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Abstract - The rapid expansion of the solar energy 
industry has led to increased resource consumption, 
waste generation, and carbon emissions. International 
Renewable Energy Agency, substantial volumes of 
annual waste from the solar energy industry are 
anticipated as early as the 2030s, potentially reaching 
78 million tons by 2050. Transitioning to a Circular 
Economy (CE) represents a promising pathway to 
achieve long-term economic and environmental 
sustainability. However, advancing circularity within the 
solar energy sector remains complex and faces multiple 
challenges. This study seeks to identify potential for CE 
transition in the solar energy industry by analyzing 
topical research data using Boolean searches in the 
Scopus database, processed through VOSviewer for 
visualization. Network analysis reveals a framework 
comprising four interrelated clusters: emission 
reduction strategies (Cluster 1), end-of-life and waste 
management (Cluster 2), enabling governance and 
policy instruments (Cluster 3), and environmental 
assessment methodologies such as Life Cycle 
Assessment (Cluster 4). Density visualization indicates 
that only a limited number of keywords appear with 
high frequency, suggesting that the research field 
remains niche or emerging, with a specialized thematic 
focus. Meanwhile, overlay visualization points to the 
need for future research to examine the transition 
toward circularity in the solar energy sector through a 
product-based approach. 

Keywords - Circular Economy, Solar Energy, 
Transition. 
 
 

I.  INTRODUCTION 
 

The energy transition has consistently been a 
prominent subject of discourse at recent state 
meetings. Nationally Determined Contributions (NDCs) 
submitted by numerous countries in accordance with 
international climate obligations under the COP21 
Paris Agreement emphasize solar energy as a pivotal 
element of renewable energy expansion strategies, 
positioning solar as a primary alternative energy 
source for sustainable development. Driven by 
supportive regulations in numerous countries, solar 
photovoltaic deployment has witnessed a significant 

increase, with worldwide installed capacity tripling 
from 2018 to 2023, achieving unparalleled growth 
levels [1]. Escalating supply chain operations have 
increased resource consumption and therefore 
resulted in increased waste production and carbon 
emissions[2]. The International Renewable Energy 
Agency projects that significant quantities of annual 
waste from the solar energy sector, encompassing 
panels, batteries, and associated electrical equipment, 
may emerge as early as the 2030s, potentially 
escalating to 78 million tons by 2050.[3][4]. 
Specifically, an estimated 8 million tons of solar panels 
are expected to reach end-of-life by 2030, with the 
total projected to rise to approximately 80 million tons 
by 2050 [5]. The most promising strategy to achieve 
economic and environmental sustainability is to 
transition to a Circular Economy (CE) [6]. The concept 
of Circular Economy is based on a system of cradle-to-
cradle processes, beginning with design and 
extending through production, distribution, 
consumption, and replication stages. In the renewable 
energy sector, particularly within the solar energy 
industry, the primary goal of a circular economy is to 
create closed loops of material flow throughout the 
entire economic system [7], [8]. However, the 
transition towards circularity in the solar photovoltaic 
(PV) sector faces several challenges, including issues 
in the supply chain such as material constraints, 
technology limitations, and methodologies, as well as 
behavioral factors among stakeholders compounded 
by ineffective stakeholder collaboration, limited 
coordination, and varying power-interest dynamics.[9], 
[10], [11] 

This aim of this research is to explore the 
application of the Circular Economy Framework within 
the solar energy industry, with the objective of 
assessing the potential for transitioning to a circular 
economy in the sector. Additionally, the study seeks to 
identify the challenges and opportunities associated 
with implementing the Circular Economy in the solar 
energy industry. This study will examine prior research 
that integrates the Circular Economy Framework inside 
the solar energy sector, employing co-occurrence 
analysis to determine significant themes and insights. 
This study will elucidate opportunities for future 
research by analyzing the current literature. 
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II. LITERATURE REVIEW 
 

 Over the past decade, research on the circular 
economy has grown substantially, driven by a shift 
away from the linear economic model and closely 
aligned with global agendas such as the Sustainable 
Development Goals (SDGs), particularly in promoting 
sustainable consumption and production, waste 
management, and resource efficiency [12], [13]. 
Circular economy practices throughout supply chains 
must strategically harness technological innovation to 
drive resource conservation while generating value 
across the triple bottom line of economic performance, 
social responsibility, and environmental sustainability 
[14]. Initially based on the three core principles of 
reduce (minimizing the use of primary resources), 
reuse (utilizing by-products across production stages), 
and recycle (reprocessing materials into the 
production cycle), the circular economy framework has 
since evolved into a comprehensive 9R model: Refuse, 
Rethink, Reduce, Reuse, Repair, Refurbish, 
Remanufacture, Repurpose, Recycle, and Recover [15], 
[16]. The adoption of the circular economy framework 
in the solar energy sector demands a comprehensive 
evaluation of the relevance of circular economy 
objectives, considering the viewpoints and interests of 
all pertinent stakeholders within the industry.[11] 
 To assure research rigor, the author systematically 
initiates the literature review by Boolean searching 
using keywords that relates to Circular Economy and 
Solar Energy. This study is using Scopus database in 
order to get the best peer review literature of previous 
research. The data are further analyzed using the co-
occurrence method in VOS Viewer software to examine 
the relationships between articles and the approaches 
taken by prior scholars on the research topic. VOS 
viewer is a software application developed for the 
creation and visualization of bibliometric maps, 
facilitating in-depth analysis of maps derived from co-
citation, keywords, and co-occurrence data, especially 
advantageous for maps with large numbers of 
items[17]. The keyword used by author is “circular 
economy” AND “solar energy”. Circular economy is 
a multidisciplinary topic, so the choosing of the 
keywords is one of the boundaries to keep the scope 
relevancy of this study. The author subsequently 
restricts the scope of analysis to publications within 
selected subject areas, namely Energy, Social Sciences, 
Business, Management and Accounting, Economics, 
Econometrics and Finance, and Decision Sciences—in 
alignment with the cluster results identified through the 
mapping analysis. 
 
 

III. ANALYSIS AND RESULT  
 

To date, the result from Boolean searching of the 
keywords in Scopus database to date shows 249 
documents, the majority of publications are articles, 
comprising 55.02% of the total, followed by reviews 
at 20.48%, conference papers at 11.65%, and book 
chapters at 10.84%. The top three subject categories 
contributing to the literature are Energy with 119 

publications (20.77%), followed by Environmental 
Science with 111 publications (19.37%), and 
Engineering with 92 publications (16.06%). In 
contrast, subject areas such as Social Sciences, 
Business, Management and Accounting, Economics, 
Econometrics and Finance, and Decision Sciences 
appear to be comparatively underrepresented in the 
results.  

The publication years range from 2009 to 2025, 
with the highest volume recorded in 2024; however, 
projections suggest that 2025 may surpass this figure, 
indicating a continued upward trend in the popularity 
of this research theme. Top countries in publishing this 
topic are India (40 documents), Spain (29), United 
Kingdom (26), China (25), and United States (20). 
While the sources in publishing the articles are Solar 
Energy (160 documents), Circular Economy (151), 
Sustainable Development (61), Solar Power 
Generation (42), and Sustainability (42). 

The initial set of 249 documents was subsequently 
refined to include only English-language articles and 
limited to the subject categories of Energy, Social 
Sciences, Business, Management and Accounting, 
Economics, Econometrics and Finance, and Decision 
Sciences, resulting in a final dataset of 146 documents 
selected for identification through the mapping 
analysis.The 146 documents were subsequently 
extracted and analyzed using VOSviewer software to 
generate a clustered co-occurrence map of author 
keywords. From a total of 1,523 keywords, 72 met the 
minimum threshold of appearing at least five times. 
Following the elimination of irrelevant terms and those 
with low link strength, 54 keywords (as presented in 
Table 1) were retained and mapped into four distinct 
clusters (Figure 1). 

The data from the VOS viewer software illustrates 
color clustering of terms relevant to circular economy 
study, highlighting several themes correlated with 
solar energy and their relationships within the 
literature. The data reveals that research on the 
circular economy within the solar energy sector is 
predominantly centered on sustainable development. 
Each cluster represents a different aspect of the study 
of circular economy concepts, particularly within the 
context of solar energy 
 
A. NETWORK VISUALIZATION 

 To explain the network visualization of the 
four clusters presented in Figure 1, a descriptive 
analysis will be conducted using VOSviewer, 
supported by an interpretation of the visualized co-
occurrence of keywords. 
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Figure 1 Network Visualization 

 
Cluster 1 with the red color shows the keywords 

related to Renewable energy, carbon emissions, 
energy efficiency, and climate change. The high 
occurrence of key keywords such as solar energy, 
renewable energy, greenhouse gases, carbon 
footprint, and energy efficiency reflects a concentrated 
research focus on the role of circular economy 
practices in mitigating emissions and enhancing 
energy efficiency.  

 
Table 1 Keywords Results from Co-Occurrence 

Analysis 
 

Clusters 
(color)                                            

Keywords 

Co-Occurrence Results 

Occurrence Link  
Link 
Strength 

Cluster 1 
(red) 

Bioenergy 
Carbon dioxide 
Carbon footprint 
Climate change 
Costs 
Emission control 
Energy efficiency 
Energy utilization 
Environmental             
Gas emissions 
Geothermal energy 
Global warming 
Greenhouse gases 
Renewable energy 
Solar energy 
Solar power plants 
Waste disposal 

5 
12 
8 
16 
7 
9 
9 
6 
6 
7 
5 
13 
11 
17 
90 
5 
5 

24 
32 
27 
45 
25 
29 
26 
22 
20 
29 
20 
39 
34 
38 
53 
29 
27 

33 
81 
54 
110 
42 
56 
45 
33 
42 
61 
34 
88 
84 
85 
494 
40 
40 

Cluster 2 
(green) 

Circular economy 
End of lives 
End-of-life 
Photovoltaic (PV) 
PV Modules 
PV system 
Photovoltaics 
Recycling 
Solar panels 
Solar photovoltaics 
Solar power 
Sustainable energy 
Waste management 

88 
16 
5 
9 
7 
7 
24 
22 
18 
5 
15 
5 
16 

53 
31 
24 
29 
29 
33 
40 
41 
30 
22 
43 
15 
36 

413 
102 
51 
69 
67 
64 
148 
163 
93 
38 
109 
24 
105 

Cluster 3 
(blue) 

Carbon 
Commerce 
Decarbonisation 
Decision making 
Economics 
Energy 
Energy policy 
Energy systems 

6 
5 
5 
5 
10 
24 
8 
5 

20 
17 
24 
20 
31 
45 
26 
20 

36 
24 
36 
34 
69 
137 
44 
28 

Energy transitions 
Fossil fuels 
Investments 
RE source 

5 
9 
7 
7 

23 
38 
27 
23 

33 
58 
51 
34 

Cluster 4 
(yellow) 

Electricity generation 
Energy storage 
Environmental 
impact 
Env- management 
Env -sustainability 
Life cycle 
Life cycle analysis 
Life cycle 
assessment 
Sustainability 
Sustainable Dev- 

5 
10 
15 
7 
5 
13 
5 
11 
31 
37 

26 
33 
44 
34 
25 
44 
23 
31 
48 
52 

37 
73 
140 
58 
53 
120 
45 
69 
189 
235 

 
 

 
   

Cluster 2 with the green color shows the keywords 
related to Circular economy, photovoltaic (PV) 
technologies, life cycle, waste, and recycling. This 
cluster highlights a significant concentration of 
research focused on the application of circular 
economy principles within solar energy systems, 
particularly in relation to photovoltaic (PV) 
technologies. The prominence of terms such as 
recycling and waste management underscores the 
growing importance of end-of-life strategies for solar 
panels. The high link strengths associated with circular 
economy (413) and recycling (163) reflect a well-
established research domain centered on sustainable 
material flows and policy-driven approaches to waste 
reduction in the context of the renewable energy 
transition. 

 Cluster 3 with the blue color shows the 
keywords related to Decarbonization, energy policy, 
economic instruments, and carbon management. This 
cluster focuses on the policy and economic dimensions 
of transitioning toward low-carbon energy systems. 
Keywords such as energy policy, investments, and 
commerce reflect the role of governance frameworks 
and market mechanisms in supporting circular 
economy practices. It emphasizes that circularity in the 
energy sector is not purely technological but also 
deeply embedded in macroeconomic strategies and 
regulatory agendas. 

 Cluster 4 with the yellow color shows the 
keywords related to environmental impact analysis, 
system efficiency, and life cycle thinking. This cluster 
underscores the significance of using Life Cycle 
Assessment (LCA) as a methodological tool to evaluate 
the sustainability of energy systems and circular 
economy strategies. Keywords like environmental 
impact and sustainable development (37 occurrences, 
link strength: 235) indicate a strong focus on data-
driven assessments and holistic resource management 
frameworks. The high interconnectivity within this 
cluster highlights the integration of sustainability 
metrics into energy planning and circular design. 

 
B.  OVERLAY VISUALIZATION 

The overlay visualization in VOS viewer 
emphasizes the publishing years of study. The 
gradient shading in the visualization represents the 
chronological distribution of publications, effectively 
illustrating the temporal evolution of research activity 
within the field. Darker tones correspond to earlier 
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publications, enabling a clear interpretation of how 
scholarly focus has shifted and developed over time. 

 
Figure 2 Overlay Visualization 

 
Darker shades of blue in the visualization 

correspond to earlier publications, primarily from 
2021 or before. Keywords such as carbon footprint, 
carbon dioxide, greenhouse gases, and emission 
control reflect long-standing environmental themes 
that have traditionally formed the foundation of 
scholarly discourse on circular economy and solar 
energy. 

The green hue signifies keywords that have 
experienced increasing scholarly attention in recent 
years, representing emerging areas of interest that, 
while relatively new, have not yet reached the level of 
novelty associated with the most recent developments 
shown in bright yellow. These terms reflect key 
interdisciplinary concepts that connect long-standing 
environmental issues with evolving technological 
advancements. Notable keywords such as 
sustainability, solar power, solar energy systems, and 
environmental impact illustrate their role in linking 
foundational research themes with emerging 
innovations in the field. 

The lighter shades, particularly yellow, indicate 
more recent research activity, with keywords such as 
photovoltaics, solar panels, end-of-life, and 
photovoltaic modules pointing to a rising focus on 
both the technical and socio-environmental 
dimensions of the circular economy transition in solar 
PV products. These terms highlight an increasing 
scholarly emphasis on lifecycle management and 
sustainability within circular economy frameworks 
applied to solar technologies. 
C.  DENSITY VISUALIZATION 

 

 
Figure 3 Density Visualization 

 
The density visualization generated by VOSviewer 

offers a clear depiction of the prominence and 
distribution of keywords within the research corpus. 
Variations in shading (ranging from lighter to darker 
areas) indicate differing levels of keyword frequency, 
effectively illustrating the intensity of scholarly focus 
across thematic areas represented in the data. 

Lighter shades, particularly yellow, denote high-
frequency keywords within the dataset. Apart from 
circular economy and solar energy, few terms fall into 
this high-density category, suggesting that current 
research on this topic remains relatively niche or 
emerging topics or segmented in focus. Nevertheless, 
keywords such as sustainability and photovoltaics also 
emerge as prominent, reflecting their growing 
relevance within the broader discourse. 

The green-shaded areas represent regions of 
moderate keyword density. Keywords such as 
photovoltaics, greenhouse gases, and environmental 
impact fall within this range, reflecting their consistent 
yet less dominant presence compared to high-density 
terms. These moderately frequent keywords highlight 
key interdisciplinary linkages, particularly in relation to 
environmental management, life cycle assessment, and 
renewable energy systems. 

The darker blue regions signify areas of lower 
keyword density, indicating that while these terms are 
referenced less frequently, they still contribute 
meaningfully to the broader research landscape and 
thematic structure of the field. Terms like carbon 
dioxide, energy utilization, renewable energy source, 
and photovoltaic modules fall on the edges with lower 
intensity, indicating niche or emerging topics with 

more specialized focus. 
 
 

IV. FINDINGS AND DISCUSSION  
 

 The analysis conducted using the VOSviewer 
application provides a structured and in-depth 
perspective on the centrality of the keywords solar 
energy and circular economy, highlighting their pivotal 
role within the research landscape. The four clusters 
derived from the dataset analysis in VOSviewer 
represent groups of interdisciplinary research issues 
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published in relation to the Circular Economy within 
the Solar Energy sector.  

Cluster 1 encompasses keywords associated with 
renewable energy, carbon emissions, energy efficiency, 
and climate change. The frequent appearance of key 
terms such as solar energy, renewable energy, global 
warming, greenhouse gases, carbon footprint, and 
energy efficiency underscores a strong research focus 
on the role of circular economy strategies in reducing 
emissions and addressing the broader challenges of 
climate change. Within this cluster, research related to 
the application of circular economy principles in the 
solar energy sector spans both macro-level and micro-
level perspectives. At the macro level, studies 
emphasize the importance of enabling policy windows 
to support the extension of the solar energy lifecycle, 
an essential tenet of circular economy frameworks. 
These policies are identified as critical to facilitating 
systemic adoption of circular practices in the 
renewable energy domain[18]. Additionally, research 
highlights the need for dedicated financial 
mechanisms to achieve circular economy objectives 
aimed at carbon emission reduction. Innovative 
financing instruments tailored to circular economy 
initiatives, such as green bonds based on circular 
economy frameworks, are explored as solutions to the 
high capital costs associated with sustainable 
infrastructure and technology deployment[19]. At the 
micro level, the cluster also includes studies on 
product and process design that align with circular 
principles and contribute directly to climate change 
mitigation. This includes the development of eco-
design approaches and life cycle-based production 
systems for solar energy technologies, which are 
designed to minimize environmental impact while 
enhancing the sustainability of solar power generation 
[20].Overall, Cluster 1 reflects an integrated research 
agenda focused on leveraging circular economy 
strategies, through policy, finance, design, and 
production, to reduce emissions and accelerate the 
transition to climate-resilient solar energy systems.  

Cluster 2 is characterized by keywords linked to 
the circular economy, photovoltaic (PV) technologies, 
life cycle analysis, waste, and recycling. This cluster 
reflects a concentrated body of research dedicated to 
integrating circular economy principles into solar 
energy systems, with a strong emphasis on PV 
technologies. The recurring presence of terms such as 
recycling, end-of-life, and waste management 
underscores the growing academic focus on 
sustainable end-of-life strategies for solar panels, 
highlighting the critical need for effective material 
recovery and lifecycle optimization. Research within 
this cluster is primarily concerned with how the solar 
energy sector can minimize waste generated during 
both the production process and the end-of-life phase 
of solar products. Several studies explore the adoption 
of recycling practices aligned with circular economy 
principles. One such example includes a 
comprehensive review of end-of-life (EOL) solar PV 
panel management, which assesses methods for 
estimating PV waste and proposes strategies for its 
mitigation[21]. Case-based research also features 

prominently in this cluster. For instance, a study on 
photovoltaic electronic waste in Brazil investigates the 
challenges, opportunities, and barriers associated with 
implementing circular economy models for PV waste 
management [22]. Similarly, research focused on 
reverse logistics network design in the context of 
managing solar PV panel waste in Saudi Arabia 
exemplifies country-specific strategies for 
operationalizing circular practices[23]. Beyond case 
studies, several papers investigate technological 
innovations in waste management. These include the 
use of smart technologies to enhance energy 
efficiency, promote the use of sustainable resources, 
and support advanced waste management 
systems[24]. Moreover, the cluster features research 
on methodological advancements such as the 
implementation of a novel intuitionistic fuzzy decision-
making framework for the sustainable siting of solar 
panel recycling facilities[25]. 

 Cluster 3 encompasses keywords related to 
decarbonization, energy policy, economic instruments, 
and carbon management. It emphasizes the critical 
role of policy and economic frameworks in steering the 
transition toward low-carbon energy systems. 
Keywords such as energy policy, investments, and 
commerce reflect the significance of regulatory 
mechanisms and market-based tools in enabling and 
scaling circular economy practices. This cluster 
includes studies such as Understanding Policy 
Windows for Solar Energy Lifecycle Extension, which 
explores policymaker perspectives in developing 
regions of Asia, highlighting the importance of 
strategic policy timing and support[18]. Furthermore, 
the concept of a Just Transition is addressed within the 
context of renewable and solar energy deployment—
stressing the need for inclusive, equitable frameworks 
that ensure all stakeholders benefit from the 
transition[26]. In addition, research within this cluster 
examines mechanisms such as carbon capture, carbon 
trading, and carbon offsetting, positioning them as 
vital components for accelerating the shift toward a 
circular economy[27], [28].  

 Cluster 4 encompasses keywords linked to 
environmental impact assessment, system efficiency, 
and life cycle perspectives. This cluster emphasizes the 
pivotal role of environmental impact assessment as a 
methodological foundation for evaluating the 
sustainability of energy systems and guiding the 
implementation of circular economy strategies. 

Several studies within this cluster apply 
environmental impact assessment, particularly Life 
Cycle Assessment (LCA), methodologies through case-
based approaches, examining specific systems such as 
grid-connected multi-crystalline silicon photovoltaic 
systems, solar thermal installations in Spain, and 
flexible plastic packaging alternatives. These cases 
offer context-specific insights into environmental 
trade-offs and system performance [20], [29], [30]. 
Additionally, this cluster includes research focused on 
advancing life cycle thinking within the solar sector, 
such as the study Promoting a Circular Economy in the 
Solar Photovoltaic Industry Using Life Cycle Symbiosis. 
This work introduces the concept of Life Cycle 
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Symbiosis (LCS), an extension of Industrial Symbiosis 
(IS), proposing it as a strategic framework for 
circularizing the photovoltaic industry by fostering 
interconnected resource flows and minimizing 
environmental impact across product lifecycles [31].  

Overall, the four clusters of keywords identified in 
this study are highly interrelated and demonstrate 
significant interdependencies, collectively forming a 
comprehensive framework for understanding the 
transition to a circular economy in the solar energy 
sector.  

Cluster 1 addresses the urgent need for climate 
change mitigation and decarbonization, establishing 
the environmental imperative that drives circular 
initiatives.  

This directly links with Cluster 2 which 
operationalizes emission reduction through end-of-life 
strategies and recycling systems, ensuring that 
material flows are maintained within sustainable 
boundaries.  

Cluster 3 functions as the enabling governance 
mechanism that connects these environmental and 
operational goals. Through policy instruments and 
stakeholder engagement, it provides the institutional 
architecture required to scale circular economy 
strategies across solar energy systems (multilevel 
perspectives).  

Cluster 4 offers the evaluative and methodological 
lens, particularly through tools like Life Cycle 
Assessment (LCA), that measure and validate the 
environmental sustainability of practices emerging 
from the other clusters. 

 
Figure 4 Circular Economy - Solar Energy Framework 

  

 
V.  CONCLUSION 

 
 The overall research trend, as evidenced by the 
distribution of publication years (the highest volume 
recorded in 2024 and projections indicating a further 
increase in 2025) demonstrates sustained and 
growing scholarly interest in this topic. This is further 
supported by the overlay visualization presented in 
Fig. 2, which reveals the thematic evolution of research 
within the field. In the earlier phases, scholarly focus 
centered predominantly on foundational 
environmental concerns, as indicated by frequently 
occurring keywords such as carbon footprint, 
greenhouse gases, and emission control, which have 
long underpinned academic discourse on circular 
economy and solar energy. However, recent research 

activity shows a discernible thematic shift toward more 
nuanced and applied dimensions of the circular 
economy transition, particularly in relation to solar 
photovoltaic (PV) technologies. Emerging keywords 
such as photovoltaics, solar panels, end-of-life, and 
photovoltaic modules reflect a growing academic 
emphasis on lifecycle management, technical 
innovation, and socio-environmental integration. 
These developments underscore an increasing 
recognition of the importance of embedding 
sustainability principles throughout the entire value 
chain of solar energy systems within circular economy 
frameworks. 
 Based on the findings from the network and 
overlay visualizations, as well as the density map, it is 
evident that only a limited number of keywords exhibit 
high density. This suggests that the topic remains 
relatively niche or represents an emerging field with a 
specialized research focus. Consequently, future 
research should explore the transition of the solar 
energy industry toward circular economy frameworks 
through a product-based lens, as indicated by 
emerging keywords such as photovoltaics, solar 
panels, end-of-life, and photovoltaic modules. 
Adopting a multi-level perspective is particularly 
relevant, refers niche character of current research 
themes revealed in the density analysis. Referring to 
the four-cluster structure identified in the network 
visualization, Cluster 1 highlights the strategic 
relevance of circular economy practices in supporting 
climate change mitigation and decarbonization 
objectives within the solar energy sector. This opens 
opportunities for further inquiry in the field of 
management science, particularly in relation to the 
taxonomy of innovative green financial instruments 
(including green bonds, green sukuk, blended finance, 
and public-private partnership (PPP) schemes) that are 
designed to support decarbonization agendas. 
Additionally, research on circular economy roadmaps 
tailored to specific industries may serve as a valuable 
reference for structuring transitions toward 
sustainability in the solar energy value chain.  
Cluster 2 emphasis on recycling, end-of-life, and waste 
management reflects a growing scholarly interest in 
sustainable end-of-life strategies for solar panels. 
Future research should expand toward comparative 
cross-national studies that assess the effectiveness of 
policy frameworks, infrastructure readiness, and socio-
economic barriers influencing end-of-life (EOL) 
management in diverse contexts. Other significant 
potential theme is technological innovation, 
particularly through the integration of Artificial 
Intelligence (AI), to enhance waste management 
systems and support the implementation of circular 
economy strategies across the solar energy value 
chain. Future research within Cluster 3, aligned with 
themes of governance and economic instruments, 
should prioritize the quantitative modeling of carbon 
pricing mechanisms, including carbon trading, carbon 
taxation, and offset markets. Additionally, advancing 
studies that examine equity and inclusion within the 
framework of a Just Transition will be critical to 
ensuring fair and socially responsible energy 
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transitions under circular economy principles. For 
Cluster 4, which centers on environmental impact, 
future investigations should focus on the integration 
of circular economy principles into Life Cycle 
Assessment (LCA) methodologies. This integration has 
the potential to establish a new standard for 
environmental impact assessments within corporate 
and industrial practices, enabling more holistic and 
sustainable decision-making frameworks. 
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