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ABSTRACT  

Although investments in renewable energy, particularly solar photovoltaic (PV) systems, have increased 

over the past decade, the energy transition still faces dilemmas related to several socio-technical and 

environmental aspects. To clarify the benefits, challenges, and trade-offs of distributed urban solar PV, 

this article conducts a multidimensional literature review and develops an integrated trade-off framework 

that considers technical, economic, social, regulatory, and environmental perspectives. The review 

highlights the controversial aspects that support and challenge the potential of on-grid urban solar systems 

to enhance energy security, improve efficiency, and support community engagement through 

technological innovation and novel social practices. Several concerns arise, including investment risks, 

social equity, energy security, environmental impact, maintenance, and aesthetics, all of which require 

strategic mitigation. Integrating solar PV into smart urban environments also presents constraints related 

to energy storage, consumer adaptability, business model innovation (BMI), stakeholder engagement, and 

potential health hazards. Addressing these issues requires balancing socio-technical and environmental 

aspects. Based on a systematic assessment of European case studies – including Amsterdam's solar-EV 

ecosystem, Spain's post-2018 regulatory reforms, and France's inclusive financing models – we find that 

successful pathways combine modernized interconnection standards, streamlined permitting, collective 

self-consumption frameworks, performance-based regulation, and targeted financial instruments for 

low-income households. BMI and policy reforms are essential drivers for the successful diffusion of solar 

PV systems. Achieving a sustainable energy future in urban areas requires stakeholder collaboration, 

public-private partnerships (PPPs), innovative solutions, and careful balancing of multiple trade-offs. This 

article sheds light on the current state of the art on distributed solar PV and emphasizes the need for 

informed decision-making to address the complexities of on-grid urban solar systems, aiming for a 

sustainable, resilient, efficient, and inclusive urban energy future. 

1. Introduction  

Rising energy consumption driven by population growth and socio-technical and 

environmental activities poses significant challenges for the global energy transition. 

Despite increased investment in renewable energy sources (RES) over the past decade, 

the growth of RES remains insufficient to meet decarbonization targets, and its 

expansion is accompanied by difficult trade-offs between environmental, economic, and 
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social objectives (Rabiee et al., 2026). The energy sector still accounts for nearly three-

quarters of global greenhouse gas (GHG) emissions, making its transformation a central 

hurdle in the transition toward sustainability (IEA, 2024a). 

Within this context, solar photovoltaic (PV) systems have expanded rapidly, supported 

by falling costs and technological advances. Solar power capacity in Europe nearly 

doubled between 2021 and 2023, while global solar costs declined by around 80% 

between 2010 and 2020 (Boehm et al., 2023). Yet, despite this momentum, the 

deployment of urban distributed photovoltaics (DPV) faces multiple constraints that 

limit its contribution to accelerating low-carbon transitions. 

Urban environments concentrate energy demand, emissions, and vulnerabilities 

associated with centralized electricity systems. Smart urban areas (where technology, 

data, and sustainable strategies are integrated to optimize infrastructure, mobility, 

energy use, and quality of life) offer a promising context for on-grid urban DPV 

expansion (Hoang & Nguyen, 2021). Grid-connected solar systems installed on 

residential rooftops, commercial buildings, industrial facilities, community solar 

initiatives, and solar canopies can enhance energy security, reduce transmission losses, 

and promote community engagement in energy generation and consumption (Costa & 

Mercier-Laurent, 2025; Rezaee & Silva, 2026). 

Technological innovations (including artificial intelligence (AI), digital twins (DT), 

smart building energy management systems (BEMS), and vehicle-to-grid (V2G) 

technologies) further strengthen urban DPV by improving forecasting, enhancing 

resilience, and enabling electric vehicle (EV) batteries to function as distributed storage 

units (Almadhor et al., 2022; Huy et al., 2023; Taminiau et al., 2021). 

However, the expansion of on-grid urban DPV also raises concerns. High upfront 

investment costs, dependence on government incentives, limited rooftop availability, 

shading from dense urban structures, heritage restrictions, grid compatibility issues, 

market uncertainty, and consumer awareness gaps remain significant barriers (Fathoni 

& Boer, 2021; Andrade-Arias et al., 2025; Costa & Pereirinha, 2025). Environmental 

and health considerations – including lifecycle emissions, end‑of‑life management of 

PV modules and batteries, and potential exposure to electromagnetic fields (EMF) – add 

further complexity (Chowdhury et al., 2020; Lyu et al., 2020; Verbeek et al., 2021) 

Although the literature addresses many of these dimensions, existing review studies 

generally examine technical, economic, social, environmental, or regulatory aspects 

separately, or integrate only a limited subset of these criteria. Consequently, they 

provide valuable insights into specific challenges but offer a more limited understanding 

of how these dimensions interact to shape urban DPV deployment. While some studies 

have adopted multidimensional or multi-criteria perspectives, they do not fully 

synthesize the dynamic trade-offs that emerge from the interaction of technical, 

economic, social, regulatory, environmental, and health dimensions in urban settings 

(Gholami, 2024). 
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Accordingly, this review’s contribution is to illustrate that urban DPV should be 

understood as a socio-technical system in which these dimensions evolve through 

continuous interactions rather than independently. Accordingly, the review proposes a 

multidimensional trade-off framework that synthesizes these interactions. We provide a 

conceptual perspective for understanding how the interactions influence policy 

effectiveness, market development, stakeholder decisions, and the practical 

implementation of urban distributed solar PV. By emphasizing these dynamic 

relationships, the review extends beyond a conventional synthesis of benefits and 

barriers and offers a more integrated understanding of the opportunities and constraints 

shaping urban solar transitions. This multidimensional perspective also helps explain 

why stakeholders are often left "between the sun and a hard place" when making 

decisions about urban solar deployment. 

Building upon this conceptual framework, the review provides a multidimensional and 

integrative analysis of on-grid urban DPV. Its principal contribution goes beyond 

synthesizing the existing literature, to explain how interactions among technical, 

economic, social, regulatory, environmental, and health dimensions shape urban solar 

deployment and create trade-offs that influence implementation outcomes. Specifically, 

the review: 

• Synthesizes key benefits and opportunities; 

• Exams technical, economic, social, regulatory, environmental, and health 

challenges; 

• Identifies the trade-offs inherent to each dimension; 

• Presents international case studies that illustrate practical solutions; 

• Compare policy and regulatory pathways; 

• And outlines a future research agenda focused on innovation, equity, and system 

resilience. 

Section 2 presents the analytical framework and methodology. Section 3 synthesizes 

benefits and opportunities. Section 4 examines challenges and embedded trade-offs. 

Section 5 presents case studies and best practices illustrating how specific trade-offs 

have been addressed in real-world contexts. Section 6 analyzes policy and regulatory 

pathways. Section 7 outlines a future research agenda. Section 8 concludes. 

2. Analytical framework and methodology 

This review builds upon the multidimensional trade-off framework introduced in 

Section 1 and uses it both as an analytical structure for organizing the literature and as 

the conceptual lens of the review. The framework synthesizes the diverse technical, 

economic, social, regulatory, environmental, health, and business model dimensions that 

shape the deployment of on-grid urban DPV systems. Rather than examining these 

dimensions independently, it emphasizes their dynamic interactions and the trade-offs 

that emerge among them, providing an integrated perspective for understanding urban 

DPV deployment.  
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This proposed framework is distinct from formal multi‑criteria analysis (MCA). Rather 

than applying weighted scoring or decision‑analytic procedures, it provides a qualitative 

conceptual lens for synthesizing and interpreting evidence from narrative and thematic 

literature. The methodological approach follows established practices for integrative 

reviews, emphasizing breadth, conceptual synthesis, and the identification of 

interactions and trade-offs across multiple dimensions of urban DPV deployment. 

The literature search was conducted using three major scientific databases: Web of 

Science (WoS), Scopus, and Google Scholar, selected for their comprehensive coverage 

of peer-reviewed publications across engineering, environmental sciences, urban 

studies, and energy policy. The search strategy employed combinations of keywords 

related to the core dimensions of the study, including: "Solar PV", "Urban Solar", "On-

Grid", "Distributed", "Stakeholder", "Business Model Innovation", "Policy", 

"Regulation", and "Health". These terms were derived from an initial exploratory 

reading of the literature to identify recurring themes and conceptual clusters. 

Only English-language publications explicitly addressing on-grid or distributed solar 

PV in urban contexts were retained. Studies focusing exclusively on off-grid systems, 

rural electrification, or non-solar renewable technologies were excluded. Additional 

filtering considered conceptual relevance and contribution to at least one of the 

analytical dimensions examined in this review. In addition to peer‑reviewed scientific 

literature, the review included selected non‑scientific sources such as government 

reports, regulatory documents, industry publications, and specialized news. These 

sources capture recent pilot studies, emerging regulatory developments, and real‑world 

implementation examples not yet documented in academic research. 

Business model innovation in urban DPV systems 

Business model innovation (BMI) plays a pivotal role in shaping how urban DPV 

create, deliver, and capture value within evolving socio‑technical systems (Stauch & 

Vuichard, 2019). BMI emerges when technological, regulatory, and social changes alter 

the boundary conditions under which firms operate, enabling new forms of 

coordination, new value propositions, and new cross‑sector interactions and societal 

involvement (Xue et al., 2022). As demonstrated in prior research on the confluence 

between the electricity and automotive sectors, BMI often arises when established 

actors confront pressures that destabilize traditional practices and open space for 

experimentation across system boundaries (Costa, Wells et al., 2022). 

In the context of urban DPV, BMI is increasingly driven by decentralization, 

digitalization, and the rise of prosumer participation (Gómez-Navarro et al., 2021). 

These shifts enable new organizational structures including community energy 

cooperatives, peer‑to‑peer trading platforms, and aggregator‑based flexibility markets 

along with as well as new organizational processes, including dynamic pricing, bundled 

energy‑mobility services, and integrated solar‑storage‑EV offerings (Stauch, 2021). 

Such innovations challenge incumbent utility logics and require new forms of 
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coordination between municipalities, distribution system operators (DSOs), technology 

providers, and consumers. 

BMI also functions as a mechanism for managing institutional misalignments. Urban 

DPV systems often involve conflicting logics: centralized grid governance versus 

distributed generation, utility revenue stability versus prosumer empowerment, and 

heritage protection versus rooftop solar expansion. BMI can help reconcile these 

tensions by enabling hybrid arrangements such as shared ownership models, leasing 

schemes, or performance‑based service contracts that redistribute risks, benefits, and 

responsibilities among actors (Sierro & Blumer, 2024). 

Therefore, BMI represents one of the mechanisms through which the multidimensional 

trade-offs identified in this review are managed and, in some cases, reconciled. 

Economic trade‑offs (e.g., upfront costs versus long‑term savings), social trade‑offs 

(e.g., accessibility versus complexity), and regulatory trade‑offs (e.g., standardization 

versus local autonomy) all influence the viability of BMI. As urban DPV systems 

evolve, BMI will remain essential for integrating technical solutions with social 

acceptance, adaptive regulation, and equitable value creation. 

3. Benefits and opportunities of on-grid urban solar 

The potential of on-grid urban DPV systems extends far beyond clean electricity 

generation. When integrated into smart urban infrastructures, these systems can enhance 

energy security, improve public health, optimize limited space, and create new 

economic opportunities. These benefits, however, are accompanied by trade-offs that 

require careful management and are examined in detail in Section 4. 

Enhanced energy autonomy and resilience. Urban DPV strengthens local energy 

autonomy by enabling households, businesses, and communities to generate part of their 

own electricity, reducing exposure to centralized supply disruptions (Griego et al., 

2022). Distributed generation also strengthens resilience by lowering transmission 

losses and helping balance urban electricity demand, especially during peak periods 

(Etukudoh et al., 2024; Ufa et al., 2022). High-density DPV deployment can contribute 

to grid resilience by helping maintain critical loads during disruptions, a capability 

particularly valuable for emergency services and vulnerable populations (Sheng & Liu, 

2023; Griego et al., 2022). Beyond technical resilience, cities such as Freiburg, 

Germany, demonstrate how renewable energy integration, green spaces, and car-free 

zones can simultaneously enhance environmental quality, public health, and social 

equity, thereby strengthening community resilience (Allam & Soomauroo, 2025). 

Lower emissions and improved air quality. Urban solar PV contributes directly to 

climate mitigation by reducing reliance on fossil fuel-based power plants (Jin et al., 

2023). Because generation occurs close to consumption points, emissions associated 

with transmission and distribution are minimized. For example, a study of rooftop PV 

deployment in Wuhan reported that the Wuhan New Energy Research Institute achieved 

a 15% reduction in building-level CO₂ emissions between 2014 and 2015 (Jin et al., 
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2023; C40 Cities, 2016). Improved air quality is particularly relevant in densely 

populated cities, where reductions in fine particulate matter (PM2.5) and nitrogen 

oxides (NOx) have measurable public health benefits – including lower rates of asthma 

and cardiovascular disease (Kobashi et al., 2021). These environmental gains align with 

broader urban sustainability goals and climate neutrality commitments. 

Efficient use of urban space. Innovative solar designs, such as building-integrated 

photovoltaics (BIPV), solar façades, agrivoltaics, and floating solar, enable cities to 

optimize limited space while expanding renewable capacity (Fathoni & Boer, 2021; Ren 

et al., 2023). Rooftops, façades, parking canopies, and underutilized surfaces become 

productive energy assets, reducing pressure on peri-urban land and supporting compact, 

resource-efficient urban development. The city of Seoul, for example, has been the 

subject of extensive "solar city" assessment methods combining GIS technology and hill 

shade analysis to map rooftop solar potential across its dense urban fabric (Taminiau et 

al., 2021). These analyses suggest that widespread rooftop PV deployment could supply 

nearly 30% of Seoul’s annual electricity consumption without requiring additional land 

(Taminiau et al., 2021). 

Strengthened urban sustainability and institutional image. The adoption of urban 

solar PV reinforces municipal and corporate sustainability agendas, enhancing 

environmental credibility and attracting climate-conscious investors (Vimpari & 

Junnila, 2017). Green bonds, sustainability-linked loans, and environmental, social, and 

governance (ESG) criteria have increasingly prioritized cities and companies with 

visible renewable energy commitments. PPPs and community-based initiatives further 

expand opportunities for collaborative governance, enabling cities to mobilize diverse 

stakeholders toward shared energy transition objectives (Costa, Vicente et al., 2025). 

Improved local supply-demand matching. Producing renewable energy near 

consumption centers increases system efficiency and reduces transmission losses. In the 

United States, long-distance transmission loses approximately 2% of electricity, while 

distribution adds another 4%, although these figures vary significantly by population 

density and grid infrastructure (Wirfs-Brock, 2015). In countries with aging 

infrastructure or higher demand density, total grid losses can be substantially higher 

(Chen et al., 2024). Smart grids and storage solutions facilitate real-time balancing 

between production and consumption, enabling more flexible and adaptive urban energy 

systems. This proximity also supports demand response strategies and enhances the 

value of self-consumption. 

Integration with smart technologies and electric mobility. Advanced digital tools, 

such as AI-based forecasting, Internet of Things (IoT) sensors, and digital twins, 

improve operational planning and system transparency (Almadhor et al., 2022; Diagne 

et al., 2013). BEMS optimize consumption patterns and enhance resilience (Byrne et al., 

2017; Zhang et al., 2022). The integration of EVs through V2G, Vehicle-to-Home 

(V2H), and Vehicle-to-Building (V2B) technologies further strengthens system 

flexibility. EV batteries can function as distributed storage units that mitigate 
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intermittency and support self-consumption (Huy et al., 2023; Rezaei et al., 2022). Real-

world pilot projects, such as ACCIONA Energía’s V2G network in the Balearic Islands, 

involving 8 EVs and 16 bidirectional charging points, demonstrate the potential of small 

EV fleets to support RES integration, provide distributed storage functionality, and 

contribute to peak demand management in local energy systems (Murray, 2022). 

Trade-offs associated with benefits. Despite these advantages, several trade-offs 

accompany the expansion of urban DPV. Increased self-consumption can reduce utility 

revenues, challenging cost-recovery models and potentially affecting long-term grid 

stability (Petrou et al., 2021; Tolmasquim et al., 2021). Optimizing urban space through 

solar installations may conflict with aesthetic or heritage preservation priorities, 

especially in historic districts (Fathoni & Boer, 2021). While digitalization enhances 

efficiency, it also increases system complexity and may require costly upgrades to 

legacy infrastructure (Sheng & Liu, 2023; Rangarajan et al., 2023). Although EV-

integrated solar systems improve flexibility, they depend on consumer adoption patterns 

and battery degradation considerations (Bommana et al., 2023; Hasan et al., 2021). 

These multidimensional trade-offs reinforce one of the central messages of this review: 

maximizing the benefits of urban DPV requires coordinated technical, economic, social, 

and regulatory strategies rather than isolated interventions. A detailed analysis of these 

trade-offs is presented in Section 4. 

4. Challenges and barriers to on-grid urban solar 

On-grid urban DPV systems offer significant opportunities for decarbonization, 

resilience, and urban sustainability. However, their deployment remains constrained by 

a complex set of technical, economic, social, and regulatory challenges that interact 

across multiple dimensions and stakeholders. These interdependencies are central to the 

multidimensional trade-off framework proposed in this review. Supplementary 

Appendix A, Table A1.2. An emerging example is the rapid diffusion of plug-in solar 

devices (PSD), particularly in Germany, which illustrates how technological innovation 

can simultaneously expand deployment opportunities while creating new regulatory and 

safety challenges (Rzepucha-Hlubek, 2026). 

4.1 Technical challenges 

Urban DPV systems face a series of technical constraints (Supplementary Appendix A, 

Table A1.1) related to grid integration, intermittency, system design, and the physical 

characteristics of dense urban environments (Sheng et al., 2023; Fathoni & Boer, 2021). 

These challenges are particularly pronounced in cities where aging infrastructure, 

limited space, and high load density complicate the integration of distributed generation. 

In addition, long‑term performance decline and module degradation represent an 

important technical barrier, as PV systems deployed in urban settings are exposed to 

environmental stressors that accelerate aging and reduce reliability over time (Alimi et 

al., 2022). 
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4.1.1 Intermittency, variability, and forecasting limitations 

Solar PV generation is inherently intermittent, with output fluctuating due to cloud 

cover, shading, atmospheric conditions, and seasonal variations (Diagne et al., 2013; 

Almadhor et al., 2022). In dense urban areas, shading from buildings, trees, and urban 

morphology further reduces predictability and increases mismatch between production 

and demand. Although advanced forecasting models using AI and machine learning 

(ML) have improved accuracy, short-term variability remains a challenge for grid 

operators, requiring additional balancing resources and reserve capacity (IEA, 2024b). 

4.1.2 Grid congestion, voltage instability, and bidirectional flows 

Urban distribution grids were historically designed for unidirectional power flows (from 

centralized generation to consumers). High penetration of DPV introduces reverse 

flows, voltage fluctuations, and congestion in low-voltage feeders (Sheng et al., 2023). 

These issues can lead to curtailment, increased transformer loading, and accelerated 

equipment degradation. In some cities, grid operators impose connection limits or 

require costly upgrades to accommodate additional PV capacity (Etukudoh et al., 2024). 

4.1.3 Limited rooftop suitability and spatial constraints 

Urban areas often have limited rooftop availability due to structural constraints, heritage 

preservation rules, roof orientation, or competing uses such as heating, ventilation, and 

air conditioning (HVAC) equipment (Fathoni & Boer, 2021). Even when rooftops are 

available, many buildings, especially older ones, lack the structural integrity to support 

PV installations. Multi-apartment buildings introduce additional complexity due to 

shared ownership and wiring configurations (Fathoni & Boer, 2021). 

4.1.4 Integration with storage and electric mobility 

While storage and EVs offer flexibility, their integration introduces technical 

challenges. Battery systems require sophisticated control strategies, safety protocols, 

and thermal management (Rezaei et al., 2022). V2G and V2H/V2B technologies depend 

on bidirectional chargers, standardized communication protocols, and consumer 

participation patterns (Huy et al., 2023). Without coordinated management, EV charging 

may increase peak demand instead of mitigating it. 

4.1.5 Cybersecurity and digital infrastructure vulnerabilities 

The digitalization of urban solar systems (through IoT sensors, smart inverters, and 

digital twins) creates new cybersecurity risks. Unauthorized access to control systems 

can compromise grid stability, manipulate production data, or disrupt critical loads 

(Azzuni & Breyer, 2018). Ensuring secure communication protocols and robust 

encryption is essential but costly and technically demanding. 

4.1.6 Trade-offs in technical integration 

The technical challenges discussed above illustrate one of the central findings of this 

review: technological advances often generate new multidimensional trade-offs rather 
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than eliminating existing constraints. Despite technological advances, several trade-offs 

constrain technical solutions. First, increasing automation and digitalization enhances 

grid management but expands cybersecurity vulnerabilities, requiring investments in 

protection systems that may outpace available budgets. Second, energy storage 

improves reliability and self-consumption but introduces high upfront costs, degradation 

uncertainties, and end-of-life disposal challenges that can undermine lifecycle benefits. 

Third, smart inverters and advanced monitoring systems enable higher DPV penetration 

but require legacy infrastructure upgrades that are costly and difficult to implement in 

dense urban environments. These multidimensional trade-offs demonstrate that 

technical solutions cannot be evaluated independently of economic, regulatory, and 

institutional contexts, reinforcing the integrated analytical framework proposed in this 

review (Supplementary Appendix A, Table A1.3). 

4.2 Economic and financial challenges 

Economic and financial barriers remain among the most significant constraints on the 

widespread deployment of urban DPV. Supplementary Appendix A, Table A2.1, 

summarizes the principal economic benefits that underpin its value proposition, 

providing context for the challenges discussed below. Despite these benefits, 

households, businesses, utilities, and investors, continue to face financial constraints 

that influence investment decisions and the long-term viability of urban DPV. 

The key economic and financial challenges identified in the literature are summarized in 

Supplementary Appendix A, Table A2.2, which illustrates how high upfront costs, 

financing constraints, payback uncertainty, and market design limitations continue to 

hinder broader DPV deployment. 

4.2.1 High upfront investment costs 

Despite declining PV module prices, the upfront costs of urban solar installations 

remain substantial, especially when considering structural reinforcement, permitting, 

and grid connection fees (Korsnes & Throndsen, 2021; Vimpari et al., 2017). For many 

households and small businesses, these costs represent a prohibitive barrier. In 

multi-unit buildings, the financial burden must be shared among residents, complicating 

decision-making. 

4.2.2 Dependence on incentives and policy uncertainty 

Urban DPV economics are highly sensitive to government incentives, feed-in tariffs, net 

metering schemes, and tax credits. Although policy dependence affects all electricity 

generation technologies, including large-scale low-carbon options such as nuclear 

power, distributed PV is particularly sensitive to short-term policy changes. Investment 

decisions are typically made by households and small businesses with limited capital 

reserves, making investor confidence highly dependent on stable regulatory conditions 

(To et al., 2022). Sudden policy changes, such as retroactive tariff cuts in Greece 

(Loumakis et al., 2019), can therefore undermine investor confidence, trigger market 
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contractions, and stall deployment. Long-term regulatory uncertainty also discourages 

investment in storage, smart inverters, and other enabling technologies. 

4.2.3 Geopolitical risks and supply‑chain dependencies 

Urban DPV deployment is increasingly exposed to geopolitical risks arising from highly 

concentrated global supply chains. A large share of the world’s polysilicon, wafers, and 

PV modules is produced in China, creating vulnerabilities related to trade disputes, 

export restrictions, and price volatility. These dependencies can increase project costs, 

delay installations, and introduce ethical concerns, including documented cases of 

forced‑labor practices in parts of the solar supply chain. As highlighted by Su et al., 

(2021), renewable energy transitions increasingly intersect with geopolitical dynamics, 

and supply‑chain concentration can amplify strategic risks for countries seeking to 

expand distributed solar capacity. 

4.2.4 Limited access to financing and credit constraints 

Low-income households and small businesses often face difficulties accessing loans or 

financing mechanisms for solar installations. Even when financing is available, interest 

rates or collateral requirements may be prohibitive (Judson & Zirakbash, 2022). 

Community solar and shared ownership models can mitigate these barriers but require 

supportive regulatory frameworks. 

4.2.5 Utility revenue erosion and cost-recovery challenges 

High levels of self-consumption may reduce utility revenues, challenge traditional cost-

recovery models and potentially increasing tariffs for non-solar customers (Petrucci et 

al., 2022). This creates tension between utilities and prosumers, particularly in regions 

where grid maintenance costs are socialized. Without appropriate regulatory reform, 

utilities may have fewer incentives to support rapid DPV deployment and may introduce 

new tariff structures or grid charges to recover network costs. 

4.2.6 Economic viability of storage and flexibility solutions 

Although storage enhances system flexibility, battery costs remain high, and payback 

periods are often long. The economic case for V2G and V2H/V2B is still emerging, 

with uncertainties regarding battery degradation, compensation mechanisms, and 

consumer willingness to participate (Hasan et al., 2021). 

4.2.7 Lifecycle environmental impacts 

Although solar PV generates low-carbon electricity during operation, evaluating its 

overall sustainability requires consideration of the entire lifecycle including 

manufacturing, transport, installation, and end-of-life management. Polysilicon 

production is energy-intensive, and global supply chains (dominated by China) add 

transport-related emissions. End-of-life disposal poses challenges: while recycling 

technologies exist, they are not yet widely deployed, and hazardous materials require 

careful handling (Chowdhury et al., 2020). The energy payback time for rooftop PV in 
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Europe is typically 2-3 years, meaning lifecycle emissions are substantially lower than 

fossil alternatives, but further improvements in circularity are needed (Fthenakis & 

Kim, 2011). 

4.2.8 Trade-offs in economic viability 

The economic challenges discussed above illustrate another central finding of this 

review: financial mechanisms that facilitate urban DPV deployment frequently generate 

new multidimensional trade-offs rather than eliminating existing constraints. Economic 

barriers are often intertwined with difficult trade-offs. First, incentives such as feed-in 

tariffs and tax credits accelerate adoption but create long-term fiscal dependencies and 

expose markets to policy uncertainty; when incentives are withdrawn abruptly, 

investment may decline substantially. Second, high levels of self-consumption can erode 

utility revenues and complicate cost-recovery models, raising concerns about fairness 

and the distribution of grid maintenance costs. Third, financing mechanisms that lower 

upfront costs (e.g., leasing arrangements and power purchase agreements (PPAs)) can 

improve accessibility but may also extend the period over which economic benefits are 

realized or reduce lifetime financial returns, creating a trade-off between accessibility 

and long-term value (Supplementary Appendix A, Table A2.3). These multidimensional 

trade-offs demonstrate that improving the economic viability of urban DPV depends not 

only on financial incentives but also on coordinated regulatory, technical, and 

institutional strategies, reinforcing the integrated analytical framework proposed in this 

review. 

4.3 Social and behavioral challenges 

The main social and health benefits associated with urban DPV adoption are 

summarized in Supplementary Appendix A, Table A3.1, providing essential context for 

understanding the social and behavioral challenges discussed in this section. These 

benefits help explain why urban DPV is generally viewed positively across diverse 

social groups.  

Several studies show that DPV adoption can also stimulate positive behavioral change. 

Households often become more aware of their own energy production and, as a result, 

adjust consumption patterns, reduce overall demand, or shift appliance use to align with 

PV generation. Widén (2014), for example, found that PV ownership increases energy 

awareness and encourages more careful and deliberate electricity use in residential 

settings. 

Despite these benefits, social and behavioral factors represent one of the key dimensions 

of the multidimensional trade-off framework proposed in this review. Social acceptance, 

behavioral patterns, and equity considerations critically shape the adoption and 

performance of urban DPV systems. These factors influence installation decisions, 

long-term engagement, and the distribution of benefits across different segments of the 

population. Challenges arise from information gaps, aesthetic concerns, trust in 

institutions, perceived complexity of participation, and unequal access to suitable 
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rooftops or financing mechanisms, all of which can limit the inclusiveness and 

scalability of urban DPV. 

4.3.1 Awareness, information gaps, and perceived complexity 

Many urban residents lack clear information about the benefits, costs, and performance 

of solar PV systems and often perceive installation processes as complex or bureaucratic 

(Petrou et al., 2021; Andrade-Arias et al., 2025). Misconceptions regarding maintenance 

requirements, payback periods, and system reliability further reduce willingness to 

adopt DPV, particularly in multi-apartment buildings where coordination among 

residents adds complexity. 

4.3.2 Equity, energy poverty, and distributional impacts 

DPV adoption tends to favor higher-income households with access to capital and 

suitable rooftops (Judson & Zirakbash, 2022). Without targeted policies, distributed 

solar can exacerbate existing inequalities by lowering energy bills for wealthier 

prosumers while leaving vulnerable groups exposed to rising electricity costs 

(Andrade-Arias et al., 2025). These distributional effects highlight the need for inclusive 

financing and community-based models. 

4.3.3 Aesthetic concerns and heritage preservation 

A consolidated overview of social and behavioral challenges is provided in 

Supplementary Appendix A, Table A3.2, complementing the thematic discussion in this 

subsection and highlighting how aesthetic perceptions and cultural values shape public 

acceptance of DPV. In historic or culturally sensitive districts, aesthetic considerations 

and heritage protection rules restrict visible PV installations (Fathoni & Boer, 2021; 

Nuñez-Jimenez et al., 2023). These constraints reduce the feasible area for deployment 

and can delay permitting, creating tensions between climate goals and urban 

preservation priorities. 

4.3.4 Behavioral patterns affecting system performance 

The effectiveness of self-consumption strategies depends on behavioral adjustments, 

such as shifting appliances to daylight hours. Without automation or smart energy 

management technologies, many users struggle to adapt their electricity consumption 

patterns, reducing both the economic and environmental benefits of DPV (Korsnes & 

Throndsen, 2021). 

4.3.5 Trust, participation, and community engagement 

Collective solar initiatives require trust among participants and between communities 

and utilities. Abrupt policy changes or inconsistent incentives can erode this trust, 

reducing willingness to participate in community solar or shared-ownership schemes 

(Loumakis et al., 2019). 
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4.3.6 Health considerations.  

Current evidence indicates that EMF exposure from inverters and smart meters remains 

well below international safety thresholds (ICNIRP, 2020). Nevertheless, perceived 

health risks may still influence public acceptance of urban DPV. More substantiated 

concerns relate to occupational hazards for installers and the end-of-life management of 

hazardous materials (Samaniego-Rascón et al., 2019). Transparent communication and 

strict safety standards are essential to address both perceived and evidence-based risks. 

4.3.7 Trade-offs in social acceptance and equity 

The social and behavioral challenges discussed above further illustrate that improving 

public acceptance of urban DPV frequently involves multidimensional trade-offs rather 

than simple technical or financial solutions. Community engagement improves 

acceptance but increases transaction costs and slows deployment. Targeted subsidies 

enhance equity but add administrative complexity, while universal incentives risk 

disproportionately benefiting wealthier homeowners. Heritage preservation protects 

cultural assets but restricts DPV deployment in historic districts, requiring 

context-sensitive design solutions rather than blanket exemptions. These 

multidimensional trade-offs demonstrate that successful urban DPV deployment 

depends not only on technological and economic solutions but also on policies that 

strengthen public trust, promote social inclusion, and accommodate local cultural 

contexts, reinforcing the integrated analytical framework proposed in this review 

(Supplementary Appendix A, Table A3.3). 

4.4 Regulatory and institutional challenges 

Regulatory and institutional benefits associated with urban DPV are summarized in 

Supplementary Appendix A, Table A4.1, offering a baseline for the challenges explored 

in this section and highlighting how well-designed regulatory frameworks can 

accelerate distributed solar deployment. Within the multidimensional trade-off 

framework proposed in this review, regulatory and institutional factors shape not only 

technology deployment but also the effectiveness of technical, economic, and social 

interventions. Despite these advantages, regulatory frameworks strongly influence the 

feasibility, economics, and scalability of urban DPV systems. Many existing rules were 

designed for centralized electricity systems and are poorly adapted to distributed, 

prosumer-driven models. 

4.4.1 Outdated grid codes and interconnection standards 

In many jurisdictions, interconnection standards for DPV, storage, and EV integration 

remain outdated or inconsistent (Hasan et al., 2021). Requirements for grid studies, 

protection systems, and inverter capabilities can be costly, time-consuming, and 

administratively burdensome, and some utilities impose restrictive caps on DPV 

penetration. 
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4.4.2 Complex permitting and administrative procedures 

Permitting processes often involve multiple agencies, lengthy inspections, and 

fragmented responsibilities, increasing costs and discouraging adoption, particularly for 

small installations (Nuñez-Jimenez et al., 2023). Although streamlined “one-stop shop” 

permitting models have demonstrated positive results by simplifying administrative 

procedures and reducing approval times, they remain the exception rather than the rule. 

4.4.3 Lack of regulatory support for flexibility and storage 

Supplementary Appendix A, Table A4.2 summarizes the principal regulatory and 

institutional challenges discussed in this subsection, highlighting how regulatory gaps 

constrain the deployment of enabling technologies. Many regulatory frameworks do not 

recognize or compensate for the flexibility services provided by storage, V2G, or smart 

inverters (IEA, 2024b). Without appropriate market mechanisms, investments in these 

enabling technologies remain unattractive. 

4.4.4 Restrictions on collective self-consumption and energy sharing 

In several countries, regulations limit energy sharing among residents of 

multi-apartment buildings or across neighborhoods. These restrictions hinder 

community solar, cooperatives, and peer-to-peer trading models that could expand 

access to DPV (Griego et al., 2022). 

4.4.5 Utility resistance and institutional inertia 

Utilities may be cautious about rapid DPV expansion because of concerns regarding 

revenue erosion, operational complexity, and cost-recovery mechanisms. These 

concerns can contribute to institutional resistance toward some forms of DPV 

deployment, while institutional inertia can slow the adoption of innovative business 

models such as performance-based regulation or expanded DSO roles (Tan et al., 2024). 

4.4.6 Trade-offs in regulatory design 

The regulatory and institutional challenges discussed above illustrate that designing 

effective policies for urban DPV requires balancing competing objectives across 

multiple dimensions. Regulatory reforms face inherent tensions (Supplementary 

Appendix A, Table A4.3). Uniform national policies simplify administration but may 

overlook local grid conditions or heritage constraints. Local rules are more responsive 

but risk regulatory fragmentation. Streamlined permitting accelerates deployment but 

may weaken environmental review or community input. Performance-based regulation 

aligns utility incentives with DPV integration but requires sophisticated monitoring and 

enforcement capacities that many regulators lack. These multidimensional trade-offs 

demonstrate that regulatory effectiveness depends not only on simplifying 

administrative procedures but also on balancing efficiency, flexibility, equity, and long-

term institutional adaptability, reinforcing the integrated analytical framework proposed 

in this review. 
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5. Enabling solutions: Case studies and best practice 

Cities across Europe and beyond have begun addressing the technical, economic, social, 

and regulatory barriers to on-grid urban solar through policy innovation, integrated 

planning, and novel financing models. This section presents three illustrative case 

studies that demonstrate how different governance and technological approaches can 

address the multidimensional trade-offs identified in Section 4. Each case highlights a 

different enabling pathway: (1) solar-mobility integration, (2) regulatory reform, and (3) 

inclusive financing. Together, these examples show that urban DPV challenges are not 

fixed constraints but can be mitigated through coordinated technological, institutional, 

regulatory, and community-based strategies. 

5.1 Solar-mobility integration: The Netherlands' smart charging ecosystem 

The Netherlands offers one of Europe’s most advanced examples of coordinated solar-

EV integration, combining high rooftop PV penetration with one of the densest public 

EV charging networks in the EU. Smart charging has been shown to increase PV 

self-consumption from below 50% to as high as 62-87% (van der Kam & van Sark, 

2015), while Amsterdam alone hosts more than 5,000 public charging points (Jos van 

den Bergh, 2026). 

Technical and operational solutions. Smart charging algorithms dynamically adjust 

EV charging rates based on real-time PV output, grid congestion, and wholesale prices. 

Pilot projects led by ElaadNL and Liander show that coordinated charging can reduce 

peak loads by up to 40% (Moorman & Mergelsberg, 2021; Broos et al., 2025), thereby 

increasing the share of renewable energy used for EV charging while reducing the need 

for immediate grid reinforcement. Bidirectional charging pilots, such as Utrecht’s “We 

Drive Solar,” demonstrate the potential for shared EV fleets to provide frequency 

regulation and congestion relief, although battery degradation and high bidirectional 

charger costs remain barriers (Goncearuc et al., 2024). 

Regulatory and institutional enablers. Dutch regulation allows DSOs to procure 

flexibility services from distributed resources, including EV chargers and home batteries 

(Geerts & Zweistra, 2023). Municipalities also retain authority over charging 

infrastructure planning through concession models, ensuring alignment with local 

energy strategies. Dynamic tariffs planned for 2025 will further strengthen the 

integration of EV charging with solar generation. 

Trade-offs addressed. The Dutch model illustrates how coordinated planning and 

supportive regulation can mitigate several of the multidimensional trade-offs identified 

throughout Section 4. 

• Technical: EV batteries act as distributed storage, reducing the need for 

stationary systems, thereby improving system flexibility and supporting more 

effective integration of distributed renewable energy resources (Section 4.1.4). 
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• Economic: Smart charging aligns EV demand with PV production, reducing 

peak loads, increasing self-consumption, and improving grid stability (Section 

4.2.4). 

• Regulatory: National rules provide stability while municipalities retain 

flexibility to tailor local charging strategies (Section 4.4.5). 

Overall, the Dutch experience demonstrates how coordinated technological innovation, 

supportive regulation, and integrated planning can simultaneously improve renewable 

energy integration, grid resilience, and electric mobility while mitigating several of the 

multidimensional trade-offs associated with urban DPV deployment. This case further 

illustrates that effective implementation depends not only on technological solutions but 

also on coherent institutional and governance frameworks. 

5.2 Regulatory reform for distributed solar: Spain's post-2018 self-consumption 

framework 

Spain provides a compelling example of how well-designed regulatory reform can 

unlock rapid DPV expansion. After years of stagnation under the “sun tax” (Royal 

Decree 900/2015), the government enacted Royal Decree Law 15/2018 and Royal 

Decree 244/2019, fundamentally reshaping the DPV landscape (Gallego-Castillo et al., 

2021; Prol & Steininger, 2020). This case illustrates how regulatory innovation can 

address several of the multidimensional trade-offs identified in Section 4, particularly 

those related to permitting, energy sharing, and market incentives. 

Key regulatory innovations. The reforms introduced six complementary regulatory 

measures designed to reduce administrative barriers, improve investment certainty, and 

facilitate broader participation in distributed solar deployment: 

1. Elimination of the “sun tax,” improving project economics. 

2. Simplified permitting for systems below 100 kW. 

3. Legalization of collective self-consumption. 

4. Surplus compensation mechanisms require utilities to pay for exported 

electricity. 

5. Harmonized interconnection standards. 

6. Clear legal definitions of prosumer rights and obligations. 

These measures directly addressed barriers related to permitting complexity, energy 

sharing restrictions, lack of compensation, and unclear interconnection rules while 

improving regulatory certainty for households, businesses, and investors (Section 4.4). 

Impact on deployment and market confidence. The regulatory reforms produced 

rapid and measurable impacts on market development. Annual rooftop installations rose 

from 262 MW in 2018 to more than 7 GW in 2023 (IEA-PVPS, 2024). Cumulative PV 

capacity increased more than fivefold in five years. Collective self-consumption 

expanded rapidly in social housing and condominium buildings, reducing energy bills 

by 20-30% (Prol & Steininger, 2020). Investor confidence also recovered substantially, 
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reversing the nearly 70% decline in rooftop solar investment during the “sun tax” 

period. 

Trade-offs addressed. Spain’s regulatory reforms illustrate how coherent policy design 

can mitigate several of the multidimensional trade-offs discussed throughout Section 4: 

• Permitting speed vs. oversight: Small systems benefited from simplified 

administrative procedures while maintaining essential technical and safety 

requirements (Section 4.4.2). 

• Incentives vs. fiscal burden: Market-based surplus compensation improved 

investment attractiveness while reducing long-term dependence on direct public 

subsidies (Section 4.2.2). 

• Equity vs. administrative complexity: Collective self-consumption extended 

solar access to distributed solar for the approximately 65% of urban residents 

living in multi-apartment buildings while introducing additional coordination 

and governance requirements (Section 4.3.2). 

Overall, the Spanish experience demonstrates that coherent and stable regulatory 

frameworks can substantially accelerate urban DPV deployment by reducing 

administrative barriers, strengthening investor confidence, and expanding access to 

collective self-consumption. More broadly, this case illustrates that regulatory 

innovation is essential for managing the multidimensional trade-offs associated with 

distributed solar deployment and for creating the institutional conditions necessary for 

long-term market development. 

5.3 Inclusive financing for urban solar: Community and cooperative models 

High upfront costs and limited access to credit remain major barriers to DPV adoption, 

particularly for low-income households, renters, and residents of multi-apartment 

buildings (Lowitzsch et al., 2025). Several innovative financing models across Europe 

demonstrate how these barriers can be overcome without relying solely on subsidies. 

Financial, social, and institutional barriers can be mitigated through alternative 

ownership structures, cooperative investment, and targeted public support, thereby 

illustrating practical approaches to managing the multidimensional trade-offs identified 

in Section 4. 

Third-party ownership (TPO) and leasing models. TPO models allow households to 

adopt solar with zero upfront cost. A third-party developer owns and maintains the 

system, while households purchase electricity at a fixed rate below utility tariffs 

(Rakholiya & Neumann, 2026). France’s Energy Transition Law of 2015 enabled TPO 

and collective self-consumption arrangements, expanding access to low and 

middle-income households. However, TPO extends payback periods and reduces 

long-term savings, illustrating the trade-off between improving access to solar 

technologies and maximizing long-term economic returns. 

Cooperative financing and citizen investment platforms. Cooperative models pool 

citizen capital to finance community solar projects. Énergie Partagée in France has 
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mobilized more than €40 million to support over 300 citizen-led renewable projects 

(Énergie Partagée, 2022). Similar models in Germany and the UK show that 

cooperatives enhance local acceptance and long-term stability, though they require 

strong organizational capacity and trust (Hall et al., 2016). However, their long-term 

success depends on effective governance and sustained trust among participants. 

Municipal programs and social housing integration. Cities such as Lyon, Paris, and 

Grenoble offer grants, low-interest loans, and technical assistance for condominium PV 

installations. France’s social housing sector (HLM) has deployed thousands of rooftop 

PV systems, often combined with energy efficiency upgrades. These initiatives directly 

address equity concerns by reducing energy poverty and stabilizing electricity costs for 

vulnerable populations. 

Trade-offs addressed. These financing mechanisms illustrate how innovative business 

models and public policies can mitigate several of the multidimensional trade-offs 

identified throughout Section 4: 

• Accessibility vs. long-term savings: Multiple financing pathways accommodate 

different household needs (Section 4.2.5). 

• Equity vs. administrative complexity: Municipal programs reduce 

bureaucratic burdens for low-income households (Section 4.3.2). 

• Uniform national frameworks vs. local needs: Cooperative and municipal 

models adapt national frameworks to local conditions (Section 4.4.5). 

In essence, these examples demonstrate that equitable urban DPV deployment depends 

not only on financial innovation but also on coordinated institutional support, adaptive 

governance, and stakeholder participation. Together, these elements help manage the 

multidimensional trade-offs associated with expanding distributed solar in urban 

environments. 

5.4 Synthesis: Lessons Across Cases 

Across the three enabling pathways examined (solar-mobility integration in the 

Netherlands, regulatory reform in Spain, and inclusive financing in France, Germany, 

and the UK) several common principles emerge that reinforce the multidimensional 

trade-off framework proposed in this review: 

• Integrated planning aligns DPV with mobility, housing, and grid strategies, 

avoiding siloed approaches. 

• Regulatory clarity and stability are essential for investor confidence and 

market growth. 

• Inclusive financing expands solar access beyond wealthy homeowners. 

• Local autonomy within national frameworks allows tailored solutions without 

creating fragmentation. 

• Flexibility markets and digitalization help mitigate technical trade-offs 

associated with intermittency, congestion, and distributed resource integration. 
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Taken together, these cases demonstrate that the challenges identified in Section 4 

should not be viewed as fixed barriers. They are multidimensional trade-offs that can be 

effectively mitigated through coordinated technological innovation, adaptive regulation, 

inclusive financing, and stakeholder collaboration. Although the cases are not 

exhaustive, they provide transferable lessons for cities seeking to accelerate on-grid 

urban DPV deployment while balancing technical, economic, social, and institutional 

objectives. 

6. Policy and regulatory pathways 

Effective policy and regulatory frameworks are central to unlocking the full potential of 

on-grid urban solar (da Silva et al., 2019). While technological advances and innovative 

financing models are essential, they cannot overcome structural barriers embedded in 

legacy regulations, utility business models, and institutional arrangements (Hoehnke et 

al., 2026). Across Europe, cities and national governments have adopted diverse 

approaches to reforming permitting, interconnection, tariff design, and market rules. 

Successful pathways share three characteristics: (1) regulatory clarity and long-term 

stability, (2) alignment of utility incentives with distributed energy integration, and (3) 

institutional mechanisms that enable local experimentation within national frameworks. 

Together, these elements help address the multidimensional trade-offs discussed 

throughout Sections 3-5 by coordinating technical, economic, social, and institutional 

objectives. 

6.1 Modernizing interconnection standards and grid codes 

Several European countries have progressively updated their interconnection standards 

and grid codes to accommodate the rapid growth of DPV and other inverter-based 

resources. Germany and Denmark have implemented advanced technical requirements 

for low- and medium-voltage inverter behavior, including voltage support, frequency 

response, and fault ride-through capabilities (Sobhy et al., 2015). In the Netherlands, 

modernization has focused on harmonizing interconnection requirements across DSOs 

and digitalizing permitting processes. National guidelines issued by Netbeheer 

Nederland and technical recommendations from ElaadNL streamline interconnection 

steps, clarify technical requirements, and support voltage management and bidirectional 

power flows in increasingly congested distribution grids (ElaadNL, 2022; Geerts & 

Zweistra, 2023). These reforms directly address the technical challenges identified in 

Section 4.1, particularly voltage fluctuations, reverse power flows, and the need for 

coordinated inverter behavior. 

In contrast, countries with outdated or fragmented grid codes continue to face long 

permitting timelines, inconsistent technical requirements, and limited visibility for 

DSOs – factors that slow down distributed PV deployment and increase system 

integration costs (IEA, 2023). Comparative studies suggest that standardized national 

interconnection rules, combined with digitalized permitting platforms, can significantly 

accelerate distributed PV adoption (Nuñez-Jimenez, et al., 2023). 
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6.2 Enabling collective self-consumption and energy sharing 

Regulatory frameworks that allow energy sharing among residents of multi-unit 

buildings or across neighborhoods have proven transformative. Spain's post-2018 

autoconsumo reforms (Gallego-Castillo et al., 2021; Prol & Steininger, 2020), Portugal's 

Renewable Energy Communities (RECs) (Queiroz et al., 2023), and France's 

autoconsommation collective (Loi n° 2015-992., 2015; Wokuri et al., 2019) demonstrate 

how legal recognition of shared generation can expand access to DPV for renters, 

apartment dwellers, and low-income households. These reforms address the equity 

challenges discussed in Section 4.3 by enabling broader participation in the energy 

transition. Experience from these countries suggests clear rules for governance, billing, 

and dispute resolution, reducing uncertainty for both consumers and developers. 

6.3 Aligning utility incentives with distributed solar 

Traditional cost-of-service regulation often disincentivizes utilities from supporting 

DPV, as self-consumption reduces volumetric revenues. The Netherlands has piloted 

performance-based regulation (PBR), rewarding DSOs for reducing congestion, 

enabling flexibility markets, and integrating DERs efficiently (Nillesen & Pollitt, 2026). 

Similarly, the UK has implemented incentive regulation for its electricity distribution 

networks, with productivity analysis showing the impact of changing incentive 

mechanisms (Ajayi et al., 2022). These reforms encourage utilities to evolve from 

passive grid operators toward more active system facilitators, although their 

effectiveness depends on regulatory capacity, market design, and sophisticated 

monitoring mechanisms that are not yet present in all jurisdictions. 

6.4 Streamlining permitting and administrative procedures 

Permitting remains one of the most persistent barriers to urban DPV. Cities such as 

Berlin, Barcelona, and Copenhagen have implemented "one-stop shop" permitting 

systems (OECD, 2025) and digital platforms that reduce administrative burdens 

(OECD, 2025), particularly for small rooftop systems where transaction costs can 

otherwise outweigh project benefits. However, streamlining permitting introduces trade-

offs between deployment speed and oversight. Heritage protection, fire safety, and 

structural integrity must still be ensured. Successful models apply differentiated 

pathways: simplified procedures for low-risk installations and enhanced review for 

complex or sensitive sites (Rakholiya & Neumann, 2026). 

6.5 Regulatory and institutional trade-offs 

Consistent with the multidimensional trade-off framework proposed in this review, 

regulatory pathways inevitably involve trade-offs that must be managed transparently 

and balanced across technical, economic, social, and institutional objectives. Uniform 

national rules vs. local flexibility: National standards reduce fragmentation but may 

overlook local constraints. Allowing municipalities limited autonomy has proven 

effective in Spain and the Netherlands. Permitting speed vs. environmental and heritage 

protection: Simplified procedures accelerate deployment but risk weakening oversight. 
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Tiered frameworks mitigate this tension. Utility revenue stability vs. prosumer 

empowerment: Net metering empowers consumers but can erode utility revenues. 

Performance-based regulation offers a compromise. Market openness vs. consumer 

protection: Peer-to-peer trading fosters innovation but requires safeguards against 

inequitable cost allocation. 

6.6 Synthesis: Toward coherent policy architectures 

The European experience demonstrates that no single policy instrument is sufficient. 

Effective DPV integration requires coherent architectures combining modernized 

interconnection standards, enabling frameworks for collective self-consumption, utility 

incentive reform, streamlined permitting, and inclusive financing mechanisms. 

Countries that have adopted integrated approaches (Spain, the Netherlands, and France) 

have achieved faster, more equitable, and more resilient DPV deployment. These 

pathways illustrate that many regulatory and institutional barriers are not fixed 

constraints but design challenges that can be progressively addressed through 

coordinated, multi-level governance. Rather than relying on isolated policy instruments, 

successful urban DPV deployment depends on coherent policy architectures that 

integrate technical, economic, social, and regulatory dimensions. 

7. Future research agenda 

Despite rapid advances in urban DPV, several unresolved challenges constrain 

largescale, equitable, and resilient deployment. These gaps represent priority areas for 

future research, particularly at the intersection of technology, regulation, and social 

systems. Building on the multidimensional trade-offs framework proposed in this 

review and the trade-offs identified throughout the preceding sections, three broad 

research directions emerge. 

7.1 Integrated urban energy systems and flexibility solutions 

Future research should explore how DPV interacts with electric mobility, storage, heat 

pumps, and BEMS in dense urban environments. While pilot projects in the Netherlands 

demonstrate the potential of coordinated solar-EV flexibility, the scalability of these 

solutions remains uncertain. Key questions include how cities can optimize multi-vector 

energy flows in real-time, what digital architectures and governance models are required 

for interoperable flexibility markets, and how unresolved trade-offs, such as 

cybersecurity risks versus system intelligence, can be managed in practice through 

coordinated technical, regulatory, and institutional approaches. 

7.2 Regulatory innovation, market design, and institutional capacity 

Regulatory reforms have accelerated DPV adoption in Spain, Portugal, and France, yet 

many institutional trade-offs remain unresolved. Research is needed on adaptive 

regulatory frameworks that balance national standardization with local autonomy, 

streamline permitting without weakening oversight, and align utility incentives with 

prosumer participation. Comparative studies could examine how performance-based 
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regulation, locational tariffs, and community energy governance models perform under 

different grid conditions. Another important research priority concerns institutional 

capacity, particularly how regulators and DSOs can develop the analytical tools, digital 

capabilities, and governance mechanisms needed to manage high levels of DPV 

penetration. 

7.3 Equity, social acceptance, and inclusive financing 

Although inclusive financing models have expanded access to DPV, persistent 

inequities remain. Future research should investigate how community solar, cooperative 

ownership, innovative financing mechanisms and social housing programs can be scaled 

while avoiding dependency on subsidies. Unresolved trade-offs, such as accessibility 

versus long-term consumer savings, or heritage preservation versus decarbonization, 

require interdisciplinary approaches combining urban planning, behavioral science, and 

energy economics. Longitudinal studies assessing how trust, participation, and 

perceived fairness evolve as DPV becomes mainstream are also needed. 

8. Conclusions 

Urban DPV hold significant potential to advance decarbonization, strengthen energy 

resilience, and support more inclusive and sustainable cities. Yet, this review shows that 

the diffusion of urban DPV depends on the alignment of four interrelated dimensions: 

technical, economic, social, and regulatory. When these dimensions evolve at different 

speeds, trade-offs emerge that complicate decision-making and may slow deployment. 

The literature synthesis demonstrates that technical challenges (such as intermittency, 

grid congestion, and cybersecurity) cannot be addressed independently of economic 

constraints, including high upfront costs, policy uncertainty, and impacts on utility 

business models. Social and behavioral factors including awareness, equity concerns, 

aesthetic preferences, and trust influence adoption patterns and shape the distribution of 

benefits. Regulatory frameworks, often designed for centralized systems, struggle to 

accommodate prosumer-driven models, flexibility services, and collective self- 

consumption. These tensions underscore that barriers to urban DPV are not merely 

technological but deeply socio technical and institutional. 

A principal contribution of this review is the development of a multidimensional trade-

off framework for analyzing urban DPV deployment. Rather than examining technical, 

economic, social, and regulatory dimensions separately, this framework emphasizes 

their dynamic interactions and the tensions that emerge among them. By adopting this 

integrated perspective, the review extends beyond a conventional synthesis of barriers 

and opportunities and provides a conceptual framework for understanding the 

complexity of urban solar transitions. 

The case studies of the Netherlands, Spain, and France illustrate that these challenges 

are surmountable when policy, technology, and community engagement are coordinated. 

Smart charging ecosystems, enabled by digitalization and flexibility markets, can 

resolve technical and economic trade-offs. Regulatory reforms in Spain show that 
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clarity, stability, and streamlined permitting can unlock rapid market growth. Inclusive 

financing models in France, Germany, and the UK reveal that equitable solar 

deployment requires financial innovation and strong institutional support. Together, 

these examples highlight the importance of integrated planning, multi-level governance, 

and adaptive regulatory design. 

A broader insight emerging from this review is that urban DPV should be understood as 

a dynamic sociotechnical system rather than as a static technological solution. The 

interaction among technological, economic, social, regulatory, and geopolitical factors 

creates a constantly evolving environment. Consequently, urban DPV requires 

continuous adaptation rather than one-time optimization. This stands in contrast to the 

more ordered and predictable context of legacy electricity systems. As a result, policy 

outcomes are particularly sensitive to political contestation, shifting discourses, and the 

relative power of stakeholders, underscoring the need for adaptive governance and 

sustained institutional learning. 

The literature reviewed also provides several broader lessons for urban solar transitions 

in Europe. First, the deployment of urban DPV varies substantially across Member 

States due to differences in climatic conditions, urban characteristics, regulatory 

maturity, investment capacity, and electricity market structures. Second, successful 

deployment depends not only on solar resource availability but also on stable policies, 

mature markets, and supportive institutional environments. Third, the evidence suggests 

that uniform policy approaches may produce heterogeneous outcomes, highlighting the 

importance of flexible and context-sensitive regulatory frameworks. Together, these 

findings indicate that successful urban solar transitions require integrated and adaptive 

policy strategies rather than isolated technological interventions. 

Looking ahead, several priorities emerge for research and policy. Future work should 

examine how flexibility markets, digital twins, and AI-based forecasting can be scaled 

to support high-density urban DPV. Progress will increasingly depend on hybrid 

technological approaches combining DPV, stationary storage, V2G, smart inverters, and 

advanced forecasting. The literature suggests that no single technology can address all 

operational challenges associated with urban solar systems. At the same time, hybrid 

socio-technical approaches that integrate economic instruments, social engagement, and 

adaptive regulation will be essential to address distributional and institutional barriers. 

More attention is also needed on equity-oriented models that expand access to renters, 

low-income households, and residents of multi-apartment buildings. Regulatory 

frameworks must evolve to recognize the value of distributed flexibility, enable energy 

sharing, and align utility incentives with DPV integration. Finally, interdisciplinary 

approaches are essential to understand how technical, economic, social, and regulatory 

dynamics interact to shape the real-world performance of urban solar systems. 

This review also has limitations that should guide future work. The analysis synthesizes 

diverse studies with varying methodologies, geographical scopes, and temporal 

contexts, which may introduce inconsistencies in evidence quality and comparability. 
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The focus on European case studies, while analytically rich, limits generalizability to 

regions with different regulatory, climatic, or socio-economic conditions. Moreover, the 

rapid evolution of digitalization, storage technologies, and flexibility markets means 

that some insights may shift as new data and practices emerge. These limitations 

highlight the need for longitudinal, cross-regional, and empirically grounded research to 

validate and refine the multidimensional framework proposed here. 

Urban DPV will not deliver its full promise without confronting the trade-offs that arise 

when socio-technical systems transform. By synthesizing these tensions and 

highlighting practical pathways to address them, this review contributes to a more 

nuanced understanding of the opportunities and constraints shaping the future of on-grid 

urban solar. Achieving a resilient, efficient, and inclusive urban energy future will 

require coordinated action across institutions, technologies, and communities, ensuring 

that the transition to solar-powered cities is both sustainable and equitable. 
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