ability are issued but not carried through in operational changes
(Ramos et al., 2015). Others report difficulties in data collection, indi-
cator standardisation, and inter-departmental coordination. However,
global structures have driven a turnaround in universities’ ideas and
quantification of sustainability (Shu and Tian, 2024). Notably, they
promote competition, transparency, and networks of learning. Also,
they stimulate institutions not only to report their progress but also to
innovate in achieving global common purposes (Lim et al., 2022).

In this regard, the SSCs act not only as an operational model but
also as an accountability entity, converting global sustainability man-
dates into practical campus-based activities (Ayyash and Salah, 2025).
The ability of a university to meet or exceed these benchmarks increas-
ingly defines its reputation, funding potential, and global partnerships,
thereby underscoring the strategic importance of SSCs in 21st-century
higher education (Sangita and Sakharle, 2022).

1.5 Global trends and frameworks across
Core operational domains

Smart Sustainable Campuses (SSCs) operate at the convergence
of environmental stewardship, the digital transformation, and higher
education reform (Gu et al., 2025). Xie et al. (2023) stated that there
are globally unique trends across the five operational domains: waste
management, setting and infrastructure, energy management, water
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management, and sustainable mobility. The trends indicate not only
technological advances but also institutional responses to regulatory
pressures and student activism campaigns, on the one hand, and to
competitive sustainability benchmarking of institutions, on
the other.

i Waste Management

Waste management in SSCs has evolved beyond basic recycling
to incorporate smart waste tracking systems, behaviourally
informed interventions, and zero-waste targets (Panaite et al.,
2024). HEIs such as the University of California have been
embracing holistic Zero Waste by 2020 policies, which include
the deployment of smart bins with IoT sensors, trash analytics
solutions and campus-wide education campaigns (Rodriguez-
Guerreiro et al., 2024). Recycling programs, reusable packaging
systems and composting programs are also becoming typical in
food services and residential halls (Okoro et al., 2020; Olukanni
et al., 2018). Globally, there is growing emphasis on circular
economy models, in which campus waste serves as an input for
energy (e.g., biogas) or agriculture (e.g., compost), especially in
European and Southeast Asian HEIs.

-
=

Setting and Infrastructure

Sustainable campus settings are characterised by the integration
of green design principles with intelligent building management
(Ribeiro et al., 2018). Standards such as LEED (Leadership in
Energy and Environmental Design) and BREEAM (Building
Research Establishment Environmental Assessment Method)
guide the construction and retrofitting of academic facilities. In
advanced SSCs, smart buildings utilise real-time environmental
sensors and Al algorithms to regulate lighting, HVAC systems,
and occupancy schedules (Oyedepo et al., 2019). Additionally,
digital twins (virtual models of physical spaces) are increasingly
used for predictive maintenance and energy simulations. At the
planning level, green campus masterplans incorporate biodiver-
sity conservation, water-sensitive landscaping, and climate-resil-
ient infrastructure (Hussain and Sheikh, 2023; Pankaj et al., 2024).
Although LEED and BREEAM are widely referenced in past
SSC studies as standards of sustainability, their applicability to
campus-wide assessments remains limited. These frameworks
are primarily design-based certifications which focus on single
buildings, rather than performance-oriented instruments that
can work in multi-building university environments. Basheer
et al. (2025) noted the fact that their reliance on static rating
criteria makes them less effective in the capturing of dynamic
sustainability performance metrics across various campus sys-
tems. Therefore, future SSC assessment frameworks must have
Key Performance Indicators (KPIs) that monitor continuous
performance in such aspects as energy, water, and transporta-
tion, rather than focusing mainly on design intentions.

iii Energy Management
Among the most advanced domains, energy management in
SSCs combines on-site renewable generation with smart grid
integration and Al-driven efficiency tools (Nkem et al., 2019).
Leading examples include Stanford University’s Energy System
Innovations (ESI), which shifted the campus from fossil fuels
to electricity-based heating and cooling, resulting in a 68%
reduction in carbon emissions (Wang et al., 2023). IoT-enabled
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energy dashboards allow real-time monitoring by both facility
managers and students, often paired with gamification to pro-
mote behavioural change. In the Global South, cost-effective
solar PV installations and microgrids are expanding energy
access while promoting climate action (Rodgers, 2021).

iv. Water Management

Smart water management in SSCs emphasises efficiency, reuse,
and resilience. IoT-based systems detect leaks, track usage, and
optimise irrigation in real-time based on soil moisture and
weather data (Shboul et al., 2023). Universities in water-scarce
regions such as Australia and the Middle East have pioneered
rainwater harvesting, greywater recycling, and desalination
pilots (Jiao et al., 2024). Furthermore, water footprints are now
reported alongside carbon footprints in sustainability audits,
highlighting the growing importance of water stewardship.
Campus stormwater management is also evolving, with perme-
able pavements and bioswales integrated into infrastructure to
mitigate flood risks and improve aquifer recharge (Rey-
Hernandez et al., 2023).

Sustainable Mobility

Sustainable mobility is increasingly framed within transport
decarbonisation, active commuting, and the mobility-as-a-
service (MaaS) paradigm. SSCs promote walking and cycling
through dedicated lanes, secure bike storage, and incentive
programs (Olawumi et al., 2023). The deployment of electric
vehicle (EV) infrastructure, such as charging stations and
EV-sharing schemes, is expanding rapidly. Smart mobility
platforms, often app-based, offer real-time shuttle tracking,
ride-sharing, and route optimisation. Campuses such as
those in Singapore and the Netherlands are leading in inte-
grating low-carbon transportation systems with smart data
analytics to reduce traffic congestion and emissions
(Santos, 2024).

i Emerging Operational Domains

Recent studies expand the operational model of Smart
Sustainable Campuses (SSCs) to include learning environments
and indoor environmental quality (IEQ) as critical aspects of
sustainability (Azzali and Sabour, 2018; Jiang and Kurnitski,
2023; Shao and Min, 2024). Sustainable learning environment
focuses on emerging modes of teaching, interactive facilities
and digital learning facilities that aids awareness and education
on sustainability (SDG 4: Quality Education). Similarly, IEQ
encompasses air quality, lighting, acoustics and thermal com-
fort, all of which has a significant influence on the way people
feel, think, and how productive they are (SDG 3: Good Health
and Well-Being). The incorporation of these domains link SSC
frameworks to holistic sustainability objectives that focus on
the environmental outcomes as well as on human experience,
therefore reinforcing the idea of the human-centricity of SSC
conceptualisation.

vii Expanded SDG Alignment Across SSC Operational Domains
The SSC operating framework aligns with the broader United
Nations Sustainable Development Goals (SDGs). In addition to
the key objectives of SDG 7 (Affordable and Clean Energy),
SDG 11 (Sustainable Cities and Communities), SDG 12
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(Responsible Consumption and Production), and SDG 13
(Climate Action), SSCs contribute to SDG 4 (Quality
Education) (through creation of learning-oriented environ-
ments) and SDG 3 (Good Health and Well-Being) through
health promoting and the provision of safe campus spaces
(Basheer et al., 2025). This total conformity demonstrates the
significant role SSCs play in transforming both infrastructural
and human dimensions of sustainability in higher education.

1.6 Gaps in the literature and conceptual
challenges

Despite the expanding body of research on Smart Sustainable
Campus (SSC) operations, several critical gaps remain unaddressed,
reflecting limitations in scope, methodological diversity, and concep-
tual coherence.

i Fragmented Domain Integration

Most studies focus on single operational domains, such as
energy or infrastructure, without accounting for interdepen-
dencies across domains (Olawumi et al., 2023). This single-
focus approach obscures synergies and trade-offs, limiting
understanding of holistic SSC effectiveness. Integrated assess-
ments remain scarce, hindering the development of compre-
hensive SSC evaluation frameworks (Pan et al., 2023).

ii Evaluation Metrics and Benchmarking Limitations

While indicator systems such as UI Green Metric and STARS
provide structured benchmarks, they often suffer from incon-
sistency in reporting parameters and lack longitudinal data
(Makhoul, 2022). These dashboards generally capture “what is
being done” rather than “what has been achieved,” making it
difficult for institutions to measure long-term impacts over time.
The absence of standardised, globally adopted performance
indicators remains a collective barrier (Cunha et al., 2024).

iii Underrepresentation of Post-Anthropogenic Perspectives
Existing literature privileges techno-centric and human-centric
narratives but rarely engages with post-anthropogenic perspec-
tives (Cherp et al., 2018). These perspectives foreground non-
human considerations: biodiversity, ecosystem integration, and
planetary health. As SSCs evolve to meet broader climate and
ecological imperatives, the absence of this dimension limits the
potential for truly sustainable transformation (Ramirez et
al,, 2023).

iv. Regional and Socio-economic Biases

A disproportionate number of SSC case studies originate from
developed economies (Mihi¢ et al., 2019). Universities in
Africa, Latin America, and Southeast Asia are underrepre-
sented, yet these regions face the most severe sustainability
challenges and have unique constraints. The resulting research
bias limits global generalisability and obscures context-specific
innovations, such as solar-powered purification systems or
decentralised water treatment solutions (Alrashed, 2020).

v Behavioural Dimensions and Stakeholder Engagement Gaps

Although several studies acknowledge the role of stakeholder
participation, empirical research on how changes in student,
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faculty, and staff behaviour influence SSC success is limited
(Amaral et al., 2020). Behaviourally informed interventions
(e.g., gamification, participatory planning) are often described
without rigorous evaluation. This gap reduces the practical rel-
evance of recommendations for real-world SSC scaling and
adoption (Das et al., 2022).

vi Ethical and Data Governance Considerations

The increasing digitisation of campus systems raises ethical
concerns regarding privacy, consent, and transparency
(Adeyemi et al., 2018). Few studies engage deeply with these
issues. Clear protocols for data ownership, usage policy, and
privacy are frequently omitted from SSC design frameworks,
yet they become critical for trust, acceptance, and sustainability
(Frangozo et al., 2021).

2 Methodology

The study used the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework to ensure a com-
prehensive, transparent and replicable review process (O'Dea et al.,
2021). The methodology was organised in terms of four major phases,
namely, identification, screening, eligibility, and inclusion, which
allowed selecting relevant research on Smart Sustainable Campus
(SSC) operation in precise terms of waste management, setting and
infrastructure, energy management, water management, and sustain-
able mobility in a rigorous way (Polin et al., 2023).

2.1 Research design

Guided by the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) framework, this study
made use of a Systematic Literature Review (SLR) approach
(Agrawal et al., 2024). This method allows for a thorough and rep-
licable synthesis of peer-reviewed studies with the goal of identify-
ing trends, conceptual gaps, and emergent strategies in Smart
Sustainable Campus (SSC) operations (Chagnon-Lessard et al.,
2021). The rapidly evolving and interdisciplinary nature of SSC
research, covering fields including environmental science, educa-
tion, engineering, and digital technology, makes the SLR design
especially well-suited to this study.

2.2 Data sources and search strategy

To gather exhaustive data, several academic databases, including
Scopus, Web of Science, ScienceDirect and Emerald Insight, were
employed. These four academic databases were selected for their wide
and detailed coverage of multidisciplinary research spanning sustain-
ability, higher education, and technological innovation research. The
search technique used a combination of Boolean phrases and words
to narrow search results (Karale, 2021). Expression used as keywords
were combinations of the words, such as; (“smart sustainable campus”
OR “smart campus” OR “sustainable campus”) AND (“energy man-
agement” OR “waste management” OR “water management” OR
“infrastructure” OR “mobility”) AND (“higher education” OR “uni-
versity” OR “college”). The search was restricted to English-language
peer-reviewed journal articles and conference papers published

Frontiers in Sustainable Cities

10.3389/frsc.2026.1747438

between 2015 and 2025 to capture contemporary developments while
allowing temporal breadth for trend identification.

2.3 Inclusion and exclusion criteria

In order to obtain relevance and quality of information, the fol-
lowing inclusion and exclusion criteria were set up as shown in
Table 1.

2.4 Data extraction and analysis

The study was designed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines to ensure transparency and rigour in the literature selection
process. A thorough search was conducted across four key academic
databases: Scopus, Web of Science, ScienceDirect, and Emerald
Insight. Title/Abstract/Keyword search terms applied in the search
strategy included a combination of terms that were relevant to the
study. In the first search, 518 articles were retrieved. Relevance and
quality were provided by the following filters: Language: English
only, Source Type: Peer-reviewed journal articles, Document Type:
Full research articles and review papers, Publication Period: 2015-
2025. These criteria were applied, and the articles were narrowed
down to 450. The second step involved screening the remaining
articles relevant to the research topic. Only studies that discussed
both smart cities and sustainability, as well as environmental sci-
ences, with respect to the research issue were considered. Any arti-
cles that failed to meet such thematic requirements were left out.
After this step, 252 papers based on appropriate methodologies and
presenting outcomes consistent with the objectives of the research
were selected. A further screening step involved applying a time-
frame criterion (2015-2025) to ensure the analysis focused on con-
temporary developments. Out of these 252 articles, 162 qualified on
this criterion. 72 articles were excluded for reasons such as insuffi-
cient operational focus (34 articles), lack of higher education context
(23 articles), and non-English language (15 articles). Content analy-
sis was conducted on the identified articles, from which information
was extracted and classified into research themes. In the final stage,

TABLE 1 Inclusion and exclusion criteria table.

S/N Inclusion criteria  Exclusion criteria
i Peer-reviewed journal Non-peer-reviewed
articles material such as editorials,
book chapters, or technical
reports
ii Publications in the Publications not in the
English language English language
iii Explicit reference to one Duplicates across databases
or more of the five
operational domains:
energy, setting/
infrastructure, water,
waste, or mobility
iv Articles published Articles lacking
between 2015 to 2025 methodological rigor or
empirical evidence
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90 articles were deemed most relevant for in-depth analysis and syn-
thesis. These articles presented in Appendix were examined to: iden-
tify dominant themes in the literature, provide a descriptive analysis
of current trends and highlight existing gaps and propose future
research directions. This PRISMA multiple-phased process is illus-
trated in Figure 1 (PRISMA Flow Diagram), ensuring that the study
selected only high-quality, relevant, and recent literature for the sys-
tematic review.

2.5 Quality assessment

To assess the quality of the studies included in the synthesis, a
standardised appraisal checklist was used to ensure the findings were
reliable. This checklist considered items such as research design, meth-
ods of data collection, rigour in analysis, and the relevance of the con-
clusions to SSC operations.

2.6 Limitations

Using a methodology that provided extensive examination, a few
limitations were identified. The limitations of English-language

10.3389/frsc.2026.1747438

publications may have excluded relevant studies conducted in other
languages. Also, the reliance on academic databases may overlook
grey literature and practical reports that could offer valuable insights.
By adhering to the PRISMA framework and using a combination of
rigorous selection and analysis methods, this study will conduct a
high-quality synthesis of existing knowledge on sustainable develop-
ment strategies for SSC operations, offering a solid foundation for
future research and policy formulation.

3 Findings and discussion
3.1 Overview of selected studies

Following the rigorous PRISMA methodology, 90 publications
were identified as relevant to the Smart Sustainable Campus (SSC)
across waste management, setting and infrastructure, energy manage-
ment, water management, and sustainable mobility. The studies con-
ducted were largely geographically diverse, with research across North
America, Europe, Asia, Africa, and Australia conducted in both

DATABASE SEARCH
(Scopus, Web of Science, ScienceDirect and Emerald Insight
Database)

“Title/Abstract/Keyword™ Search

518 articles

—>

STEP1:
Initial search of

3

articles

Search limited to:

-Language (English)

-Source (Journal)

-Document type (Articles & reviewed)
-Period (2015 - 2025)

450 articles

L .

Step 2:

Selection of Articles

Inclusion and Exclusion criteria for the article

(Research & Conference Abstract Covering psychology,
Environmental sciences, Social sciences)
450 articles identified

Methodology adopted
and findings 252 articles
were identified

L

Extraction and content analysis to form themes using 252
articles related to the research
162 articles met the timeframe criterion (2015 - 2025)

L

Step 3:
Analysis and 1. Dominant themes
Synthesis Synthesis of articles within the last 10 years 2. Descriptive
(2015 - 2025) :> Analysis
90 articles were adopted for the research 3. Gaps and further
directions

FIGURE 1
PRISMA flow diagram. Source: Authors' elaboration, 2025.
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developed and developing settings. The study distribution revealed
that energy management and establishment of infrastructure played a
leading role, followed by water and waste management and sustainable
mobility (Rodriguez et al., 2023; Malagnino et al., 2021; Rodrigues and
Franco, 2021). The emphasis on energy and infrastructure aligns with
worldwide climate goals and the ease with which return on investment
(ROI) can be measured in these sectors. Most research used mixed-
methods or case study designs, therefore emphasising both quantita-
tive performance measures and qualitative insights from stakeholder
involvement (Mohammed et al., 2022; Negri et al., 2021; Ferraris et al.,
2020). Some papers employed comparative analysis, examining the
efficacy of SSC initiatives across diverse geographic, institutional size,
and technical capability (Rehman et al., 2024; Yan et al., 2023; Kim et
al,, 2021). A significant trend across the literature is the growing use
of real-time data collection and analysis, indicating a shift toward
evidence-based, sustainable management.

3.2 Thematic findings by operational
domain

3.2.1 Waste management

The reviewed studies show that the use of smart technology has
greatly transformed SSCs” waste management techniques (Olawumi
et al,, 2023; Wang et al., 2023; Hiltunen et al., 2022). Key strategies
include smart bins equipped with fill-level sensors, waste-sorting sys-
tems, and digital tracking of garbage-generating trends. According to
Anthony (2020), institutions with policies that include thorough recy-
cling programs, composting operations, and zero-waste policies have
also been able to demonstrate noteworthy reductions in landfill inputs
and expenditure decrease.

Amaral et al. (2020) stated that a machine learning-backed,
sophisticated waste classification system is becoming an innovative
method to automatically classify waste types and send them for cor-
responding processing. HEIs like the National University of
Singapore and the University of California locations have been pio-
neering Al-powered trash-determining kiosks, in which partici-
pants are rewarded and incentivised for accurate waste disposal.
Other studies claim that behavioural change programs constitute a
critical supplement to technological interventions (Stamopoulos et
al., 2024; de Puppim Oliveira et al., 2022; Pereira et al., 2021).
Encouragement for students to adopt more sustainable waste habits
has come from digital interaction and gamification. Leticia et al.
(2023) asserted that still challenges exist, even with these advance-
ments. Many HEIs lack the funding or institutional planning neces-
sary to install more sophisticated smart waste systems (Das et al.,
2022). Optimal performance is also hampered by fragmented data
systems and limited stakeholder awareness (Liu et al., 2024; Garcia-
Monge et al., 2023). Furthermore, there are institutions with recy-
cling contamination issues stemming from inadequate waste
separation, underscoring the importance of continuous training and
community engagement.

3.2.2 Setting and infrastructure
Research includes the use of green building standards, such as
LEED and BREEAM, along with smart building technologies, in the

campus setting and infrastructure (Ajaj et al, 2025). Jiang and
Kurnitski (2023) highlighted that, while LEED and BREEAM
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frameworks provide valuable guidance for green building design,
there exist limitations in their applicability to campus-wide assess-
ment, because they are not directly based on performance alone, nor
oriented towards multi-based campus systems. Heating, ventilation,
and air conditioning (HVAC) and automated lighting increase energy
efficiency and occupant comfort. Since infrastructure planning, per-
formance monitoring, and sustainability assessments are important
parts of infrastructure studies, the concepts of digital twins and build-
ing information modelling (BIM) have come to play significant roles
(Shu and Tian, 2024).

Moreover, newer projects increasingly incorporate biophilic
design principles to foster student well-being and enhance environ-
mental connectivity (Anthony, 2020). Scandinavian and Japanese
campuses are good examples of incorporating natural elements such
as daylighting, green roofs, and growing indoor plants into their smart
building strategies. The energy-saving methods are not only energy-
efficient but also promote mental health, a facet of campus sustain-
ability that is rarely considered (Abu-Rayash and Dincer, 2023).
Ovyadeyi and Oyadeyi (2025) stated that another emerging theme is
infrastructure resilience to the effects of climate change. Australian
and southwestern US case studies report on climate-adaptive design,
like flood-resistant walkways, modular green wall systems to cool
cities and permeable paving systems. The use of performance dash-
boards accessible to both facilities managers and campus users pro-
motes transparency and accountability in resource use (Gu et
al,, 2025).

3.2.3 Energy management

Energy management is the most widely covered domain in the
literature. SSCs deploy smart grids, renewable energy sources and
energy storage solutions (Oyadeyi and Oyadeyi, 2025). Studies docu-
ment the use of AI and machine learning algorithms to optimise
energy consumption and predict peak demand periods. These
approaches contribute to significant reductions in greenhouse gas
emissions and operational energy costs (Urbano et al., 2025; Oyedepo
et al.,, 2021). Notably, some universities have established energy
microgrids that allow for energy self-sufficiency and enhanced resil-
ience during power outages (Pereira et al., 2021). Stanford University,
for example, has implemented an innovative energy system combining
solar generation, chilled-water loops, and predictive software to
reduce its greenhouse gas emissions by over 60% (Kourgiozou et al.,
2021). Meanwhile, universities in Germany and the Netherlands
explored energy-neutral or positive-energy campuses through exten-
sive retrofitting and the smart integration of geothermal and
wind energy.

3.2.4 Water management

The study on water management in the SSCs focuses on smart
water meters, leak detection, and automated weather-driven irrigation
systems using soil moisture sensors (Sugandha et al., 2025). Harvesting
of rainwater and recycling of grey water are practised more, especially
in regions experiencing water scarcity. These measures improve water
conservation and sustainability in the operations on the campus.
Indian and sub-Saharan African studies noted that decentralised solu-
tions to water are required because of infrastructural constraints (Ajaj
et al,, 2025; Das et al., 2022). Constructed wetlands are among the
nature-based solutions implemented at some universities, where
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greywater can be treated on-site. In wealthy settings, intelligent water
dashboards help facility representatives perceive wastefulness and
apply corrective measures as soon as possible. The other trend is the
convergence of water systems and wider campus resource platforms,
so that water, energy, and occupancy data could be traced together
(Pereira et al., 2021). Students also demonstrate their activities on
water conservation through research, which creates awareness and
instils a culture of responsibility (Reihaneh and Marzieh, 2023).

3.2.5 Sustainable mobility

Sustainable mobility is promoted by popularising cycling, walking,
and the use of electric vehicles (EVs) on campus (Abu-Rayash and
Dincer, 2023). Researchers draw attention to the emergence of bike-
sharing systems, bicycle-only lanes, EV charging networks, and mobility
applications capable of ensuring real-time routing and time-bound
transportation planning (Amaral et al., 2020). These programs minimise
the campus-generated carbon footprint and promote a healthier com-
muter lifestyle (Okeniyi et al., 2018). Universities in Netherlands and
Denmark lead in incorporating of cycling as a mode of transportation.
In comparison, institutions in automobile-centred areas such as the
U.S. and the Middle East pay more attention to electric bus shuttles and
smart parking (Amr et al.,, 2021). Congestion pricing or bans on access
to specific vehicles are in place in some campuses to minimise the use
of vehicles that use internal combustion (Pan et al., 2023). Mobile appli-
cations that combine transit data with gamified incentives have been
demonstrated to encourage more students to use more sustainable
means of transport (Dominguez-Bolano et al., 2024). However, issues of
accessibility remain a problem, especially to students with disabilities, or
those campuses that are not well developed with respect to pedestrians.

3.3 Trends and innovations

Among trends that emerged in the studies, one can note the con-
nection of ICT and sustainability reporting which is not well-developed
yet (Agarwal, 2023), the creation of dashboards allowing tracking the
use of various resources at the campus level and the use of gamification
as the methods of encouraging students and staff members to embrace
sustainable behaviours (Zyoud and Zyoud, 2025). Cross-campus team-
work and data exchange efforts are also gaining popularity, facilitating
benchmarking and peer-to-peer learning. There are some institutions
that have opened SSC access platforms through which data in energy,
water, and mobility systems can be accessed publicly to use in education
and research (Zaléniené and Pereira, 2021). In a more specific sense,
Clement et al. (2023) stated that the use of ICT in SSCs is evolving
beyond simple monitoring to integrative platforms that incorporate a
wide range of sustainability indicators. The developed platforms enable
real-time feedback on energy and water consumption, waste produc-
tion, and mobility patterns. Advanced data visualisation formulas, like
dashboards and infographics, give both students, faculty, and adminis-
trators actionable steps based on data analysis that can better inform
policy placements and behavioural change (Sharifi et al., 2024). Such
openness allows establishing accountability and participation, which are
two key principles of effective governance of campus sustainability.

Verdejo et al. (2022) highlighted that gamification, the use of
game design elements in non-game environments, has proven to be a
powerful influencer of behaviour change. HEIs have begun introduc-
ing applications and platforms that allow people to earn rewards for
participating in environmental tasks, such as reducing electrical
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consumption, using reusable water bottles, or commuting to campus
by bicycle (Kaiser and Deb, 2025). Such programs create an atmo-
sphere of competitiveness and neighbourhood interest and lead to
greater material sustainability for campus stakeholders. Companies
have shown greater compliance and enthusiasm for participating in
environmental activities when gamification is used (Tan and Taeihagh,
2020). In addition to internal innovations, sustainability frameworks
are also being explored on campuses (Ribeiro et al, 2021).
Participation in peer benchmarking programs, including those organ-
ised within networks such as the International Sustainable Campus
Network (ISCN) and the Association for the Advancement of
Sustainability in Higher Education (AASHE), enables institutions to
benefit from sharing others’ experiences (Reimers, 2024). These part-
nerships lead to the improved design of policies, the spread of innova-
tions, and the existence of repositories of best practices that are shared.

From a social innovation perspective, SSCs are developing novel
ways of interaction between the campus communities and the larger
cities (Da Costa, 2025). Smart transportation systems that connect
university shuttles to city transit systems, community composting net-
works, and water-testing projects implemented by community mem-
bers are examples of how SSCs are redefining the boundaries between
campus and community (Shao and Min, 2024). Such hybrid models
advocate inclusive innovation and strengthen the civic mission in
higher education.

3.4 Regional disparities and contextual
challenges

The analysis revealed an imbalance in the implementation of SSCs
between developed and developing regions. The presence of more com-
prehensive and technology-intensive strategies of SSC is usually enabled
by access to superior digital infrastructure, greater institutional capacity,
and diverse funding sources that institutions in developed economies
typically enjoy (Bashir et al., 2023). The national and regional policies
to support these universities typically emphasise environmental sus-
tainability and digital invention, thereby creating an empowering set-
ting for the creation of smart campuses (Verdejo et al., 2022).
Conversely, HEIs in the developing nations exhibit substantial systemic
limitations that hinder the application of SSC (Ribeiro et al., 2020).
These are financial limitations, political will, and deficient or outdated
technical infrastructure. These challenges are worsened by the lack of
long-term sustainability planning and the fragmentation of institutions
(Serafini et al., 2022). Furthermore, the digital divide is a major obsta-
cle, as most institutions are still not equipped with the most basic ICT
infrastructure to collect, analyse, and automate data in real time.

According to Papantoniou et al. (2020), the adoption of SSC is also
affected by cultural, institutional and governance issues. In a number
of contexts, sustainability remains a marginal issue, in second place to
the institution’s conventional academic and administrative missions
(Herth et al., 2024). For SSC strategies not to be fragmented or super-
ficial, they strongly require leadership commitment and organisational
alignment. Long-term sustainability projects may be disrupted by
political instability and the incessant turnover of institutional leader-
ship, creating a climate of uncertainty that discourages investment and
innovation (Abo-Khalil, 2024). Silva-da-Nobrega et al. (2022) opined
that, in spite of these difficulties, the Global South is not devoid of
innovation. Quite the opposite is happening: numerous HEIs are
experimenting with low-cost, high-impact, localised solutions. For
instance, the implementation of solar-powered drinking water

frontiersin.org


https://doi.org/10.3389/frsc.2026.1747438
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org

Essien et al.

purification systems, decentralised composting units, and offline data
logging devices demonstrates that sustainability is possible even under
strict constraints. These community-based innovations are often the
result of student-driven initiatives or partnerships with local communi-
ties and non-governmental organisations, demonstrating the potential
of inclusive and context-specific approaches (Tan and Taeihagh, 2020).
The disparities in SSC implementation across regions reflect
broader socio-economic and governance inequalities (Shao and Min,
2024). While the developed world can afford to undertake sophisti-
cated, data-driven sustainability initiatives, the developing world faces
a range of structural and situational challenges. However, these chal-
lenges are also opportunities to innovate in a frugal way, involve the
community, and adopt a customised approach that can be applied in
the global practice of SSCs (Abad-Segura et al., 2020). The new global
SSC environment will be more competitive and balanced, driven by
greater investment, knowledge sharing, policy change, and inclusive
innovation processes that empower institutions across all regions.

4 Gaps, challenges, and opportunities

This section integrates insights from the thematic findings and
critically interprets the implications of smart sustainable campus
(SSC) strategies across the five operational domains. It highlights
interdependencies between sustainability dimensions, identifies stra-
tegic challenges, and suggests actionable pathways for institutions
seeking systemic transformation.

4.1 Interpreting domain-level insights

The operational domains (waste, setting and infrastructure,
energy, water, and mobility) demonstrate varying levels of maturity
and innovation in SSC literature (Frangozo et al., 2021). Energy
management emerges as the most technologically advanced, ben-
efiting from long-standing investments in smart grids and renew-
able energy (Zhou and Zheng, 2024). Here, real-time data
integration and AlI-driven optimisation are transforming demand
forecasting, load balancing, and emissions tracking. Such innova-
tion not only improves efficiency but also enhances institutional
visibility in sustainability rankings (Ayyash and Salah, 2025).
Setting and infrastructure, closely aligned with the physical trans-
formation of campuses, reflect growing interest in green certifica-
tions and digital simulation tools (Santos, 2024). However,
challenges persist in retrofitting legacy infrastructure, especially in
public universities constrained by tight budgets and bureaucratic
procurement systems. The use of digital twins and Building
Information Modelling (BIM) points to a shift from reactive facility
management to predictive, data-informed spatial governance
(Kolokotsa et al., 2016). Water and waste management display mod-
erate innovation, with significant progress in regions experiencing
water stress or regulatory pressure (Wang et al., 2023). Smart
meters, leak detection systems, and greywater recycling show prom-
ise but require coordinated maintenance, behavioural compliance,
and infrastructure investment. In the case of waste, engagement
campaigns and incentive structures significantly influence success,
yet there remains a lack of standardised monitoring frameworks for
waste diversion metrics across institutions (Shboul et al., 2023).
Sustainable mobility is comparatively underdeveloped, often limited
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to pilot initiatives or infrastructure support for cycling and EVs. Its
progress is often hindered by institutional sprawl, student com-
muter patterns, and the absence of campus-wide low-carbon trans-
port policies.

4.2 SSCs strategic integration: the need for
systemic thinking

A key insight from this review is that isolated innovations are
insufficient for achieving campus sustainability at scale. Institutions
that demonstrated success across multiple domains did so by embed-
ding sustainability into broader strategic plans, linking operational
goals with institutional governance, funding structures, and perfor-
mance evaluation metrics (Stamopoulos et al., 2024; Abad-Segura et
al., 2020). Successful SSCs treat campus operations not as a siloed
administrative function, but as a living laboratory that intersects with
teaching, research, and community engagement (Sima et al., 2022).
This aligns with the four strategic pillars of university sustainability
identified in the literature: education, research, community partner-
ships, and operations. Integration also requires interdepartmental
cooperation (Ribeiro et al., 2018). For instance, energy monitoring
may involve facilities management, IT services, academic researchers,
and sustainability officers. Without formalised coordination mecha-
nisms, sustainability risks being compartmentalised or reduced to
symbolic gestures.

4.3 SDG alignment and policy coherence

The operationalisation of SSC strategies offers tangible pathways
for HEISs to contribute to global sustainability frameworks. The review
finds the strongest alignment with:

« SDG 7 (Affordable and Clean Energy) through smart grids and
renewable systems;

o SDG 11 (Sustainable Cities and Communities) via smart mobility
and campus design;

« SDG 12 (Responsible Consumption and Production) through
waste minimisation and material reuse;

o SDG 13 (Climate Action) across energy, infrastructure, and trans-
port initiatives.

However, explicit mapping between SSC practices and SDG tar-
gets remains rare. Institutions often adopt sustainability branding
without comprehensive impact assessments or integration into
national climate and education policies (Sugandha et al., 2025).
Moreover, the absence of global reporting standards for SSCs hinders
benchmarking and knowledge exchange across institutions.
International declarations such as the Talloires Declaration, Kyoto
Declaration, and the UI Green Metric Rankings provide valuable
frameworks but require further integration into SSC operational plan-
ning (Lan and Shizhu, 2025; Boiocchi et al., 2023; Rieckmann and
Bormann, 2020). Only a minority of reviewed institutions link their
campus strategies to these commitments in measurable ways.

This discussion demonstrates strong SSCs alignment with SDGs
7,11, 12, and 13. Nevertheless, the inclusion of SDG 3 (Good Health
and Well-Being) and SDG 4 (Quality Education) provides a more
accurate representation of how SSCs can be viewed within the frame-
work of global sustainability. Inclusive education and sustainability
literacy (SDG 4) are encouraged in sustainable learning environments,
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whereas the comfort, health, and productivity of occupants are
ensured by a focus on indoor environmental quality (SDG 3). The
campus is reinforced as a microcosm of sustainable urban systems
through such integrative alignment, in which physical, digital, and
social infrastructures converge to facilitate the full SDG agenda.

4.4 Constraints and risks
The review identified several recurring barriers:

« Financial limitations, especially in public and developing institu-
tions, restrict smart infrastructure investments.

« Data privacy and cybersecurity concerns hinder IoT deployment
and real-time monitoring.

« Resistance to change from staff or administrators delay digital and
organisational transformation.

« Technological fragmentation, where different systems lack
interoperability, undermines integrated decision-making.

Moreover, ethical issues arise in the increasing use of surveillance-
based technologies, requiring stronger governance, transparency, and
user consent mechanisms.

4.5 Opportunities for institutional
innovation

Despite challenges, SSCs present powerful opportunities for HEIs to
reinvent themselves as agents of sustainable development. This includes:

« Co-creation with students and faculty in designing, testing, and
evaluating SSC solutions.

« Partnerships with industry, municipalities, and NGOs to scale
campus innovations to city-wide sustainability agendas.

« Living lab models that embed real-world problem-solving into
curricula and research.

o Open data platforms to democratise access to sustainability per-
formance data, enhancing transparency and public accountability.

Institutions that strategically embrace these opportunities are
likely to experience reputational gains, attract sustainability-conscious
students, and influence policy innovation at national and interna-
tional levels.

5 Conclusions and recommendations
5.1 Conclusion

This systematic literature review has critically examined global
trends, frameworks, challenges, and opportunities associated with the
operationalisation of Smart Sustainable Campuses (SSCs). By focusing
on five core operational domains: energy management, setting and
infrastructure, water management, waste management, and sustain-
able mobility, the review highlights the evolving landscape of sustain-
ability in higher education institutions (HEIs). The findings emphasise
a major shift from conventional campus operations toward sustain-
ability-oriented, integrated, technology-enabled models. Smart tech-
nologies and predictive analysis help the energy and infrastructure
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sectors to become the most mature areas of innovation. Other fields
need more strategic funding and institutional coordination, though,
notably sustainable mobility and waste. Moreover, the review exposes
discrepancies in digital infrastructure, financial capacity, and policy
alignment among HEIs in developed and developing countries,
thereby exposing structural imbalances. While international declara-
tions and ranking systems (e.g., the SDGs, the Talloires Declaration,
and the UI GreenMetric) provide valuable frameworks, their transla-
tion into actionable campus strategies remains inconsistent.

The literature also showed an increasing focus on cross-cutting
approaches fusing operations, education, research, and community
involvement. Institutions that present SSCs as means for experiential
learning and creativity, rather than as mere operational upgrades, are
better suited to holistically promote sustainability goals. Still, obstacles
persist, from ethical data utilisation and stakeholder opposition to
financing limits and fragmented policy settings. These difficulties
highlight the need for strong governance systems, context-sensitive
planning, and interdisciplinary leadership to guide SSC transitions.

5.2 Recommendations

Based on the evidence synthesised in this review, several key

recommendations are  proposed to  strengthen  SSC

implementation:

i Develop Integrated Sustainability Strategies
HEIs should move beyond isolated interventions by adopting
campus-wide sustainability frameworks that align institutional
missions with operational performance metrics, SDG targets,
and international sustainability declarations.

=
=

Prioritise Technological Interoperability
Institutions should invest in scalable, interoperable digital plat-
forms that unify data across all operational domains. This
enables effective decision-making, predictive analytics, and
seamless monitoring of campus sustainability performance.

iii Promote Inclusive Stakeholder Engagement
SSC success depends on the involvement of all campus actors,
students, faculty, administrative staff, and external partners.
Participatory design processes, sustainability curricula, and co-
creation initiatives should be institutionalised.

iv Strengthen Capacity in Developing Contexts
Policymakers and donors should support HEIs in the Global
South by providing access to financial mechanisms, capacity-
building programs, and low-cost smart technologies. Regional
collaboration platforms could facilitate learning and policy
alignment in the Global South.

v Institutionalise Ethical Governance
As campuses become data-rich environments, HEIs must estab-
lish transparent data governance protocols that ensure ethical
use of IoT, Al, and surveillance technologies, in accordance
with privacy rights and informed consent principles.

vi Benchmark and Report Progress

Institutions should adopt standardised SSC performance indi-
cators, potentially aligned with SDGs and UI GreenMetrics, to
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benchmark their progress and enable comparative learning
across global institutions.

vii Advance Research on Underserved Domains
Further empirical work is needed in waste management, sus-
tainable mobility, and social behaviour change strategies, espe-
cially in underrepresented regions. Interdisciplinary research
should explore long-term impacts of SSCs on institutional resil-
ience, academic culture, and sustainability literacy.
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