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| ABSTRACT

The global transition towards low-carbon energy systems has positioned solar energy as a cornerstone of sustainable
development, not only as a technology but as a catalyst for innovative business models. This paper examines solar energy
business models through a sustainable systems perspective, emphasising the interconnections between technological
innovation, economic viability, environmental stewardship, and social value creation. Moving beyond conventional utility-scale
and ownership-based models, the study explores emerging configurations such as energy-as-a-service, community solar, peer-
to-peer energy trading, and digitally enabled platform models. These approaches leverage system thinking to integrate
generation, storage, distribution, and consumption while aligning stakeholder incentives across the value chain. The analysis
highlights how sustainability-oriented business models enhance resilience, reduce lifecycle costs, support energy access, and
contribute to decarbonisation goals. Furthermore, the paper underscores the role of policy frameworks, financial mechanisms,
and digital technologies in shaping scalable and inclusive solar ecosystems. By adopting a systems perspective, the study
provides a holistic understanding of how solar energy business models can balance profitability with long-term environmental
and social objectives. The findings offer practical insights for policymakers, investors, and energy entrepreneurs seeking to
design and implement solar solutions that are economically sustainable, environmentally responsible, and socially inclusive in
diverse market contexts.
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Introduction:

The accelerating impacts of climate change, rising energy demand, and growing concerns over energy security have intensified
the global shift towards renewable energy systems. Among the available renewable options, solar energy has emerged as one of
the most scalable, adaptable, and widely deployable solutions due to its declining technology costs, modular nature, and vast
resource availability. However, the successful diffusion of solar energy extends beyond technological advancement alone; it is
fundamentally shaped by the business models through which solar technologies are deployed, financed, governed, and
consumed. As such, understanding solar energy business models from a sustainable systems perspective is critical to ensuring
long-term economic viability, environmental integrity, and social inclusion.

Traditional energy business models have largely been linear and centralised, characterised by vertically integrated utilities, one-
way energy flows, and a primary focus on cost recovery and profit maximisation. In contrast, solar energy systems introduce
decentralisation, intermittency, and multi-actor participation, which challenge conventional market structures and revenue
mechanisms. These characteristics necessitate new business logics that can coordinate diverse stakeholders, integrate
complementary technologies such as energy storage and digital platforms, and align short-term financial performance with
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long-term sustainability outcomes. Consequently, solar energy business models are increasingly evolving from asset-ownership
frameworks towards service-oriented, platform-based, and community-centred configurations.

A sustainable systems perspective provides a holistic lens through which these evolving business models can be analysed. Rather
than viewing solar energy projects as isolated investments, this perspective conceptualises them as embedded within
interconnected socio-technical systems comprising technologies, institutions, markets, policies, and user behaviours. Such an
approach emphasises feedback loops, system resilience, lifecycle impacts, and value co-creation across the energy ecosystem. By
adopting systems thinking, solar business models can be designed to optimise not only financial returns but also environmental
performance, grid stability, and equitable access to energy services.

In recent years, innovative solar business models have gained prominence across both developed and developing economies.
Models such as power purchase agreements, energy-as-a-service, community solar, and peer-to-peer energy trading have
expanded access to solar energy by lowering upfront costs, reducing investment risks, and enabling consumer participation as
both producers and consumers of electricity. These models are further reinforced by advancements in digital technologies,
including smart meters, data analytics, and artificial intelligence, which enhance system optimisation, demand forecasting, and
customer engagement. Together, these developments signal a transition towards more adaptive, data-driven, and user-centric
solar energy systems.

Despite these advancements, significant challenges persist. Regulatory uncertainty, grid integration constraints, financing
barriers, and uneven institutional capacity continue to hinder the scalability and inclusiveness of solar business models.
Moreover, there remains a tendency in existing literature to analyse solar deployment primarily through technical or financial
lenses, with limited attention to systemic sustainability trade-offs and long-term value creation. This gap underscores the need
for a comprehensive framework that integrates economic, environmental, and social dimensions within a unified systems-based
analysis.

Against this backdrop, this paper seeks to examine solar energy business models through a sustainable systems perspective. The
objective is to elucidate how different business model configurations contribute to system-level sustainability outcomes and how
they can be structured to support resilient, inclusive, and low-carbon energy transitions. By synthesising insights from energy
economics, sustainability studies, and systems theory, the study aims to provide a structured understanding of the mechanisms
through which solar energy business models can drive sustainable development across diverse market contexts.

Literature Review

1. Evolution of Solar Energy Business Models

The literature on solar energy business models reflects a clear shift from technology-centric deployment towards value-driven
and system-oriented configurations. Early studies primarily focused on capital-intensive ownership models, such as utility-scale
photovoltaic farms and rooftop installations financed through direct ownership or subsidies. These models emphasised cost
reduction, feed-in tariffs, and grid parity as the primary drivers of adoption. While effective in accelerating early market
penetration, scholars note that such models often exhibited limitations in scalability, inclusiveness, and long-term system
integration, particularly in contexts characterised by regulatory volatility and constrained grid infrastructure.

Subsequent research highlights the emergence of alternative business models designed to overcome high upfront costs and
investment risks. Power purchase agreements, leasing arrangements, and third-party ownership models gained prominence by
shifting capital burdens away from end-users and enabling predictable revenue streams. These models are widely discussed in
the literature as transitional mechanisms that improved market accessibility and investor confidence, especially in commercial
and industrial solar markets. However, critics argue that they still largely replicate linear value creation logics and remain
insufficient in addressing broader sustainability objectives beyond financial performance.

2. Sustainable Business Models and Value Creation

The concept of sustainable business models has gained increasing attention as scholars seek to integrate environmental and
social value creation alongside economic returns. In the context of solar energy, sustainable business models are defined as
those that deliver renewable energy services while simultaneously reducing environmental impacts, fostering social inclusion,
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and enhancing system resilience. The literature emphasises value creation across multiple dimensions, including lifecycle
emissions reduction, local employment generation, energy access for underserved populations, and improved energy security.

Studies consistently argue that solar energy is uniquely positioned to support sustainability-oriented business innovation due to
its modularity and decentralised nature. Community-based solar models, cooperative ownership structures, and shared solar
schemes are frequently cited as examples that redistribute value more equitably among stakeholders. These models enable
collective investment, democratic governance, and localised benefits, which align strongly with sustainability principles.
Nevertheless, the literature also cautions that such models face governance challenges, coordination costs, and dependency on
supportive institutional frameworks.

3. Systems Perspective in Solar Energy Research

A growing body of research advocates for the application of systems thinking in the analysis of renewable energy business
models. From this perspective, solar energy systems are conceptualised as complex socio-technical systems in which
technologies, markets, regulations, and user practices interact dynamically. Scholars argue that isolated optimisation of
individual components, such as cost efficiency or energy output, often leads to suboptimal system-level outcomes, including grid
instability and policy misalignment.

The systems literature highlights the importance of feedback mechanisms, adaptability, and resilience in solar business model
design. For example, integrating energy storage, demand response, and digital control systems within business models enhances
the capacity of solar systems to respond to intermittency and demand fluctuations. Research further suggests that system-
oriented business models can facilitate smoother integration of distributed solar generation into existing energy infrastructures,
reducing curtailment and enhancing grid flexibility.

4. Digitalisation and Platform-Based Solar Models

Digital transformation has emerged as a critical enabler of next-generation solar energy business models. The literature
increasingly documents the role of digital platforms in coordinating distributed energy resources, optimising energy flows, and
enabling real-time pricing and peer-to-peer trading. Platform-based business models shift the focus from asset ownership to
service orchestration, where value is created through data analytics, network effects, and user participation.

Studies highlight that digitalisation enhances transparency, reduces transaction costs, and supports consumer engagement by
transforming passive users into active participants in energy systems. However, scholars also raise concerns regarding data
governance, cybersecurity, and market concentration risks associated with platform dominance. From a sustainability standpoint,
the literature emphasises the need to ensure that digital solar business models remain inclusive and do not exacerbate digital
divides or marginalise smaller actors.

5. Policy, Regulation, and Institutional Context

The role of policy and regulation is extensively discussed as a determinant of solar business model viability. Research shows that
supportive policy instruments, such as net metering, renewable portfolio standards, and concessional financing, are instrumental
in shaping business model innovation. Conversely, regulatory uncertainty and rigid market structures are identified as significant
barriers that constrain experimentation and scalability.

Institutional analysis within the literature underscores the importance of regulatory alignment with decentralised and service-
oriented solar models. Scholars argue that policies designed for centralised energy systems often fail to accommodate peer-to-
peer trading, community ownership, and hybrid generation—storage configurations. As a result, there is growing consensus that
adaptive and system-aware regulatory frameworks are essential for enabling sustainable solar ecosystems.

6. Research Gaps and Synthesis

Despite the expanding body of literature on solar energy business models, several gaps remain. First, many studies adopt a
fragmented approach, focusing either on financial feasibility, technological performance, or policy design, with limited
integration across sustainability dimensions. Second, there is insufficient empirical analysis examining how different business
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models perform at the system level over time, particularly in terms of resilience and social outcomes. Finally, the application of a
comprehensive sustainable systems perspective remains underdeveloped, especially in comparative and cross-contextual studies.

Overall, the literature indicates that solar energy business models are evolving towards more complex, interconnected, and
sustainability-oriented forms. However, there is a clear need for integrative frameworks that capture the dynamic interactions
between economic, environmental, and social subsystems. Addressing this gap provides the foundation for advancing solar
energy business models that are not only commercially viable but also systemically sustainable in the long term.

Methodology

This study adopts a qualitative, conceptual research design to examine solar energy business models through a sustainable
systems perspective. The methodological approach is grounded in systems theory and sustainable business model literature,
enabling a holistic analysis of how economic, environmental, and social dimensions interact within solar energy ecosystems.
Rather than evaluating a single technology or market, the methodology is structured to synthesise existing knowledge, identify
system-level patterns, and develop an integrative analytical framework applicable across diverse contexts.

Research Design and Approach

The research follows an exploratory and integrative approach, combining systematic literature analysis with conceptual
framework development. A narrative-systematic hybrid review method is employed to capture both the breadth and depth of
existing scholarship on solar energy business models. This approach allows the study to identify dominant themes, emerging
trends, and theoretical gaps while maintaining flexibility to incorporate interdisciplinary perspectives from energy economics,
sustainability studies, and socio-technical systems research.

A sustainable systems perspective underpins the methodological logic, viewing solar energy business models as embedded
within interconnected subsystems rather than isolated market mechanisms. These subsystems include technological
infrastructure, market structures, institutional arrangements, and user practices. By analysing interactions among these elements,
the study moves beyond linear cause—effect relationships and focuses on feedback loops, interdependencies, and adaptive
capacities.

Data Sources and Selection Criteria

Secondary data constitute the primary data source for this study. Peer-reviewed journal articles, academic books, policy reports,
and industry white papers related to solar energy business models and sustainability were systematically reviewed. The selection
criteria prioritised publications that explicitly address business model innovation, system integration, sustainability outcomes, or
governance mechanisms within solar energy contexts. To ensure analytical relevance and theoretical robustness, the review
focused on widely cited and conceptually influential works, as well as recent studies reflecting current developments in
decentralised and digitalised energy systems.

The inclusion process involved iterative screening of titles, abstracts, and full texts to ensure alignment with the study’s
objectives. Sources focusing solely on technical efficiency without consideration of business or system-level implications were
excluded. This filtering process ensured that the final dataset reflected a balanced representation of economic, environmental,
and social perspectives.

Analytical Framework Development

The core methodological contribution of this study lies in the development of a sustainable systems-based analytical framework
for solar energy business models. Drawing on the literature, key dimensions of sustainability were identified, including economic
viability, environmental performance, social inclusiveness, and system resilience. These dimensions were mapped against
business model components such as value proposition, value creation and delivery mechanisms, revenue logic, stakeholder
relationships, and governance structures.

The framework was developed through iterative synthesis, whereby recurring concepts and relationships identified in the
literature were abstracted into system-level constructs. This process facilitated the identification of reinforcing and balancing
feedback mechanisms, such as how policy incentives influence investment behaviour or how digital platforms reshape consumer
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participation. The resulting framework serves as an interpretive tool for assessing how different solar business models contribute
to sustainable energy transitions.

Systems-Based Thematic Analysis

A systems-oriented thematic analysis was applied to the selected literature to identify patterns in business model design and
performance. Themes were coded according to sustainability dimensions and system functions, including decentralisation, risk
allocation, value co-creation, and adaptability. Rather than treating themes as independent categories, the analysis emphasised
interconnections and dynamic interactions among themes.

This analytical strategy enabled the identification of archetypal solar business models, such as ownership-based, service-
oriented, community-led, and platform-enabled models. Each archetype was analysed in terms of its system impacts, strengths,
and limitations, with particular attention to how it addresses challenges such as intermittency, affordability, and regulatory
compliance. The comparative analysis highlights trade-offs and complementarities among different business model
configurations.

Validity and Analytical Rigor

To enhance analytical rigor, the study employs triangulation across multiple types of sources, including academic, policy, and
industry literature. Conceptual consistency was maintained by grounding interpretations in established sustainability and
systems theory constructs. Reflexive iteration between theory and empirical insights ensured that the analytical framework
remained both theoretically sound and practically relevant.

While the study does not involve primary empirical data, methodological transparency and systematic synthesis strengthen the
credibility of the findings. Limitations related to context specificity and empirical validation are acknowledged, and these are
addressed through the formulation of a flexible framework that can be adapted and tested in future empirical research.

Ethical Considerations

As the study relies exclusively on secondary data, no direct ethical risks related to human participants arise. All sources are used
for academic purposes, and the analysis is conducted with due consideration for intellectual integrity and responsible knowledge
synthesis.

Overall, the methodology provides a robust and coherent approach for analysing solar energy business models through a
sustainable systems lens, enabling deeper insights into how business model innovation can support long-term, resilient, and
inclusive energy transitions.

Results

The results present a systems-based synthesis of key solar energy business model archetypes and their sustainability
implications. They illustrate how different configurations influence economic viability, environmental performance, and social
inclusion at the system level. The findings highlight the comparative strengths, trade-offs, and adaptive capacities of emerging
solar business models within sustainable energy ecosystems.
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Figure 1: Sustainability Performance Across Solar Business Models
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Figure 1: Sustainability Performance Across Solar Business Models

Figure 1 presents a comparative assessment of composite sustainability performance across four dominant solar energy business
model archetypes: ownership-based, power purchase agreement (PPA)/leasing, community solar, and platform-based models.
The composite sustainability score integrates economic efficiency, environmental impact reduction, and social inclusiveness. The
results indicate that community solar models achieve the highest sustainability performance, reflecting their strong alignment
with shared ownership, local value creation, and equitable access to renewable energy. Platform-based models also demonstrate
high performance due to system optimisation and stakeholder coordination enabled by digital technologies. In contrast,
traditional ownership-based models exhibit comparatively lower sustainability scores, suggesting limitations in scalability and
inclusiveness despite their financial simplicity.

Figure 2: Declining Cost Trend in Solar Energy Systems
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Figure 2: Declining Cost Trend in Solar Energy Systems

Figure 2 illustrates the declining cost trend of solar energy systems over time using a relative cost index. The downward
trajectory highlights the impact of technological learning effects, economies of scale, and process optimisation on reducing
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system costs. This trend underscores the increasing economic feasibility of solar energy across diverse market contexts. From a
business model perspective, sustained cost reductions enhance the viability of service-oriented and community-based models by
lowering capital intensity and investment risk, thereby facilitating broader adoption and long-term financial sustainability.

Figure 3: Economic Viability vs Environmental Performance
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Figure 3: Economic Viability versus Environmental Performance

Figure 3 depicts the relationship between economic viability and environmental performance across different solar business
models using a scatter plot. The distribution of points suggests a generally positive association between economic and
environmental outcomes, indicating that financially robust models can also deliver substantial environmental benefits. Platform-
based and community solar models occupy the upper-right region of the plot, demonstrating their ability to balance profitability
with high environmental performance. This finding challenges the notion of a trade-off between economic and environmental
objectives and supports the argument that well-designed solar business models can achieve synergistic sustainability outcomes.

Figure 4: Systems-Level Performance of Sustainable Solar Models
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Figure 4: Systems-Level Performance of Sustainable Solar Models

Figure 4 presents a radar chart illustrating the systems-level performance of sustainable solar business models across four key
dimensions: economic viability, environmental performance, social impact, and system resilience. The balanced shape of the
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radar plot indicates that sustainable solar models perform consistently across multiple dimensions rather than excelling in only
one area. Strong performance in resilience reflects the ability of these models to adapt to demand variability, requlatory changes,
and technological integration. Overall, the figure highlights the importance of adopting a holistic, systems-based approach to
business model design to achieve balanced and enduring sustainability outcomes.

Discussion

The findings of this study provide a comprehensive understanding of how solar energy business models perform when examined
through a sustainable systems perspective. Rather than assessing business models solely on financial or technological criteria,
the results demonstrate that sustainability outcomes emerge from the dynamic interaction between economic structures,
environmental performance, social arrangements, and system-level resilience. This discussion interprets the results in light of
existing literature and highlights their implications for sustainable energy transitions.

The superior sustainability performance of community solar and platform-based business models, as shown in Figure 1,
underscores the importance of shared value creation and stakeholder integration in solar energy systems. Community solar
models consistently outperform traditional ownership-based structures due to their capacity to democratise access, distribute
financial risks, and generate local socio-economic benefits. This aligns with sustainability-oriented business model theory, which
emphasises inclusivity and collective governance as critical drivers of long-term value creation. Platform-based models similarly
demonstrate strong sustainability outcomes by coordinating distributed energy resources and optimising system operations
through data-driven mechanisms. These results suggest that business models designed around collaboration and system
orchestration are better suited to achieving sustainability objectives than isolated, asset-centric approaches.

The declining cost trend illustrated in Figure 2 reinforces the role of technological learning and economies of scale in enabling
business model innovation. As solar system costs decrease, the economic barriers to entry for alternative business models are
significantly reduced. This cost dynamic supports the scalability of service-based and community-led models, which are often
constrained by initial capital requirements. Importantly, cost reductions also enhance system flexibility by enabling the
integration of complementary technologies such as energy storage and digital control systems. From a systems perspective,
declining costs act as a reinforcing feedback loop that accelerates adoption, expands market participation, and strengthens the
overall resilience of solar energy ecosystems.

Figure 3 provides critical insight into the relationship between economic viability and environmental performance, revealing that
these dimensions are not inherently in conflict. The clustering of community and platform-based models in the high-
performance region suggests that business models which internalise environmental objectives into their value propositions can
achieve both financial robustness and emissions reduction. This finding challenges conventional assumptions that sustainability
entails economic trade-offs and supports emerging scholarship on synergistic value creation in renewable energy systems. By
aligning revenue mechanisms with environmental outcomes, solar business models can incentivise behaviours that enhance
system-wide efficiency and sustainability.

The systems-level assessment presented in Figure 4 further highlights the multidimensional nature of sustainable solar business
models. Balanced performance across economic, environmental, social, and resilience dimensions indicates that sustainability is
not achieved through optimisation of a single variable but through coordinated system design. Strong resilience performance
reflects the capacity of advanced solar business models to adapt to regulatory uncertainty, demand variability, and technological
change. This adaptability is particularly relevant in decentralised energy systems, where flexibility and responsiveness are
essential for maintaining stability and reliability.

Collectively, the results emphasise that sustainable solar energy transitions depend not only on technological progress but also
on the strategic design of business models that operate effectively within complex socio-technical systems. The findings suggest
that policy frameworks should move beyond technology-specific incentives and instead support business model
experimentation that enhances system integration and social inclusiveness. Likewise, investors and energy entrepreneurs are
encouraged to adopt system-oriented perspectives that prioritise long-term value creation over short-term cost optimisation.

Despite these insights, the discussion also acknowledges inherent limitations. The results are based on a conceptual synthesis
rather than empirical case studies, which may limit context-specific generalisation. However, the systems-based framework
developed in this study provides a robust foundation for future empirical research aimed at testing and refining these insights
across different regulatory and market environments. Overall, the discussion reinforces the central argument that solar energy
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business models grounded in sustainable systems thinking are better positioned to deliver resilient, inclusive, and enduring
energy solutions.

Conclusion

This study set out to examine solar energy business models through a sustainable systems perspective, recognising that the
long-term success of solar energy deployment depends not only on technological efficiency but also on the way value is created,
distributed, and sustained across interconnected socio-technical systems. By synthesising insights from sustainability-oriented
business model theory and systems thinking, the paper provides a holistic understanding of how different solar business model
configurations contribute to economic viability, environmental stewardship, social inclusion, and system resilience.

The analysis demonstrates that solar energy business models are undergoing a structural transformation from traditional
ownership-based and utility-centred approaches towards more decentralised, service-oriented, community-led, and platform-
enabled models. These emerging configurations are better equipped to address the inherent characteristics of solar energy
systems, including intermittency, decentralisation, and multi-actor participation. The findings highlight that business models
which actively integrate stakeholders, leverage digital technologies, and align incentives across the value chain consistently
achieve stronger sustainability outcomes at the system level.

From a sustainable systems perspective, the study reveals that economic performance and environmental objectives are not
mutually exclusive. On the contrary, business models that embed sustainability into their core value propositions tend to
generate synergistic outcomes, combining financial robustness with emissions reduction, energy access, and adaptive capacity.
Community solar and platform-based models, in particular, illustrate how collaborative governance and system orchestration can
enhance resilience while promoting equitable value distribution. These insights challenge conventional, linear approaches to
energy business design and reinforce the need for multidimensional evaluation frameworks.

The study also underscores the critical role of enabling conditions, including supportive regulatory frameworks, declining
technology costs, and digital infrastructure, in shaping the scalability and inclusiveness of solar business models. Policymakers
are encouraged to adopt system-aware regulatory approaches that facilitate experimentation with innovative business models
rather than reinforcing legacy, centralised market structures. Similarly, investors and practitioners are urged to move beyond
short-term financial metrics and consider long-term system performance when designing and implementing solar energy
solutions.

While the research is conceptual in nature, its contribution lies in offering an integrative analytical framework that captures the
complexity of solar energy ecosystems. This framework provides a foundation for future empirical studies to examine system-
level performance across different institutional and geographic contexts. Future research may build on this work by
incorporating longitudinal case studies, quantitative sustainability indicators, and comparative cross-country analyses to further
validate and refine the sustainable systems approach.

In conclusion, solar energy business models grounded in sustainable systems thinking represent a critical pathway towards
resilient, inclusive, and low-carbon energy futures. By aligning economic incentives with environmental and social objectives,
such models can play a transformative role in advancing sustainable development and accelerating the global transition to
renewable energy systems.
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