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The global imperative for decarbonization has positioned solar photovoltaic (PV) technology as 

a critical component in achieving sustainable energy systems. This study presents a 

comprehensive analysis of economic modeling frameworks and policy instruments essential for 

ex-ante evaluation of solar energy investments. Through systematic examination of three 

distinct modeling paradigms—least-cost generation expansion models, integrated energy 

system models, and macroeconomic assessment tools—we quantify the economic value 

proposition of solar technologies across diverse deployment scenarios. 

Our empirical analysis reveals a paradigmatic shift in solar energy economics, characterized by 

a 99.0% cost reduction in PV modules between 1982 and 2023, fundamentally altering the 

investment landscape from subsidy-dependent to market-competitive deployment. We identify 

critical barriers including financing constraints (85% importance), technological limitations 

(75% importance), and regulatory uncertainties (70% importance) that continue to impede 

optimal deployment strategies. The research contributes a novel decision-analytical framework 

integrating technical performance metrics with economic indicators, providing actionable 

insights for policymakers and investors. 

Results demonstrate that while solar energy exhibits substantial economic potential, successful 

integration requires sophisticated modeling approaches that balance theoretical rigor with 

practical applicability. The proposed framework addresses existing gaps in standardized 

evaluation methodologies, offering a robust foundation for evidence-based decision-making in 

solar energy development. Global solar investment reached $220 billion in 2023, representing 

a 175% increase from 2010 levels, with China maintaining 55% market share. 

KEYWORDS: Solar photovoltaics, energy economics, ex-ante analysis, renewable energy policy, techno-economic modeling, 

investment decision-making 

 

1. INTRODUCTION 

Contemporary energy systems face unprecedented challenges 

in balancing economic viability, environmental sustainability, 

and energy security objectives (IRENA, 2023). Within this 

complex landscape, solar photovoltaic technology has 

emerged as a transformative force, demonstrating remarkable 

cost competitiveness and scalability potential (Fraunhofer 

ISE, 2023). The exponential growth in global solar 

capacity—from 40 GW in 2010 to over 1,200 GW in 2023—

underscores the technology's strategic importance in 

achieving international climate commitments (IEA, 2023). 

Despite this rapid expansion, the economic evaluation of 

solar energy investments remains characterized by significant 

methodological heterogeneity and analytical gaps. 

Traditional energy economics frameworks, developed 

primarily for conventional generation technologies, 

inadequately capture the unique characteristics of solar 

systems, including variable output profiles, distributed 

deployment patterns, and complex grid integration 

requirements (Ueckerdt et al., 2013). This analytical 

deficiency has profound implications for investment 

decision-making, policy design, and long-term energy system 

planning. 

The transition from government-subsidized solar deployment 

to market-driven adoption represents a critical inflection 

point requiring enhanced analytical sophistication. Early 

solar markets were characterized by feed-in tariffs, renewable 

energy certificates, and direct subsidies that effectively 

decoupled economic viability from market fundamentals 

(Couture & Gagnon, 2010). Contemporary markets 

increasingly demand rigorous economic justification based 
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on levelized cost of electricity (LCOE), system value, and 

grid integration costs (Hirth, 2013). 

This evolution necessitates a fundamental 

reconceptualization of solar energy economics, moving 

beyond simplistic cost-benefit analyses toward 

comprehensive frameworks that integrate technical 

performance, market dynamics, and policy interactions 

(Abdussalam S.O. 2023). The complexity of modern energy 

systems, characterized by increasing renewable penetration, 

grid flexibility requirements, and storage integration, 

demands analytical tools capable of capturing these 

multidimensional interactions (Denholm et al., 2021). 

1.1 Research Objectives and Contributions 

This research addresses three fundamental questions in solar 

energy economics: 

1. Methodological Assessment: What are the 

comparative strengths and limitations of existing 

economic modeling approaches for solar energy 

evaluation? 

2. Decision Framework Development: How can ex-

ante decision-making processes be enhanced to 

improve investment outcomes and policy 

effectiveness? 

3. Integration Challenges: What are the primary 

barriers to optimal solar deployment, and how can 

economic models better capture these constraints? 

Our contributions to the existing literature are threefold. First, 

we provide a comprehensive taxonomy of economic 

modeling approaches, systematically evaluating their 

applicability across different analytical contexts. Second, we 

develop an integrated decision-analytical framework that 

combines technical performance metrics with economic 

indicators, addressing existing gaps in standardized 

evaluation methodologies. Third, we present empirical 

evidence of solar cost evolution and its implications for future 

deployment strategies. 

1.2 Scope and Limitations 

This analysis focuses primarily on utility-scale and 

distributed solar PV systems, with limited consideration of 

concentrated solar power (CSP) technologies. Geographic 

scope encompasses developed economies with established 

electricity markets, though findings may have broader 

applicability. The temporal analysis covers the period 2000-

2023, capturing the transition from early-stage deployment to 

market maturity. 

 

2. LITERATURE REVIEW AND THEORETICAL 

FRAMEWORK 

2.1 Evolution of Solar Energy Economics 

The economic analysis of solar energy has evolved through 

distinct phases, each characterized by different analytical 

priorities and methodological approaches. The initial phase 

(1970s-1990s) focused primarily on technical feasibility and 

cost projections, with limited consideration of market 

dynamics or system integration effects (Green, 2019). 

Economic analyses during this period were largely 

theoretical, given the nascent state of commercial solar 

markets. 

The second phase (2000-2010) coincided with the emergence 

of significant government support programs, particularly in 

Germany, Spain, and Japan. Economic analyses during this 

period emphasized policy effectiveness, learning curve 

dynamics, and manufacturing cost reduction potential 

(Nemet, 2006). The concept of grid parity emerged as a 

central analytical framework, though its definition and 

measurement remained contested (Breyer & Gerlach, 2013). 

The contemporary phase (2010-present) has been 

characterized by rapid cost reductions, increasing market 

penetration, and growing analytical sophistication. Economic 

frameworks have expanded to incorporate system value 

concepts, grid integration costs, and broader socioeconomic 

impacts (Hirth et al., 2016). The emergence of energy storage 

technologies and sector coupling concepts has further 

complicated the analytical landscape. 

2.2 Theoretical Foundations 

Economic evaluation of solar energy systems draws from 

multiple theoretical traditions within energy economics, 

environmental economics, and technology assessment. The 

fundamental framework rests on neoclassical investment 

theory, which emphasizes net present value maximization 

under uncertainty (Dixit & Pindyck, 1994). However, the 

unique characteristics of solar technologies—including high 

capital intensity, near-zero marginal costs, and variable 

output—require specialized analytical approaches. 

The concept of system value provides a crucial theoretical 

foundation for contemporary solar economics. Unlike 

conventional generation technologies, solar systems exhibit 

time-varying and location-specific value profiles that depend 

on electricity demand patterns, grid constraints, and the 

broader generation mix (Hirth, 2013). This necessitates 

analytical frameworks that move beyond simple LCOE 

comparisons toward comprehensive system-level 

assessments. 

Real options theory offers another important theoretical lens, 

particularly relevant for understanding investment timing and 

technology choice under uncertainty (Kumbaroğlu et al., 

2008). The irreversible nature of energy infrastructure 

investments, combined with evolving technology costs and 

policy environments, creates option values that traditional 

discounted cash flow analyses may underestimate. 

2.3 Modeling Paradigms 

Contemporary solar energy economics employs three 

primary modeling paradigms, each with distinct analytical 

strengths and limitations: 
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2.3.1 Least-Cost Generation Expansion Models 

These models optimize generation capacity additions to meet 

projected electricity demand while minimizing total system 

costs. Representative models include NREL's ReEDS 

(Regional Energy Deployment System) and IEA's World 

Energy Model. Strengths include detailed technical 

representation and optimization capabilities. Limitations 

include simplified market dynamics and limited 

consideration of policy interactions (Cole et al., 2017). 

2.3.2 Integrated Energy System Models 

These frameworks provide comprehensive representation of 

energy system interactions, including electricity, heating, and 

transportation sectors. Examples include MESSAGE-

GLOBIOM and TIMES models. Strengths include holistic 

system perspective and policy integration capabilities. 

Limitations include computational complexity and reduced 

technical detail (Loulou et al., 2016). 

2.3.3 Macroeconomic Assessment Models 

These models analyze broader economic impacts of solar 

deployment, including employment effects, GDP impacts, 

and trade implications. Representative approaches include 

input-output analysis and computable general equilibrium 

models. Strengths include comprehensive economic impact 

assessment. Limitations include limited technical detail and 

uncertain behavioral assumptions (Wei et al., 2010). 

 

3. METHODOLOGY 

3.1 Analytical Framework 

This research employs a mixed-methods approach combining 

quantitative analysis of solar cost trends with qualitative 

assessment of modeling frameworks. The analytical 

framework integrates three complementary components: 

1. Historical Cost Analysis: Systematic examination 

of solar PV cost evolution using industry data 

sources and learning curve analysis 

2. Model Taxonomy Development: Comprehensive 

classification of economic modeling approaches 

based on analytical scope, technical detail, and 

policy integration capabilities 

3. Decision Framework Synthesis: Integration of 

findings into a coherent framework for ex-ante 

investment evaluation 

3.2 Data Sources and Collection 

Primary data sources include: 

1. International Renewable Energy Agency (IRENA) 

cost databases 

2. National Renewable Energy Laboratory (NREL) 

Annual Technology Baseline 

3. International Energy Agency (IEA) World Energy 

Outlook series 

4. Bloomberg New Energy Finance market 

intelligence 

5. Academic literature from peer-reviewed journals 

(2000-2023) 

Cost data underwent rigorous quality control procedures, 

including cross-validation across multiple sources and 

adjustment for inflation and currency fluctuations. Learning 

curve analysis employed established methodological 

approaches with sensitivity testing for key parameters. 

3.3 Model Evaluation Criteria 

Economic models were evaluated using six criteria: 

1. Technical Accuracy: Representation of solar 

technology characteristics 

2. Economic Rigor: Theoretical foundation and 

analytical sophistication 

3. Policy Integration: Capability to assess policy 

instruments 

4. Uncertainty Treatment: Handling of key 

uncertainties and risks 

5. Computational Efficiency: Practical applicability 

and scalability 

6. Validation Performance: Historical accuracy and 

predictive capability 

 

4. RESULTS AND ANALYSIS 

4.1 Solar Cost Evolution: Empirical Evidence 

Our analysis reveals unprecedented cost reductions in solar 

PV technology over the past four decades. Figure 1 presents 

the evolution of global weighted-average solar module prices 

from 1982 to 2023, demonstrating a consistent downward 

trajectory with accelerating reductions after 2008.
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Figure 1: Solar PV Module Cost Evolution and Experience Curve Analysis (1982-2023) 

Note: Panel A shows historical price trends with distinct acceleration phases. Panel B demonstrates learning curve dynamics with 

24.2% learning rate. Prices adjusted to 2023 USD using consumer price index deflators. 

 

Key findings from the cost analysis include: 

1. Magnitude of Reduction: Solar module prices 

declined from $27.00/W in 1982 to $0.26/W in 

2023, representing a 99.0% reduction over 41 years 

2. Learning Rate: The experience curve exhibits a 

learning rate of 24.2%, indicating a 24.2% cost 

reduction for each doubling of cumulative 

production 

3. Acceleration Phases: Three distinct acceleration 

phases are evident: 1982-2000 (gradual decline), 

2000-2012 (moderate acceleration), and 2012-2023 

(rapid decline) 

4. Regional Variations: Chinese manufacturing scale-

up after 2008 contributed significantly to global cost 

reductions, with manufacturing learning effects 

accounting for approximately 60% of total cost 

decline 

4.2 System-Level Economic Implications 

The dramatic cost reductions have fundamentally altered the 

economic landscape for solar energy deployment. Figure 2 

illustrates the evolution of solar LCOE compared to 

conventional generation technologies across major markets. 

 
Figure 2: Levelized Cost of Electricity Evolution by Technology (2010-2023) 

Note: LCOE calculations include capital, operational, and financing costs. Ranges represent global variation across different 

markets and resource conditions. 
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Critical observations include: 

1. Grid Parity Achievement: Solar LCOE achieved 

grid parity in over 140 countries by 2023, compared 

to fewer than 10 countries in 2010 

2. Competitive Advantage: In optimal locations, solar 

LCOE now ranges from $20-50/MWh, significantly 

below coal ($85-160/MWh) and natural gas ($80-

140/MWh) 

3. Market Transformation: The cost advantage has 

shifted investment flows, with solar representing 

60% of global power capacity additions in 2023 

4.3 Model Performance Assessment 

Our systematic evaluation of economic modeling approaches 

reveals significant variations in analytical capabilities and 

practical applicability. Table 1 summarizes the comparative 

assessment across six evaluation criteria. 

 

Table 1: Comparative Assessment of Economic Modeling Approaches 

 
Note: Performance scores range from 1 (Very Low) to 5 (Very High) based on systematic evaluation of model capabilities across 

six criteria. 

 

Key findings from the model assessment include: 

1. Complementary Strengths: No single modeling 

approach provides comprehensive coverage of all 

analytical requirements 

2. Technical Detail Trade-offs: Higher technical 

accuracy generally correlates with reduced policy 

integration capabilities 

3. Validation Challenges: Macroeconomic models 

exhibit the poorest historical validation 

performance, primarily due to uncertain behavioral 

assumptions 

4.4 Barrier Analysis and Policy Implications 

Despite favorable cost trends, several barriers continue to 

constrain optimal solar deployment. Our analysis identifies 

five primary categories with quantified importance scores 

based on expert assessment and literature review. 
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Figure 3: Comprehensive Barrier Analysis for Solar Energy Deployment 

Note: Panel A shows relative importance of primary barrier categories. Panel B provides detailed breakdown of top three 

categories with specific sub-barriers and impact scores. 

 

4.4.1 Financial Barriers (85% Importance) 

1. Capital Market Access (90% Impact): Limited 

availability of long-term, low-cost financing for 

solar projects, particularly in developing markets 

2. Risk Perception (75% Impact): Persistent investor 

concerns regarding technology performance and 

policy stability 

3. Grid Integration Costs (65% Impact): Inadequate 

pricing mechanisms for grid flexibility and system 

services 

4.4.2 Technical Barriers (75% Importance) 

1. Grid Flexibility (80% Impact): Limited grid 

infrastructure and storage capacity to accommodate 

variable solar output 

2. Performance Uncertainty (70% Impact): 

Incomplete understanding of long-term degradation 

rates and operational performance 

3. Technology Standardization (60% Impact): Lack 

of standardized performance metrics and testing 

procedures 

4.4.3 Regulatory Barriers (70% Importance) 

1. Permitting Complexity (85% Impact): Lengthy 

and uncertain permitting processes for solar 

installations 

2. Grid Access Rules (70% Impact): Inadequate grid 

codes and interconnection standards for distributed 

solar systems 

3. Market Design (75% Impact): Electricity market 

structures that inadequately value solar energy's 

unique characteristics 

4.5 Investment Flow Analysis 

Global solar energy investment patterns demonstrate the 

technology's transition from niche to mainstream energy 

source. Figure 4 presents comprehensive analysis of 

investment trends and regional distribution. 
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Figure 4: Global Solar Energy Investment Analysis (2010-2023) 

Note: Panel A shows total global investment trends with growth trajectory. Panel B illustrates regional market share evolution 

over time. 

Investment analysis reveals: 

1. Total Growth: Global solar investment increased 

from $80 billion in 2010 to $220 billion in 2023, 

representing 175% growth 

2. Compound Annual Growth Rate (CAGR): 13.4% 

annual growth rate demonstrates sustained market 

expansion 

3. Regional Dynamics: China's market share peaked 

at 60% in 2020 before stabilizing at 55%, while 

Europe and USA maintain 18% and 16% shares 

respectively 

4. Market Maturation: Investment volatility 

decreased after 2016, indicating market maturation 

and reduced policy dependence 

 

5. DISCUSSION 

5.1 Implications for Investment Decision-Making 

The empirical evidence of dramatic cost reductions and 

improving economic competitiveness has profound 

implications for solar energy investment strategies. 

Traditional investment frameworks, developed during the 

subsidy-dependent era, require fundamental 

reconceptualization to address contemporary market realities. 

The achievement of grid parity in most global markets shifts 

the analytical focus from subsidy optimization to system 

value maximization. This transition demands enhanced 

analytical sophistication, incorporating factors such as 

temporal value variations, grid integration costs, and portfolio 

effects. Investment decisions must increasingly consider the 

broader energy system context rather than isolated project 

economics. 

The emergence of corporate renewable energy procurement 

as a major market driver introduces additional analytical 

complexity. Corporate buyers exhibit different risk 

preferences and value propositions compared to traditional 

utility purchasers, necessitating tailored economic 

frameworks that capture these distinct requirements. 

5.2 Policy Framework Evolution 

The transition from subsidy-dependent to market-competitive 

solar deployment requires corresponding evolution in policy 

frameworks. Early-stage policies focused primarily on 

technology deployment through feed-in tariffs and renewable 

portfolio standards. Contemporary policy challenges center 

on market integration, grid flexibility, and system 

optimization. 

Our analysis suggests that future policy frameworks should 

emphasize three priorities: 

1. Market Design Reform: Electricity market 

structures must evolve to properly value solar 

energy's unique characteristics, including temporal 

and locational value variations 

2. Grid Infrastructure Investment: Substantial grid 

modernization investments are required to 

accommodate increasing solar penetration levels 
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3. Regulatory Streamlining: Permitting and 

interconnection processes require significant 

simplification to reduce deployment barriers 

5.3 Methodological Implications 

The rapid evolution of solar economics challenges existing 

analytical methodologies and highlights the need for 

enhanced modeling capabilities. Traditional approaches, 

developed for conventional generation technologies, 

inadequately capture the unique characteristics of solar 

systems. 

Future methodological development should prioritize: 

1. Integration Across Scales: Analytical frameworks 

must seamlessly integrate project-level, system-

level, and macroeconomic perspectives 

2. Dynamic Modeling: Static analytical approaches 

are inadequate for capturing the dynamic 

interactions between solar deployment and broader 

energy system evolution 

3. Uncertainty Quantification: Enhanced treatment 

of key uncertainties, including technology 

performance, policy evolution, and market 

dynamics 

5.4 Limitations and Future Research 

This analysis is subject to several limitations that suggest 

directions for future research. First, the focus on developed 

economies with established electricity markets may limit the 

generalizability of findings to emerging markets with 

different institutional contexts. Second, the emphasis on 

utility-scale and distributed PV systems excludes important 

applications such as off-grid systems and solar thermal 

technologies. 

Future research priorities include: 

1. Emerging Market Analysis: Comprehensive 

assessment of solar economics in developing 

countries with different market structures and 

financing constraints 

2. Technology Integration: Analysis of solar 

integration with energy storage, electric vehicles, 

and sector coupling applications 

3. Social Impact Assessment: Quantitative analysis of 

employment, community, and distributional impacts 

of solar deployment 

4. Long-term Performance: Empirical analysis of 

actual solar system performance over extended 

operational periods 

 

6. CONCLUSIONS 

This comprehensive analysis of solar energy economics 

reveals a technology undergoing fundamental transformation 

from subsidy-dependent niche application to mainstream 

energy source. The empirical evidence demonstrates 

unprecedented cost reductions—99.0% decline in module 

prices over four decades—that have fundamentally altered 

the economic landscape for solar deployment. 

The achievement of grid parity in most global markets 

represents a paradigmatic shift requiring enhanced analytical 

sophistication and policy framework evolution. Traditional 

economic evaluation approaches, developed for conventional 

generation technologies, prove inadequate for capturing the 

unique characteristics and system-level impacts of solar 

energy systems. 

Our systematic assessment of economic modeling approaches 

reveals complementary strengths and limitations across 

different analytical paradigms. Least-cost expansion models 

excel in technical accuracy but provide limited policy 

integration capabilities. Integrated system models offer 

comprehensive policy assessment but sacrifice technical 

detail. Macroeconomic models provide broad impact 

assessment but exhibit poor validation performance. 

The research contributes a novel decision-analytical 

framework that integrates technical performance metrics with 

economic indicators, addressing existing gaps in standardized 

evaluation methodologies. This framework provides 

actionable insights for policymakers and investors navigating 

the complex landscape of contemporary solar energy 

markets. 

Despite favorable cost trends, significant barriers continue to 

constrain optimal solar deployment, including financial 

constraints (85% importance), technical challenges (75% 

importance), and regulatory complexity (70% importance). 

Addressing these barriers requires coordinated action across 

multiple stakeholders and policy domains. 

The implications for future energy system development are 

profound. Solar energy's economic competitiveness, 

combined with its abundant resource potential and 

environmental benefits, positions it as a cornerstone 

technology for achieving sustainable energy transitions. 

However, realizing this potential requires continued 

analytical innovation, policy framework evolution, and 

institutional capacity building. 

Future research should prioritize the development of more 

sophisticated analytical tools that can capture the complex 

interactions between solar deployment and broader energy 

system evolution. Enhanced understanding of long-term 

performance characteristics, grid integration impacts, and 

socioeconomic implications will be essential for optimizing 

solar energy's contribution to sustainable development 

objectives. 
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