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Abstract

Urban lighting systems contribute significantly to energy consumption and light pollu-
tion, raising environmental and societal concerns. This paper explores the potential of
Artificial Intelligence (abbreviation: Al)-driven adaptive urban lighting as a sustainable
solution, framed within a multi-level perspective on socio-technical transitions. At the
landscape level, increasing urbanization and global sustainability targets exert pressure
for energy-efficient practices, while traditional street lighting regimes remain largely
rigid and resource-intensive. At the niche level, we propose a novel adaptive lighting
system integrating real-time Internet of Things (abbreviation: IoT) sensor data and ma-
chine learning algorithms to dynamically adjust illumination based on traffic, pedestrian
activity, weather conditions, and ambient light. Studies demonstrate that the proposed
approach can significantly reduce energy use while minimizing light pollution, without
compromising safety or visibility. The results indicate that such niche innovations, sup-
ported by Al and renewable energy integration, have the potential to influence broader
regime change and contribute to sustainable urban development. This research high-
lights the importance of combining technological innovation with socio-technical
frameworks to address pressing urban environmental challenges, offering insights for
policymakers, urban planners, and energy managers seeking to balance efficiency, safety,
and ecological impact.

Keywords: adaptive urban lighting; light pollution; energy efficiency; Al; multi-level
perspective; IoT; sustainable cities

1. Introduction

Urban lighting is a fundamental component of modern cities, serving essential
functions in public safety [1], mobility [2], and night-time urban life [3], yet it represents a
significant share of municipal energy consumption and contributes to escalating levels of
light pollution and environmental impact [4]. Public lighting alone can account for a
substantial percent of a city’s electrical demand, with inefficiencies arising from static
lighting schedules and non-contextual control regimes that do not adapt to real-time
conditions such as pedestrian flow, vehicular traffic, or ambient illumination levels [5,6].
Moreover, excessive artificial light at night (abbreviation: ALAN) has been recognized as
a rapidly growing environmental problem with documented negative effects on ecosys-
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tems, human circadian rhythms, and urban biodiversity, reinforcing the need for more
sustainable illumination strategies [7,8].

Recent technological advances in artificial intelligence (abbreviation: Al), Internet of
Things (abbreviation: IoT) sensor networks, and adaptive control systems offer promis-
ing avenues to address these challenges [9-11]. Smart and adaptive lighting systems,
leveraging computer vision, Al-based pedestrian detection, and real-time dimming al-
gorithms, have been shown in pilot studies and controlled deployments to enable
meaningful improvements in energy efficiency and operational flexibility when com-
pared to conventional fixed lighting infrastructures [5,12]. Rather than relying on
pre-defined schedules, these systems dynamically modulate lamp intensity in response
to contextual inputs such as traffic density and ambient light levels, thereby improving
efficiency and environmental performance while maintaining functional lighting re-
quirements related to safety and visibility [13,14].

At the theoretical level, understanding transitions from traditional lighting regimes
to Al-enhanced adaptive systems requires a socio-technical framework capable of cap-
turing multi-actor interactions, institutional lock-ins, and innovation pathways [15-17].
The Multi-Level Perspective (abbreviation: MLP) on socio-technical transitions provides
an analytical lens by distinguishing landscape, regime, and niche levels and elucidating
how niche innovations may emerge and potentially transform dominant socio-technical
configurations over time [18,19]. Originally developed to explain large-scale shifts in en-
ergy and transport systems, the MLP framework has been increasingly applied to sus-
tainability transitions across domains, offering insights into the co-evolution of technol-
ogies, governance structures, user practices, and infrastructural arrangements [20,21].

Despite these conceptual and technological advances, there remain significant gaps
in applying Al-driven adaptive lighting to reduce light pollution and energy use within
urban socio-technical systems. In particular, few studies explicitly situate adaptive
lighting technologies within an MLP-based transition analysis, and empirical assess-
ments often focus narrowly on energy consumption while overlooking broader envi-
ronmental and systemic implications, such as light pollution dynamics or institutional
adoption barriers. This paper aims to bridge this gap by conceptually and methodologi-
cally integrating an Al-driven adaptive urban lighting approach with the MLP frame-
work. Rather than claiming large-scale quantified impacts, the paper explores the transi-
tion potential, system logic, and governance relevance of adaptive lighting as a niche
innovation, highlighting its capacity to support more sustainable, efficient, and ecologi-
cally sensitive urban night-time environments.

2. Literature Review

Urban lighting has increasingly become the subject of interdisciplinary research
spanning energy systems, environmental science, urban planning, public health, and so-
cio-technical transition studies. Traditionally treated as a purely technical infrastructure
component, public lighting is now recognized as a complex socio-technical system em-
bedded within broader urban energy regimes and sustainability transitions. The growing
body of literature reflects this shift, addressing not only energy efficiency and cost opti-
mization [22], but also the ecological, health, and governance implications of artificial
light at night (abbreviation: ALAN). At the same time, advances in Al, IoT technologies,
and data-driven urban management have introduced new paradigms for adaptive and
context-aware lighting systems.

Despite the expanding research landscape, existing studies often remain fragmented
across disciplinary boundaries. Engineering-focused research tends to emphasize energy
savings and control algorithms, while environmental and health studies focus on the
impacts of light pollution as a negative environmental externality of ALAN without
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sufficiently integrating technological mitigation pathways. Furthermore, relatively few
contributions explicitly situate adaptive lighting innovations within broader so-
cio-technical transition frameworks, such as the MLP, that can explain how such innova-
tions may move from experimental niches to mainstream urban regimes. This review
responds to this fragmentation by explicitly connecting technological, environmental,
and transition-oriented perspectives, thereby laying the conceptual groundwork for an
integrated analytical framework.

2.1. Traditional Systems and Structural Challenges

Public lighting infrastructure represents one of the most energy-intensive compo-
nents of municipal services, historically designed around centralized control, static illu-
mination schedules, and uniform lighting levels [23,24]. Conventional systems, originally
based on incandescent, mercury vapor, high-pressure sodium (abbreviation: HPS), and
metal halide lamps, were optimized primarily for durability and visibility rather than
efficiency or environmental sensitivity [25]. Even with the widespread transition to LED
technology, many urban lighting networks continue to operate under rigid operational
paradigms that fail to exploit the full potential of energy savings offered by modern
lighting technologies [26-28].

Several studies highlight that while LED retrofitting alone can yield energy savings
of 30-50%, substantially greater reductions (often exceeding 60%) are achievable only
through intelligent control strategies such as adaptive dimming, demand-responsive
operation, and integration with real-time urban data streams [29]. However, legacy in-
frastructure, institutional inertia, and procurement practices frequently limit the adop-
tion of advanced control systems, reinforcing a regime characterized by technological
lock-in and incremental change [30].

From an urban energy systems perspective, public lighting is increasingly viewed as
an integral node within smart grids and distributed energy networks [14,31,32]. Research
in this domain emphasizes the importance of aligning lighting control with renewable
energy generation, storage, and load management strategies, particularly in cities pur-
suing net-zero or climate-neutral objectives [33]. These insights underscore the need to
reconceptualize urban lighting not as an isolated service, but as a flexible, data-driven
energy asset capable of contributing to broader system-level efficiency and resilience [34,35].
The literature highlights that technical efficiency gains alone are insufficient to drive systemic
change, pointing instead to the importance of institutional structures and governance ar-
rangements, issues that are central to a socio-technical transition perspective.

2.2. Light Pollution and Environmental Impact

Light pollution, commonly defined as excessive, misdirected, or intrusive artificial
light at night, has been identified as one of the fastest-growing forms of environmental
pollution worldwide [36-38]. Satellite observations reveal a persistent annual increase in
illuminated urban areas and night sky brightness, driven by urban expansion and ineffi-
cient lighting practices [39—-41]. This phenomenon has profound implications for ecosys-
tems, biodiversity, and human well-being [42,43]. Ecological research demonstrates that
ALAN disrupts circadian rhythms across a wide range of species, affecting reproductive
cycles, foraging behavior, predator—prey interactions, and migration patterns [44-46].

Nocturnal insects, birds, amphibians, and mammals are particularly vulnerable,
with cascading effects on ecosystem services such as pollination and pest control [47,48].
Plant phenology has also been shown to respond to artificial night lighting, altering
growth cycles and interspecies interactions [49]. Human health studies further associate
chronic exposure to artificial light at night with sleep disruption, circadian misalignment,
and potential long-term risks including metabolic disorders, cardiovascular disease, and
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mood disturbances [50-52]. These effects are frequently linked to melatonin suppression
and altered hormonal regulation, emphasizing the importance of nighttime darkness as a
public health consideration [53]. While this literature clearly establishes light pollution as
a multidimensional environmental and health problem, it largely treats ALAN as an ex-
ternal pressure rather than as a variable that can be dynamically governed through so-
cio-technical system design. This gap motivates the need to link environmental impact
studies with adaptive control and transition-oriented analyses.

2.3. Technological Evolution and Research Trends

The emergence of smart cities has accelerated the adoption of Al and IoT technolo-
gies to enhance the efficiency, adaptability, and sustainability of urban infrastructure
systems [54,55]. Within this context, smart lighting is often identified as a foundational
application due to its relatively low deployment barriers and immediate energy-saving
potential [56,57]. IoT-enabled lighting systems typically incorporate sensors for motion
detection, ambient light measurement, weather conditions, and sometimes computer vi-
sion, enabling context-aware illumination control [58,59].

Recent research explores machine learning approaches for predictive lighting con-
trol, anomaly detection, and optimization of illumination levels based on historical and
real-time data. These systems demonstrate the capacity to dynamically balance energy
efficiency, safety, and comfort, particularly in low-traffic periods or residential areas [60—
63]. However, the literature also highlights persistent challenges, including interopera-
bility between vendors, cybersecurity risks, data governance issues, and the scalability of
Al solutions across heterogeneous urban contexts [64,65]. Importantly, most Al-driven
lighting studies focus on technical performance indicators [66,67], while giving limited
attention to broader environmental outcomes like light pollution reduction. As a result,
environmental benefits are often assumed rather than analytically embedded within
system design and evaluation frameworks. This observation underscores the need for
analytical approaches that integrate Al-driven control logics with explicit environmental
and governance considerations.

2.4. Multi-Level Perspective in Socio-Technical Transitions and Relevance to Urban Lighting

The MLP has become one of the most influential frameworks for analyzing sus-
tainability transitions in complex socio-technical systems [19,68,69]. Developed primarily
within transition studies, the MLP conceptualizes change as an interaction between niche
innovations, dominant regimes, and exogenous landscape pressures [20,70,71]. It has
been extensively applied to energy systems, transport, and industrial transitions, offering
insights into how incremental and radical innovations co-evolve with institutional and
cultural structures [18,72,73].

Applying MLP to urban lighting systems enables researchers to situate Al-driven
adaptive lighting as a niche innovation emerging within experimental pilot projects,
smart city initiatives, and sustainability-oriented municipalities [4,74]. At the regime
level, established procurement practices, safety standards, and infrastructural invest-
ments shape the dominant lighting paradigm, often resisting disruptive change [75,76].
Landscape pressures, such as climate policy, energy price volatility, biodiversity loss,
and public awareness of light pollution, create windows of opportunity for niche inno-
vations to scale and influence regime transformation.

Recent theoretical contributions argue that MLP is particularly well-suited for ana-
lyzing smart city technologies, as it captures the co-evolution of digital innovation, gov-
ernance structures, and societal values. Building on this literature, this paper conceptu-
alizes Al-driven adaptive lighting as a governance-sensitive niche innovation whose
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diffusion depends not only on technical performance, but also on institutional alignment
and landscape-level pressures.

3. Methodology

The reviewed literature reveals substantial progress in understanding energy effi-
ciency, light pollution impacts, and smart lighting technologies, yet also exposes a critical
gap at their intersection. Few studies holistically combine Al-based adaptive lighting
solutions with environmental light pollution mitigation and socio-technical transition
theory. This paper adopts a conceptual, theory-driven approach rather than conducting
empirical analyses, aiming to clarify the interactions among Al-driven adaptive urban
lighting, socio-technical transitions, and sustainability outcomes.

3.1. Research Questions and Analytical Framework

The transition to low-light-pollution and energy-efficient urban environments is a
complex process influenced by regulatory policies, technological innovations, societal
engagement, and urban infrastructure characteristics. This paper focuses on the interplay
between Al-driven adaptive lighting systems (niche innovations), existing urban lighting
regimes (regime), and macro-level pressures such as climate policies, energy targets, and
public awareness of light pollution (landscape). Drawing on transition theory and the
MLP, we propose the following research questions (abbreviation: RQs) and analytical
propositions (abbreviation: Ps):

RQ1. How do path dependencies in existing urban lighting infrastructure and mu-
nicipal practices influence the potential adoption and effectiveness of Al-driven adaptive
lighting systems?

RQ2. How do local regulations and urban sustainability policies shape the rela-
tionship between adaptive lighting implementation and expected reductions in energy
use and light pollution?

RQ3. How can technological advancements in Al, IoT, and sensor integration support
policy initiatives and facilitate sustainable transitions toward low-impact urban lighting?

The MLP framework allows an integrated analysis of these factors, examining how
niche innovations interact with entrenched regimes under landscape pressures to enable
systemic change. This theoretical grounding informs both the research design and the
interpretation of potential sustainability outcomes.

3.2. Conceptual Pathways of Sustainability Transitions in Urban Lighting

Analyses of sustainability transitions in urban lighting often examine interactions
among multiple levels, capturing how social, technological, and regulatory dynamics
shape transformation processes. Within the MLP, transition pathways describe the evo-
lutionary trajectory from experimental niches (Al-driven adaptive lighting pilots) to re-
gime-level adoption (mainstream municipal lighting practices), influenced by mac-
ro-level pressures such as climate targets, energy pricing, and ecological awareness.

Pathway descriptions allow identification of critical junctures where niche innova-
tions can challenge or complement the dominant regime, highlighting where policy in-
terventions, technological investments, or social engagement are most likely to accelerate
sustainable urban lighting transformations. A successful transition integrates energy
efficiency, light pollution mitigation, and societal acceptance, requiring aligned strategies
across niche, regime, and landscape levels.

3.3. Multi-Level Perspective Framework

The research adopts the MLP as an analytical framework to examine Al-driven
adaptive urban lighting as a conceptual niche innovation in urban energy systems. The
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Macro-level
(Landscape)

Meso-level
(Regime)

Micro-level
(Niches)

MLP framework conceptualizes socio-technical change as the outcome of dynamic in-
teractions across three analytical levels: landscape, regime, and niche [18,19,77]. These
levels are not hierarchical in a deterministic sense but interact through feedback mecha-
nisms and temporal alignments that enable or constrain transitions [20,78].

At the landscape level, the analysis considers macro-scale pressures that are largely ex-
ogenous to urban lighting systems but exert significant influence on their evolution. These
include global climate and energy policy objectives [79,80], increasing urbanization, rising
electricity prices, biodiversity loss, and growing societal awareness of light pollution and its
ecological and health impacts. International climate agreements, national energy efficiency
directives, and municipal sustainability strategies collectively create a conceptual selection
environment favoring environmentally sensitive lighting solutions.

The regime level represents the dominant configuration of technologies, regulations,
user practices, and institutional arrangements governing urban lighting. This includes
standardized lighting norms, safety regulations, procurement procedures, legacy infra-
structure investments, and operational routines characterized by static illumination
schedules and uniform lighting levels. The regime is stabilized by sunk costs, regulatory
compliance requirements, and risk-averse decision-making processes, which together
create resistance to disruptive innovation despite recognized inefficiencies.

At the niche level, the paper focuses on Al-driven adaptive urban lighting as a theoret-
ical innovation. These niche solutions are typically developed and tested within pilot pro-
jects, smart city initiatives, or experimental urban districts, where alternative technological
configurations and governance arrangements can be explored with reduced regime pressure.
Within the MLP framework, the proposed adaptive lighting system is conceptualized as a
niche innovation that leverages Al, IoT, and data-driven control to challenge prevailing re-
gime assumptions regarding illumination necessity, uniformity, and energy use.

The interactions between these levels form the basis of the research design, guiding
the identification of illustrative cases and evaluation criteria, rather than real-world data
collection. Figure 1 illustrates this MLP-based framework, providing a structured meth-
odology for examining how niche innovations in Al-driven lighting can catalyze transi-
tions toward low-light-pollution and energy-efficient urban environments.

Landscape level
(long-term, systemic pressures and trends)
— Tightening EU energy e fficiency and light polution regulations

— Sustainable and smart urban development programmes New regime
~ Growing awareness of ecological and health impacts of artificial i
lightatnight(ALAN) e > B
— Digitalisation of urban infrastructure and smart city platforms Lt landscape
— Rising public expectations for safe, energy-efficient, and >
environmentally responsible urban lighting ;
Marketfuser.” Policy Regime level
preferencet (current institutional struc tures)
= Scicnee — — *’ﬂ L — Monicipal lighting standards and
—, — e procursment regulations
T - Occupational safetyand public lighting
— — — = compliance rules
— — — Government programmes, smart city
Technology  ——y = Fad initiatives, an%‘Et funding for energy-
S efficient lighting
~a / — Municipal responsibility for urban
lighting management and maintenance
b 47 Niche level
External /‘ f (current, experimental solutions)
influences on A 5 7 ~ Pilot implemeniation of ALdriven adaptive street lighting systems
o M ~ Deployment of IoT sensor networks for real-fime environmental and
s, el /‘ traffic monitoring
/'/;. x ~ Musicipal support programmes for smart and lowcight-pollution
g initiatives
5 W TN T ~ Development of dynamic dimming, spectral control, and predictive
=S TR e P T lighting algorithms
g —¥ — Public engagement and awareness campaigas on light polfution and
—> __y —» PR energy-efficient lighting

Figure 1. Multi-Level Perspective (MLP) framework illustrating the interactions among landscape, re-

gime, and niche levels in the transition toward Al-driven adaptive urban lighting (edited by the authors
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based on [72]). Landscape-level pressures (energy regulations, smart city agendas, public awareness)
create opportunities and constraints for regime structures (municipal lighting standards, governance
frameworks, funding programs), which in turn interact with niche innovations (Al algorithms, IoT
sensing, pilot adaptive lighting projects, and public engagement initiatives). This framework provides a
structured methodology for analyzing how experimental niche solutions can catalyze systemic transi-

tions toward low-light-pollution and energy-efficient urban environments.

4. Conceptualization and Operationalization of MLP Elements
4.1. Niches

Niche innovations serve as key catalysts in sustainability transitions by fostering
interdependent transformations across technology, organizational practices, stakeholder
networks, societal values, and policy frameworks [81-83]. In the domain of urban light-
ing, niche innovations specifically refer to conceptual Al-driven adaptive lighting sys-
tems, IoT sensor networks, and predictive or reinforcement learning algorithms for dy-
namic, context-aware control, as well as illustrative pilot initiatives aimed at reducing
energy use and mitigating ecological and human health impacts of ALAN [84,85]. These
innovations are distinguished by their experimental, context-specific nature and capacity
to challenge prevailing assumptions within existing urban lighting regimes.

The successful implementation of such niches depends on the maturity, resilience,
and scalability of technological and organizational solutions. Key elements include sen-
sor-enabled luminaires capable of continuous dimming, machine-learning algorithms
capable of predicting pedestrian and traffic activity, and integrative control platforms
that optimize energy efficiency while respecting ecological thresholds. Moreover, social
and policy dimensions, such as participatory decision-making, municipal incentives, and
community engagement, play a critical role in legitimizing and diffusing these innova-
tions [86-88]. Niches are therefore not only technical but socio-technical constructs,
emerging from the interplay between innovators, institutional actors, and societal net-
works, emphasizing this relationship rather than actual deployment [76,89].

From an evolutionary perspective, niches provide protected conceptual spaces for
experimentation, learning, and iterative design without the full pressures of regime-level
constraints. Examples include illustrative cases from the literature, community-driven
dark-sky initiatives, and municipal programs integrating real-time mobility and envi-
ronmental data for adaptive lighting control. Scaling these innovations is discussed in
theoretical terms, considering technical, institutional, and economic challenges such as
alignment with regulations and sustainable business models. The interactions between
niche actors and the established urban lighting regime are central to enabling systemic
transformation, highlighting the importance of strategic coordination, stakeholder en-
gagement, and continuous evaluation.

4.2. Regimes

The urban lighting regime encompasses the established socio-technical system that
governs municipal lighting infrastructure, including conventional lighting technologies,
regulatory frameworks, institutional routines, and professional norms. Historically, this
regime has been characterized by static illumination schedules, fixed-intensity lumi-
naires, and centralized control systems, which conceptually constrain the uptake of niche
innovations. Institutionalized routines, regulatory compliance requirements, and en-
trenched economic and contractual arrangements reinforce the stability of the regime,
often favoring incremental improvements rather than transformative change.

Economic incentives, operational constraints, and risk-averse decision-making pro-
cesses further consolidate regime persistence. Regulatory frameworks, while ensuring
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safety and visibility standards, often prioritize compliance over innovation and ecologi-
cal considerations [90]. Key regime actors, including municipal authorities, utility pro-
viders, urban planners, and lighting manufacturer, shape the discourse and deci-
sion-making around urban illumination, influencing both the pace and scope of adaptive
lighting adoption [4]. Cognitive and cultural dimensions, such as public perception of
safety, risk tolerance, and awareness of light pollution, also shape regime stability and
can slow the integration of niche innovations [91].

Interactions between niches and the regime occur through conceptualized pilot
projects, demonstration programs, and collaborative governance mechanisms. The re-
ceptiveness of the regime depends on technological plausibility, alignment with policy,
and potential for integration with existing systems. Successful transition requires not
only technical compatibility but also the adaptation of business models and operational
strategies at the regime level, ensuring that experimental lighting systems can scale and
be maintained within the urban infrastructure.

4.3. Landscape

The landscape represents the macro-level context within which urban lighting tran-
sitions occur, encompassing broad societal, environmental, technological, and economic
pressures that shape opportunities and constraints for innovation [92-94]. Key landscape
factors influencing the transition to energy-efficient, low-light-pollution cities include
international and national climate and energy policies, growing public awareness of
ALAN’s ecological and health impacts, advances in Al and IoT technologies, and mu-
nicipal and private investment capacity. These pressures conceptually destabilize exist-
ing regimes, creating windows of opportunity for niche innovations to emerge and in-
fluence systemic transformation.

Landscape dynamics also include global and regional trends in smart city devel-
opment, environmental sustainability certifications, and emerging technological stand-
ards for lighting and sensor systems [95,96]. Disruptive events, such as urban redevel-
opment projects, extreme weather events, or energy crises, may serve as critical junctures,
accelerating the adoption of niche innovations and reinforcing policy and financial in-
centives. Fiscal, regulatory, and policy interventions are highlighted as mechanisms that
can conceptually shield and support adaptive lighting practices within entrenched re-
gimes. The landscape provides pressures and opportunities, shaping the selection envi-
ronment for niches while influencing regime adaptation. The interplay of niche experi-
mentation, regime receptiveness, and landscape pressures is described as a conceptual
multi-level process, illustrating pathways toward sustainable, energy-efficient, and eco-
logically sensitive urban lighting systems.

5. Discussion

Existing studies in sustainable urban lighting highlight how entrenched regimes re-
sist the introduction of adaptive and Al-driven solutions, while niche innovations, de-
spite their potential, face challenges in influencing broader regulatory, social, and market
structures [76,97,98]. Our conceptual analysis suggests that the success of Al-driven
adaptive lighting transitions depends on interactions between niche actors and regime
structures, potentially catalyzing systemic shifts [99]. The timing, sequencing, and coor-
dination of these interactions are considered critical, as phased adoption may conceptu-
ally enhance public acceptance, align energy and ecological objectives, and reduce po-
tential disruptions [100].

Transition effectiveness is framed as contingent on niche-regime collaboration or
the strategic reshaping of regime practices. While niche innovation is essential, concep-
tual evidence indicates it alone may not suffice to trigger systemic change [86]. Successful
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transitions require coordinated conceptual interventions across legislation, incentives,
technology, public engagement, knowledge sharing, and policy advocacy [101]. These
factors conceptually constrain adoption, highlighting the need for multi-domain strate-
gies. Aligning networks of actors, fostering social cohesion, and strategically engaging
with regime institutions are critical to enhancing legitimacy, securing institutional sup-
port, and ensuring the sustainability of adaptive lighting initiatives. Effective transition
strategies balance challenging incumbent norms with aligning interventions to existing
regulatory frameworks, yet outcomes are contingent on context-specific conditions, such
as urban form, technological readiness, and policy environment.

Business model innovation is emphasized as a conceptual enabler for scaling
Al-driven adaptive lighting. Public-private partnerships, energy performance contract-
ing, and service-based lighting models are identified as potential mechanisms to enhance
economic viability and support adoption across municipalities [102,103]. Despite wide-
spread use of MLP in sustainability studies, critiques highlight its limited capacity to
fully account for agency, power dynamics, and structural inertia. MLP is treated here as a
conceptual lens, acknowledging that real-world transitions are complex, nonlinear, and
contested. Power struggles and institutional resistance may affect the trajectory of urban
lighting innovations. MLP often presumes relatively linear and orderly transitions, which
may underestimate the complexity, unpredictability, and contestation inherent in re-
al-world urban systems. Power struggles, vested interests, and institutional resistance are
particularly salient in urban lighting transitions, where stakeholders such as utility pro-
viders or municipal contractors may resist innovation. These limitations suggest that
while MLP provides a valuable conceptual lens, complementary analytical frameworks
may enrich understanding of socio-political dynamics in urban lighting transitions.

Successfully transitioning to sustainable urban lighting requires alignment among
diverse stakeholders, strategic alliances, and navigating institutional complexities.
Bridging conceptual Al-driven initiatives and established regimes identifies potential
opportunities for policy support, funding mechanisms, and knowledge transfer
[104,105]. Research in sustainability transitions grapples with the tension between the
inherent uncertainty of systemic change and the normative goal of long-term sustaina-
bility [106,107]. In urban lighting, this tension is conceptualized as balancing energy effi-
ciency, ecological impact mitigation, social acceptance, and urban resilience. Key chal-
lenges in low-light-pollution transitions include entrenched infrastructural practices,
high upfront costs of smart luminaires, integration complexity with existing networks,
and inertia within municipal planning processes. Transition strategies should conceptu-
ally optimize illumination for safety and usability while minimizing light pollution and
energy consumption, leveraging adaptive control, predictive algorithms, and participa-
tory approaches.

These conceptual approaches aim to deliver sustainable value, balancing environ-
mental protection and energy efficiency with financial feasibility and operational relia-
bility. We propose conceptual performance indicators for urban lighting transitions, in-
cluding potential reductions in energy use, decreases in skyglow, mitigation of ecological
disruption, shifts in municipal procurement practices, and societal perception of lighting
quality and environmental impact. Normative dimensions, such as equity in access to
lighting and fair distribution of costs and benefits, are also highlighted for long-term
sustainability and social legitimacy [108-110].

Focusing solely on technological substitution is insufficient to guarantee systemic
sustainability. Critical evaluation of transition pathways should conceptually account for
unintended consequences, including ecological impacts of LED spectra, maintenance
requirements, or socioeconomic barriers to adoption. Ensuring resilient, healthy, and
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environmentally responsible urban lighting requires integrating social, economic, and
ecological perspectives.

MLP’s emphasis on structural dynamics is complemented by frameworks address-
ing political contestation, stakeholder agency, and institutional power. Municipal au-
thorities, technology providers, utility companies, and citizen groups often have di-
verging objectives, which can fragment or delay transitions. Complementary approaches,
such as institutional analysis, political economy, and governance studies, are suggested
to enrich understanding of multi-level urban lighting transitions.

Limitations of this paper include its largely conceptual synthesis, absence of detailed
empirical analysis, and limited assessment of business model effectiveness. Future re-
search should consider cross-city comparative studies, meta-analyses of policy and
technology impacts, and illustrative organizational case studies for adaptive urban
lighting. These efforts would strengthen the generalizability of conceptual insights and
inform the design of more effective, multi-level strategies for sustainable
low-light-pollution transitions.

6. Conclusions

This paper has examined the transition toward energy-efficient and
low-light-pollution urban lighting systems through the lens of the MLP, with particular
emphasis on Al-driven adaptive lighting as a conceptual niche innovation. By integrating
insights from sustainability transition theory, smart city research, and urban lighting
studies, the analysis provides a structured conceptual understanding of how technolog-
ical, institutional, and societal dynamics may interact to shape urban lighting transitions.

The findings highlight that Al-driven adaptive lighting systems conceptually pos-
sess transformative potential at the niche level, offering possible benefits in terms of en-
ergy efficiency, reduced light pollution, and enhanced context-sensitive urban illumina-
tion. Conceptually, the influence of these innovations depends on interactions with ex-
isting regulatory frameworks, municipal procurement practices, and professional norms.
Regime-level inertia, path dependency, and risk-averse decision-making are potential
barriers to widespread adoption, emphasizing the need for coordinated governance
strategies and adaptive regulatory instruments.

At the landscape level, broader pressures, such as climate and energy policies,
growing awareness of ecological and health impacts of artificial light at night, and rapid
advancements in Al and IoT technologies, are conceptualized as both destabilizing forces
and enabling conditions for transition. These macro-level dynamics may create windows
of opportunity for niche innovations to scale, particularly if aligned with urban sustain-
ability agendas and smart city initiatives. The analysis reinforces that successful transi-
tions are rarely driven by technology alone; rather, they emerge from the co-evolution of
technical solutions, institutional adaptation, and societal acceptance.

From a theoretical perspective, this paper underscores the usefulness of the MLP
framework for conceptually analyzing urban lighting transitions, while acknowledging
its limitations. The framework provides a valuable heuristic for structuring complex so-
cio-technical interactions but may underrepresent issues of agency, power, and political
contestation. Consequently, future research could integrate MLP with complementary
perspectives, such as institutional theory or political economy, to better capture the range
of forces shaping urban lighting governance.

This paper remains primarily conceptual, and its conclusions should be interpreted
accordingly. Future research should explore empirical validation through comparative
case studies, longitudinal analyses, and quantitative assessment of environmental and
social outcomes. Such work would strengthen the evidence base and inform the design of
more context-sensitive transition strategies. This paper contributes to the growing liter-
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ature on sustainable urban transitions by demonstrating how Al-driven adaptive light-
ing, when conceptually embedded within supportive institutional and societal frame-
works, may play a meaningful role in reducing light pollution and promoting ener-
gy-conscious urban development.
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