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Abstract 

Urban street lighting remains a significant source of energy consumption in cities, largely due to static 
operation and limited responsiveness to real-time conditions. This inefficiency increases operational 
costs and environmental impact, especially in rapidly urbanizing regions. To address this issue, this 
study investigates IoT-enabled smart street lighting as an adaptive and data-driven solution within 
smart city frameworks. The work focuses on the growing body of research in this domain and 
examines its evolution, technical structure, and emerging environmental role. The study aims to 
provide a structured synthesis that connects research trends with system-level design, while 
highlighting the transition from energy-focused systems to multifunctional urban platforms. A 
bibliometric-driven and thematic review approach is adopted. A dataset of 151 publications was 
analyzed using Bibliometrix and Biblioshiny tools to extract trends, collaboration patterns, and 
research themes. This analysis is complemented by a qualitative evaluation of system architectures, 
sensing technologies, communication models, and control strategies. The findings indicate a 
sustained annual growth rate of 14.87% and a highly collaborative research landscape, with an 
average of 3.97 authors per study. The results also reveal that energy efficiency remains the dominant 
focus, while environmental integration is emerging but still underrepresented. The study further 
identifies key gaps related to scalability, sensor reliability, and the lack of standardized evaluation 
metrics. The outcomes provide a comprehensive roadmap for future research and support the 
development of scalable, intelligent, and sustainable lighting systems. The proposed insights are 
applicable to urban environments globally, particularly in regions seeking cost-effective and energy-
efficient infrastructure solutions. 

Keywords: urban infrastructure optimization; wireless sensor networks; environmental monitoring 
nodes; energy-aware systems; real-time decision systems; sustainable urban technologies 
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1. Introduction 

Urbanization is accelerating across both developed and developing regions. This rapid growth 
places increasing pressure on energy systems and urban infrastructure [1]. Public services such as 
street lighting contribute significantly to urban electricity consumption [2]. In many cities, street 
lighting accounts for a considerable portion of municipal energy use [3]. Traditional lighting systems 
operate based on fixed schedules and constant illumination levels [4]. They do not respond to real-
time conditions such as traffic flow, pedestrian activity, or environmental visibility [5]. As a result, 
these systems often provide unnecessary lighting during low-demand periods. This leads to energy 
waste, higher operational costs, and increased environmental impact [6,7]. The inefficiency of 
conventional street lighting has therefore become a critical issue in the context of sustainable urban 
development [8,9]. Cities are now seeking intelligent solutions that can reduce energy consumption 
while maintaining safety and service quality [10,11]. 

The Internet of Things (IoT) offers a practical pathway for transforming conventional lighting 
systems into adaptive and intelligent networks [12,13]. IoT enables real-time data collection, 
communication, and automated decision-making through interconnected devices [14–16]. In smart 
street lighting systems, sensors play a central role in capturing environmental and operational 
conditions. Motion sensors detect the presence of pedestrians and vehicles [17,18]. Ambient light 
sensors measure surrounding illumination levels. These inputs allow lighting systems to adjust 
intensity dynamically instead of operating at fixed levels [19,20]. Microcontrollers process the sensor 
data locally or transmit it to centralized platforms for further analysis [21]. Communication 
technologies enable coordination between distributed lighting units and control systems [22]. This 
integration supports real-time monitoring and remote management. It also improves system 
reliability and reduces maintenance costs [23]. As a result, IoT-based lighting systems are widely 
recognized as a key component of smart city infrastructure. They provide both energy savings and 
operational flexibility [24–27]. 

Recent developments indicate that the role of smart street lighting is expanding beyond energy 
optimization [28,29]. Modern systems are increasingly designed as multi-functional platforms that 
integrate environmental sensing capabilities [30]. Sensors such as DHT11 and MQ135 are used to 
monitor temperature, humidity, and air quality [31]. This integration allows street lighting 
infrastructure to function as a distributed sensing network [32,33]. Each lighting unit becomes a node 
that contributes to environmental data collection. This approach enhances the value of existing 
infrastructure without requiring additional installations [34,35]. It supports continuous monitoring 
of urban conditions and enables data-driven decision-making. Such systems can provide insights into 
environmental quality, weather conditions, and pollution levels [36,37]. This shift reflects a broader 
transformation in smart city design, where infrastructure systems are expected to serve multiple 
functions simultaneously [38,39]. However, the current literature shows that energy efficiency 
remains the dominant focus. Environmental integration is often treated as a secondary feature rather 
than a core system component [40–42]. In addition, many studies address individual technical aspects 
in isolation. Some focus on sensor technologies, while others emphasize communication protocols or 
control algorithms [43]. This fragmented approach limits the understanding of how different system 
components interact and affect overall performance. 

Despite the growing number of studies, several research gaps remain. There is a lack of 
comprehensive reviews that combine quantitative bibliometric analysis with detailed technical 
synthesis. Existing review papers often focus on either technology classification or application 
scenarios [10,30,33]. Few studies provide a unified framework that connects research trends with 
system-level design. In addition, the evolution of smart street lighting systems is not clearly 
structured. The transition from static systems to adaptive and context-aware solutions is often 
discussed without a consistent classification. This makes it difficult to identify technological progress 
and emerging research directions. Furthermore, the integration of environmental sensing into 
lighting systems is not systematically analyzed. While some studies demonstrate its feasibility, its 
role in improving system intelligence and sustainability is not fully explored [44,45]. To address these 
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limitations, this study presents a bibliometric-driven and thematic review of IoT-enabled smart street 
lighting systems. The review integrates quantitative analysis of research activity with qualitative 
evaluation of system architectures and environmental integration. It aims to (i) analyze research 
trends and collaboration paĴerns using bibliometric indicators, (ii) examine energy-efficient 
architectures and their key components, (iii) evaluate the evolution of environmental integration in 
smart lighting systems, and (iv) identify critical gaps and propose a strategic roadmap for future 
research. The novelty of this work lies in linking bibliometric evidence with system-level analysis, 
while explicitly highlighting the transition from energy-focused lighting systems to multifunctional, 
environmentally aware urban infrastructure. 

2. Materials and Methods 

This review follows a structured approach that combines bibliometric analysis with thematic 
synthesis. The process includes three main stages: data collection, data visualization, and analytical 
classification of the selected studies (Figure 1). 

 

Figure 1. A schematic drawing of the research methodology. 

2.1. Data Collection 

The dataset was collected from the Scopus database to ensure coverage of peer-reviewed and 
high-quality publications [46]. The search focused on studies related to IoT-based smart street 
lighting and energy-efficient urban systems. A Boolean search query was defined to capture the 
relevant literature: ("IoT" OR "Internet of Things") AND ("smart street lighting" OR "smart lighting 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 April 2026 doi:10.20944/preprints202604.2110.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2110.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 18 

 

system" OR "intelligent street lighting" OR "adaptive street lighting") AND ("smart city" OR "energy 
efficiency" OR "sustainability" OR "energy saving"). The search was limited to publications wriĴen in 
English. It included journal articles and conference papers. The time range was selected to reflect 
recent developments in the field, with emphasis on studies published between 2016 and 2026. This 
period captures the rapid growth of IoT applications in urban infrastructure. After retrieving the 
initial results, duplicate records were removed. Irrelevant studies were excluded based on title and 
abstract screening. Studies that did not focus on smart street lighting or lacked technical contribution 
were also excluded. The final dataset includes publications that provide system design, 
implementation, or evaluation of IoT-based lighting solutions. 

2.2. Data Visualization 

The bibliometric analysis was performed using the Bibliometrix package and its graphical 
interface, Biblioshiny [47]. These tools enable quantitative analysis of scientific literature and support 
visualization of research trends. The collected dataset was imported into Biblioshiny for processing. 
Several bibliometric indicators were generated. These include publication trends, author 
collaboration paĴerns, and keyword co-occurrence networks. The analysis focuses on identifying 
research growth, collaboration structures, and thematic evolution. Three main types of visual outputs 
were produced. First, a bibliometric overview summarizes the dataset in terms of publication 
volume, authorship, and citation paĴerns. Second, a collaboration network map illustrates 
relationships between countries and research groups. Third, a keyword co-occurrence analysis 
highlights dominant research topics and emerging themes. These visualizations provide a 
quantitative basis for understanding the structure of the field. Additionally, the bibliometric results 
can help identify research concentration areas and reveal underexplored topics [48]. 

2.3. Analytical Overview of the Studies 

Following the bibliometric analysis, the selected studies were examined through a qualitative 
synthesis. The objective was to identify common design paĴerns, technological choices, and research 
trends. The studies were classified into two main domains. The first domain focuses on energy-
efficient architectures. It includes system design, sensing technologies, microcontroller platforms, 
communication protocols, and control algorithms. The second domain focuses on environmental 
integration [49]. It includes environmental sensing, context-aware control, and sustainability 
considerations. Within each domain, studies were grouped based on their technical characteristics. 
For example, energy-related studies were analyzed in terms of sensing mechanisms and control 
strategies. Environmental studies were examined based on the type of sensors used and their 
integration with lighting systems [50]. This classification supports a structured discussion of the 
literature. It allows comparison between different approaches and highlights the evolution of system 
design. It also provides the foundation for identifying research gaps and future directions. 

3. Bibliometric Analysis 

The bibliometric results reveal a clear expansion of research activity in IoT-enabled smart street 
lighting over the period 2016–2026. As shown in Figure 2, the dataset includes 151 documents 
distributed across 135 sources, with a total of 563 contributing authors. The annual growth rate 
reaches 14.87%, which indicates a sustained and accelerating research interest in this field. The 
relatively low number of single-authored documents (4) and the average of 3.97 co-authors per 
document suggest that this research area is highly collaborative. This trend aligns with the 
multidisciplinary nature of smart street lighting systems, which require expertise in embedded 
systems, communication networks, and energy management [51]. The average citation rate of 15.54 
per document reflects a moderate but consistent academic impact. At the same time, the average 
document age of 3.93 years confirms that the field is still evolving, with most contributions being 
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recent. These observations indicate that IoT-based street lighting is transitioning from an emerging 
topic to a structured research domain with growing maturity [33]. 

 

Figure 2. Bibliometric overview of IoT smart street lighting research (2016-2026). 

The global collaboration network presented in Figure 3 provides further insight into how this 
field is developing geographically. The map shows that research activity is not limited to a single 
region but is distributed across multiple continents. However, the intensity of collaboration varies. A 
noticeable concentration appears in regions such as South Asia and parts of Europe, where stronger 
collaboration links are visible. In contrast, other regions show weaker or more isolated participation. 
The presence of international collaboration links indicates that knowledge exchange is active, but it 
is not yet uniformly distributed. This uneven distribution suggests that some countries play a more 
central role in shaping research directions, while others contribute at a more localized level. The 
collaborative structure reflects the global relevance of energy-efficient lighting and smart city 
applications. It also highlights the need for broader international integration to ensure balanced 
technological development [52]. Compared with other IoT domains, where collaboration networks 
are often more dense, the observed structure suggests that smart street lighting research is still 
consolidating its global research community. 

 
Figure 3. Global research collaboration network in IoT smart street lighting (2016-2026). 

The keyword co-occurrence analysis in Figure 4 offers a clear representation of the dominant 
research themes within the field. The most prominent terms include “internet of things,” “energy 
efficiency,” “street lighting,” and “smart city.” This confirms that the research focus is strongly 
centered on energy optimization within urban infrastructure. The frequent appearance of terms such 
as “lighting fixtures,” “lighting systems,” and “light emiĴing diodes” indicates that hardware-level 
efficiency remains a key concern. At the same time, the presence of terms like “automation,” “energy 
utilization,” and “energy conservation” reflects an increasing interest in intelligent control strategies 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 April 2026 doi:10.20944/preprints202604.2110.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2110.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 18 

 

rather than static lighting solutions. Notably, environmental-related terms such as “air quality” 
appear with lower prominence. This suggests that environmental integration is still a secondary focus 
compared with energy efficiency. However, its presence within the keyword network indicates a 
growing research direction [53]. These findings support the observation that the field is evolving from 
basic lighting control toward more integrated smart city applications. The keyword structure also 
shows a strong overlap between IoT technologies and energy management concepts, which confirms 
that smart street lighting research is positioned at the intersection of digital infrastructure and 
sustainability [54]. 

 

Figure 4. Global research collaboration network in IoT smart street lighting (2016-2026). 

4. Energy-Efficient Architectures 

The synthesis of the reviewed studies shows that energy efficiency in IoT-based smart street 
lighting is achieved through coordinated system design rather than isolated components. Table 1 
presents the dominant architectural paĴerns, linking technical choices with their functional roles and 
reported impact on energy optimization. 

Table 1. Dominant architectural components, technologies, and representative studies in IoT-based smart street 
lighting. 

Layer / Component Common Technologies Functional Role 
Energy 
Impact 

Representative 
Studies 

IoT Architecture 3-layer, 5-layer models 
Structured data flow and 

system coordination Indirect [33,55] 

Sensors PIR, LDR, DHT11, MQ135 
Motion, light, 

environmental sensing 
Direct [56] 

Microcontrollers / Edge 
ESP8266, Arduino, 

Raspberry Pi 
Local processing and 

control Direct [57,58] 

Communication 
Protocols 

Wi-Fi, ZigBee, LoRaWAN, 
MQTT 

Data transmission and 
system connectivity 

Conditional [55] 

Energy Strategies 
Static → Sensor-based → 

Adaptive 
Evolution of lighting 

control High [33] 

Control Algorithms Rule-based, threshold, 
adaptive logic 

Dynamic dimming and 
decision-making 

High [59] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 April 2026 doi:10.20944/preprints202604.2110.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2110.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 18 

 

4.1. IoT Reference Architectures 

The reviewed studies consistently rely on layered IoT architectures to structure system 
operation. The three-layer and five-layer models dominate current implementations. These models 
separate sensing, communication, and application processes into distinct layers, which improves 
system clarity and scalability. Studies such as [33,55] show that layered architectures support efficient 
data flow and simplify integration between devices and cloud platforms. However, the results 
indicate that architecture alone does not directly reduce energy consumption. Its role is indirect. It 
enables coordination between sensing and control modules. Systems built on well-defined 
architectures demonstrate beĴer synchronization between input data and lighting decisions. This 
leads to more stable and responsive behavior under dynamic conditions. Compared with 
unstructured designs, layered architectures provide beĴer support for real-time adaptation and 
system expansion. This finding aligns with previous IoT surveys, where structured architectures are 
considered essential for managing heterogeneous smart city systems [60]. Therefore, the architecture 
should be viewed as an enabling layer for energy efficiency rather than a direct contributor. 

4.2. Sensor Technology Ecosystem 

The sensor layer shows a clear dominance of motion and light sensing technologies. PIR sensors 
are widely used for detecting human or vehicle movement, while LDR sensors measure ambient light 
intensity. Studies such as [56] confirm that these sensors are the primary drivers of energy savings. 
They allow lighting systems to operate only when needed. This eliminates unnecessary illumination 
during idle periods. Environmental sensors such as DHT11 and MQ135 appear in more recent 
systems. These sensors measure temperature, humidity, and air quality. Their role is different. They 
do not directly reduce energy consumption. Instead, they provide contextual data that can support 
advanced control strategies. The results show that systems relying on PIR and LDR achieve 
immediate energy reduction, while environmental sensing adds long-term value [61]. This creates a 
two-level sensor ecosystem. The first level is operational and directly linked to energy control. The 
second level is contextual and supports system intelligence. This distinction is important when 
evaluating system performance. It also reflects a broader shift toward multifunctional smart units in 
urban infrastructure. 

4.3. Microcontroller and Edge Platforms 

The analysis shows that low-cost microcontrollers dominate the implementation of smart street 
lighting systems. Platforms such as ESP8266 and Arduino are widely used due to their low power 
consumption and ease of deployment [57,58]. These devices provide sufficient processing capability 
for real-time control. The results also highlight a strong trend toward edge processing. Decisions are 
increasingly made locally rather than in centralized cloud systems. This reduces communication 
overhead and improves response time. Studies using NodeMCU-based systems demonstrate efficient 
real-time control with minimal latency [62]. In contrast, higher-end platforms such as Raspberry Pi 
are used when additional processing is required. However, they introduce higher power 
consumption. The comparison suggests that lightweight microcontrollers offer a beĴer balance 
between performance and efficiency. Edge computing emerges as a key factor in energy optimization. 
It minimizes unnecessary data transmission and supports faster decision-making. This confirms that 
processing location is a critical design parameter in smart lighting systems. 

4.4. Communication Protocol Landscape 

Communication technologies play a significant role in system efficiency [55]. The reviewed 
studies show a diverse set of protocols, including Wi-Fi, ZigBee, LoRaWAN, and MQTT-based 
communication. Wi-Fi is widely adopted due to its accessibility and compatibility with existing 
infrastructure [63]. However, it consumes more power compared with other options. ZigBee is 
frequently used in wireless sensor networks due to its low power consumption and support for mesh 
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topology. LoRaWAN appears in large-scale deployments where long-range communication is 
required with minimal energy usage [64]. MQTT is used as a lightweight protocol for data exchange, 
reducing communication overhead. The results show that protocol selection depends on deployment 
scale and system requirements. No single protocol is optimal for all scenarios. Systems that optimize 
communication frequency and use lightweight protocols achieve beĴer energy performance. This 
finding is consistent with previous studies on IoT communication efficiency. It highlights that 
communication design is a critical factor in large-scale smart city applications [65]. 

4.5. Three Generations of Energy Efficiency 

The reviewed literature reveals a clear progression in energy-saving strategies [33]. The first 
generation of systems relies on static lighting. Lamps operate continuously at full intensity. This 
approach results in high energy consumption. The second generation introduces sensor-based 
control. Lighting is activated based on motion or ambient light conditions. Studies such as show that 
this approach significantly reduces energy usage. The third generation introduces adaptive systems 
[66]. These systems adjust lighting dynamically using multiple inputs. They may include 
environmental data and predictive models. Advanced systems discussed in [67] demonstrate higher 
efficiency through adaptive dimming and intelligent scheduling. The results show that each 
generation improves upon the previous one. The transition from static to adaptive systems represents 
the most significant improvement. However, this transition also increases system complexity. 
Adaptive systems require reliable sensing and stable communication. This trade-off between 
complexity and efficiency is a key observation in the literature [68]. 

4.6. Adaptive Dimming Algorithms 

Adaptive dimming algorithms are the main mechanism for achieving energy savings. Most 
reviewed systems use rule-based or threshold-based control strategies [59]. These strategies adjust 
lighting intensity based on sensor input. For example, light intensity increases when motion is 
detected and decreases during inactivity. Studies such as [69] show that even simple rule-based 
approaches can achieve significant energy reduction. More advanced systems implement multi-level 
dimming rather than binary control. This allows smoother transitions and beĴer energy optimization. 
The results indicate that finer control leads to beĴer performance. However, it also requires accurate 
sensor data and proper calibration. Despite these improvements, most systems still rely on 
predefined rules. The use of predictive or learning-based algorithms remains limited. This suggests 
that adaptive dimming is still an evolving research area [70].  

The results confirm that energy-efficient smart street lighting is a system-level outcome. It 
depends on the interaction between architecture, sensing, processing, communication, and control. 
Each component contributes differently [71]. Sensors and control algorithms have a direct impact. 
Architecture and communication play supporting roles. The literature shows a clear shift toward 
adaptive and integrated systems. However, many implementations still rely on simple and cost-
effective solutions. This reflects practical constraints in real-world deployment. The findings 
highlight the importance of balanced system design. Efficiency is achieved when all components 
operate in coordination rather than isolation [72]. 

5. Environmental Integration 

The reviewed studies show a clear transition from energy-focused lighting systems toward 
environmentally aware urban infrastructure. Environmental integration is no longer treated as an 
optional extension. It is becoming a defining feature of modern smart street lighting systems. Table 2 
summarizes how environmental functions are incorporated into lighting systems and how they 
influence system performance and sustainability outcomes. 
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Table 2. Environmental integration paĴerns, sensing technologies, and sustainability roles in IoT-based smart 
street lighting. 

Integration Level Technologies Used Functional Role System Impact 
Representative 

Studies 
Lighting-only 

systems LED + basic control Illumination control only Low [33] 

Lighting + motion 
sensing PIR, LDR Adaptive lighting based on 

activity Medium [73] 

Lighting + 
environmental 

sensing 

DHT11, MQ135, gas 
sensors 

Air quality and weather 
monitoring 

Medium–High [74] 

Multi-functional 
smart nodes 

Hybrid sensor networks 
+ IoT cloud 

Integrated lighting, sensing, 
and analytics 

High [32] 

Context-aware 
systems 

Multi-sensor + control 
algorithms 

Environment-driven 
lighting decisions 

High [57] 

5.1. From Single-Purpose to Multi-Functional Nodes 

The reviewed literature shows a clear transition from lighting-only systems to multi-functional 
smart nodes [33]. Early systems focused on replacing conventional lamps with LED technology. 
These systems improved energy efficiency but remained limited in functionality. Studies such as [75] 
confirm that early designs did not incorporate sensing or data-driven control. In contrast, recent 
systems integrate sensing, communication, and processing within the same unit. Research in [76] 
demonstrates that street lighting infrastructure is increasingly used as a distributed sensing network. 
This transformation allows each lighting pole to operate as an independent smart node. The results 
indicate that this shift improves system utility without requiring additional infrastructure. It reduces 
deployment cost and supports scalable monitoring. However, it also increases system complexity. 
Data management and interoperability become critical challenges [77]. Despite these issues, the 
transition toward multi-functional nodes is consistent across recent studies. It reflects the broader 
evolution of smart city systems toward integrated and data-driven infrastructure. 

5.2. Environmental Sensing Technologies 

Environmental sensing technologies form the technical foundation of integration [73]. The 
reviewed studies show a strong reliance on low-cost sensors such as DHT11 and MQ135. These 
sensors are widely used for measuring temperature, humidity, and air quality [78]. Their adoption is 
driven by affordability and ease of deployment. The results indicate that environmental sensing is 
often implemented alongside lighting control systems rather than as standalone platforms. This 
integration allows continuous monitoring without significant additional energy consumption. 
However, the literature highlights a key limitation [79]. Low-cost sensors provide approximate 
measurements and require calibration for reliable use. Studies focusing on sensor performance 
emphasize that accuracy can vary under different environmental conditions. Despite this limitation, 
large-scale deployment of such sensors remains practical. The emphasis shifts from precision to 
spatial coverage. This approach allows systems to detect environmental trends rather than exact 
values. The findings suggest that environmental sensing is becoming a standard component in smart 
lighting systems, even though its data quality still requires improvement [80]. 
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5.3. Context-Aware Lighting Control 

The integration of environmental sensing enables context-aware lighting control [74]. This 
represents a significant advancement over traditional sensor-based systems. In context-aware 
systems, lighting decisions are influenced by multiple environmental parameters. Studies such as [81] 
show that lighting intensity can be adjusted based on visibility conditions, including fog and 
humidity levels. This approach improves safety while maintaining energy efficiency. The results 
indicate that context-aware systems provide more balanced performance compared with simple 
motion-based control. They adapt to real-world conditions rather than predefined rules. Research in 
[82] highlights the importance of combining multiple sensor inputs to improve system 
responsiveness. However, these systems require reliable data and stable communication. This 
increases system complexity and computational requirements. Despite these challenges, the adoption 
of context-aware control is increasing. It reflects a shift toward intelligent infrastructure that responds 
dynamically to environmental changes [83]. 

5.4. Global Deployment Case Studies 

The reviewed deployment cases show that environmental integration is being implemented in 
real-world scenarios [32]. Several studies report installations in urban areas, campuses, and 
transportation networks. These deployments confirm the feasibility of integrated systems under 
practical conditions. The results also reveal regional differences in system design. In densely 
populated areas, systems focus on air quality monitoring and pollution detection [84]. In less dense 
environments, the focus shifts toward energy efficiency and traffic-based control. The collaboration 
paĴerns observed in global research support this variation. Studies from different regions adopt 
different priorities based on local needs. However, all deployments share a common objective. They 
aim to improve system efficiency while providing additional environmental insight. The findings 
indicate that environmental integration is not limited to experimental research. It is becoming part of 
practical smart city solutions [28]. 

5.5. Sustainability Impact Quantification 

Sustainability remains the central motivation for environmental integration [57]. The reviewed 
studies consistently report energy savings as the primary measurable outcome. Adaptive lighting 
systems reduce energy consumption compared with conventional systems. However, environmental 
benefits are less frequently quantified. The results show that most studies focus on energy metrics 
while treating environmental data as supplementary information [85]. This creates a gap in 
sustainability assessment. While systems collect data on air quality and environmental conditions, 
few studies translate this data into measurable impact. Some research aĴempts to link environmental 
monitoring with public health and pollution management. However, these efforts are still limited 
and lack standardized evaluation frameworks [86]. The findings suggest that sustainability 
assessment should expand beyond energy savings. It should include environmental and social 
indicators. This will provide a more comprehensive evaluation of smart street lighting systems. The 
current limitation highlights an important direction for future research [33]. 

The results confirm that environmental integration is reshaping the role of smart street lighting 
systems. The field is moving from isolated energy-saving solutions toward integrated urban sensing 
platforms. Multi-functional nodes, environmental sensing, and context-aware control are key 
elements of this transformation [87]. At the same time, challenges related to sensor accuracy, system 
complexity, and evaluation metrics remain unresolved. Despite these limitations, the trend is clear. 
Environmental integration enhances system value and supports broader smart city objectives. It 
complements energy efficiency rather than replacing it. The combination of both aspects defines the 
next stage of development in IoT-based smart street lighting systems [10]. 
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6. Critical Gaps and Strategic Roadmap 

The results of the reviewed studies show that IoT-based smart street lighting systems have 
reached a functional level but have not yet achieved full system maturity [32]. Several limitations 
appear consistently across the literature. These limitations are not isolated. They are interconnected 
and affect system performance, scalability, and long-term sustainability. The first major gap relates 
to sensing reliability. Most implementations depend on low-cost sensors such as DHT11 and MQ135 
for environmental monitoring [88]. These sensors are easy to deploy and cost-effective. However, 
their measurements are often unstable under varying environmental conditions. Studies on sensor 
behavior confirm that calibration is rarely addressed in practical deployments. This creates 
uncertainty in environmental data and limits its use in decision-making [89]. As a result, 
environmental integration remains partially underutilized. Systems collect data, but they do not fully 
exploit it. This finding suggests that future research must focus on calibration models and hybrid 
sensing strategies. Combining low-cost sensors with reference measurements or correction 
algorithms can improve data quality without increasing system cost significantly [90]. Another 
critical gap appears in performance evaluation. The reviewed studies report energy savings using 
different assumptions and calculation methods. There is no unified framework for measuring system 
performance [91]. This makes it difficult to compare results across studies. Some systems report 
energy reduction based on dimming levels, while others use simplified consumption models. The 
absence of standardized metrics reduces the credibility of reported improvements. It also limits the 
ability to assess system efficiency at scale. This issue has been highlighted in previous surveys, where 
the lack of benchmarking frameworks is identified as a barrier to technology adoption [92]. A 
structured evaluation model based on key performance indicators is therefore required. Such a model 
should include energy consumption, response time, communication reliability, and environmental 
impact. Without this standardization, the field will remain fragmented [93]. 

The second group of gaps relates to system scalability, intelligence, and security. Most reviewed 
systems are implemented in controlled environments such as campuses or pilot zones [94]. These 
environments do not represent the complexity of real urban systems. When scaling to city-level 
deployment, new challenges emerge. These include network congestion, data management, and 
maintenance overhead [95]. Current architectures are not always designed to handle such 
complexity. This explains why many systems remain at the prototype stage. The results indicate that 
scalable design requires distributed architectures and efficient communication strategies [96]. 
Protocol selection also plays a critical role. While Wi-Fi is commonly used, it is not suitable for large-
scale deployments due to its power consumption and limited range. Alternative solutions such as 
LoRaWAN and ZigBee offer advantages, but they introduce trade-offs in latency and bandwidth [97]. 
This confirms that communication design must be adaptive and context-dependent. Another 
limitation appears in control intelligence. Most systems rely on rule-based logic. These rules are 
simple and effective for basic operation. However, they cannot adapt to complex or dynamic urban 
conditions [98]. The literature suggests that machine learning and predictive models can improve 
system performance [99]. These models can anticipate traffic paĴerns, weather changes, and 
environmental variations [100]. Despite this potential, their implementation remains limited. This 
gap indicates a disconnect between theoretical research and practical deployment. In addition, 
cybersecurity is often overlooked. Many systems prioritize functionality and energy efficiency while 
neglecting security mechanisms. This creates vulnerabilities in data transmission and system control. 
In smart city environments, such vulnerabilities can have serious consequences [101]. Therefore, 
security must be integrated into system design from the beginning. It should not be treated as an 
optional feature. Finally, sustainability evaluation remains incomplete. Most studies focus on energy 
savings as the primary indicator of success. Environmental benefits are discussed but rarely 
quantified [102]. Social impact is almost completely ignored. This creates a narrow view of system 
performance. The results suggest that sustainability should be assessed using a multi-dimensional 
approach [103]. Energy, environmental, and social indicators should be combined into a unified 
framework. This will provide a more realistic evaluation of system impact. Overall, the findings 
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indicate that the field is transitioning from isolated technical solutions to integrated urban systems. 
The strategic roadmap must therefore focus on three directions. First, improve system reliability 
through beĴer sensing and calibration. Second, enhance system intelligence using data-driven 
approaches. Third, develop comprehensive evaluation frameworks that reflect real-world 
performance. These directions are essential for moving from experimental systems to large-scale 
smart city deployment [104]. 

 

Figure 5. Critical gaps and strategic roadmap for IoT smart street lighting. 

7. Conclusions 

This study presented a bibliometric-driven and thematic review of IoT-enabled smart street 
lighting systems, with a focus on energy-efficient architectures and environmental integration. The 
analysis combined quantitative bibliometric evaluation with qualitative synthesis of system 
components and design approaches. The findings confirm that research in this field is expanding 
steadily and is characterized by strong collaboration and multidisciplinary contributions. The review 
shows that energy efficiency remains the primary driver of system design, supported by adaptive 
control, sensing technologies, and edge-based processing. At the same time, environmental 
integration is emerging as a complementary function, where lighting infrastructure evolves into 
multi-functional sensing platforms. However, this integration is still limited by sensor accuracy and 
lack of standardized evaluation methods. The study also highlights that most systems remain at 
small-scale deployment stages, with scalability, communication efficiency, and system intelligence 
identified as key challenges. 

The impact of this research lies in providing a structured understanding of how smart street 
lighting systems are evolving from isolated technical solutions into integrated urban infrastructure. 
It clarifies the interaction between architectural design, sensing, and control mechanisms. It also 
highlights the importance of combining energy and environmental perspectives within a unified 
framework. These insights support decision-makers and researchers in designing more efficient and 
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scalable systems. For future work, several directions are recommended. Sensor calibration and hybrid 
sensing models should be developed to improve data reliability. Advanced data-driven and 
predictive control methods should be integrated to enhance system intelligence. In addition, 
standardized performance metrics are required to enable fair comparison across studies. Finally, 
future research should adopt multi-dimensional sustainability assessment frameworks that include 
energy, environmental, and social indicators. These steps are essential for enabling large-scale 
deployment and ensuring long-term impact in smart city applications. 
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