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Abstract: The growing demand for clean energy transitions has become increasingly significant, with 
solar energy emerging as one of the most prominent clean energy resources contributing to this effort. 
However, there remains limited knowledge regarding the economic feasibility of solar project 
development across different geographic locations and scales. This study introduces a 
comprehensive economic analysis framework to assess the economic viability of residential and 
utility-scale solar projects, using California, Tennessee, and Texas as case studies. The economic 
assessment is conducted through a cost-benefit analysis that adopts a full life-cycle approach, 
encompassing phases from permitting to demolition for both scales of solar projects. We found that 
utility-scale solar projects generally offer more favorable investment return ratios compared to 
residential projects, despite the absence of land acquisition costs and lower initial capital 
expenditures for the latter. Furthermore, the incorporation of energy storage solutions, such as 
Battery Energy Storage Systems (BESS), is shown to be essential for improving the efficiency of 
residential solar energy usage, with efficiency gains of up to 50%. Finally, region-specific strategies, 
including net metering policies, electricity retail market structures, and the promotion of solar 
adoption, play a crucial role in enhancing the financial viability of solar projects for both residential 
and utility scales. 

Keywords: Utility Solar Farms; Cost-Benefit Analysis; Economic Analysis; Life Cycle Approach; 
Battery Energy Storage System (BESS); Grid-tie Residential Solar Systems 
 

1. Introduction 
Climate change has evolved into a critical issue for contemporary society. Extensive research 

underscores its potential to affect all dimensions of human well-being, shaping community 
vulnerability and resilience (Camp et al., 2023; He, 2023; He et al., 2023a, b; He and Guan, 2024; He et 
al., 2024a, c), as well as influencing drinking water resources and climate ecosystems (He and Ding, 
2021, 2023; He and Guan, 2021a, b; He and Guan, 2022a, b). To address this challenge, various 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 September 2024                   doi:10.20944/preprints202409.1451.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202409.1451.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

measures have been implemented, including the widespread adoption of electric vehicles (EVs) and 
advancements in lithium-ion battery recycling technologies to mitigate environmental pollution (He 
et al., 2024b). Among these climate mitigation strategies, solar energy has emerged as a crucial avenue 
for accelerating the energy transition and furthering emissions reduction initiatives. By the end of 
2023, it was estimated that the United States had installed over 91 gigawatts (GW) of utility-scale solar 
electricity-generation capacity, a significant increase from approximately 314 megawatts (MW) in 
1990 (U.S. EIA, 2024a). In the residential sector, around 6.8 GW of solar capacity was installed in 2023, 
representing a dramatic increase from the 0.027 GW capacity installed in 2005—approximately 250 
times higher (Statista, 2024). This growth underscores the rapid expansion of solar energy 
infrastructure across the nation, driven by technological advancements and supportive policies. 

Utility-scale solar projects are large-scale installations designed to generate electricity for direct 
feed into the public electrical grid, typically exceeding 1 megawatt (MW) in capacity (U.S. EIA, 2019). 
These projects, often consisting of extensive solar farms or solar power plants, predominantly utilize 
photovoltaic (PV) systems with centralized inverters. Developed and operated by utility companies 
or independent power producers, utility-scale solar installations supply substantial electricity to a 
wide geographic area, meeting the energy needs of thousands of households, industrial, and 
commercial entities. They play a vital role in achieving renewable energy targets and enhancing grid 
reliability. 

In contrast, residential solar projects are smaller-scale systems intended for individual homes or 
small communities. These installations are primarily rooftop systems or modest ground-mounted 
arrays, generally ranging from a few kilowatts (kW) to several dozen kilowatts. Residential solar 
systems are designed to meet the electricity demands of the specific property on which they are 
installed, often incorporating net metering to allow homeowners to export excess electricity back to 
the grid. This arrangement not only reduces utility bills but also contributes to energy independence 
and supports broader sustainability efforts by reducing reliance on fossil fuels. 

Previous research has predominantly concluded that the cost of residential solar installations is 
significantly higher compared to utility-scale solar projects (Ramasamy et al., 2023; Awan et al., 2020; 
Benalcazar et al., 2024). This cost differential arises from various factors, including economies of scale, 
with utility-scale projects benefiting from larger installations that reduce per-unit costs (Bolinger et 
al., 2023). Additionally, utility-scale projects often have better access to more favorable financing 
terms and purchasing power for equipment and materials, further lowering overall expenses (Siregar 
et al., 2023). In contrast, residential solar systems, being smaller in size and less centralized, tend to 
have higher per-unit costs due to less favorable financing, smaller purchase volumes, and the 
additional costs associated with individual installation processes. Nonetheless, to the best of our 
knowledge, no research has yet conducted a comprehensive economic analysis comparing solar 
projects of different scales, particularly from a life-cycle perspective. This gap in the literature 
indicates a need for a thorough investigation that considers not only the initial capital and operational 
costs but also the long-term environmental and economic benefits and challenges associated with 
both residential and utility-scale solar installations. Such an analysis would provide valuable insights 
into the overall cost-effectiveness and sustainability of solar energy deployment at various scales. 

Recent academic literature on the economic analysis of utility-scale solar projects focuses on 
critical areas such as the Levelized Cost of Electricity (LCOE), capital expenditures, and operational 
costs. A study by Wiser et al. (2020) surveyed solar industry professionals and analyzed various data 
sources to identify trends in the expected useful life and operational expenditure (OpEx) of utility-
scale photovoltaic (PV) plants across the United States. The study highlighted that while the range in 
average lifetime OpEx for utility-scale projects is broad, there has been a noticeable decline in 
levelized, lifetime OpEx and average Operation & Maintenance (O&M) cost estimates, with 
expectations for further reductions in the future (Wiser et al., 2020). This trend underscores the 
ongoing improvements in the efficiency and cost-effectiveness of solar power technology, bolstered 
by advancements in materials, economies of scale, and more efficient operational practices (Wiser et 
al., 2020). Such findings are essential for understanding the economic viability and sustainability of 
solar projects as a key component of the global energy transition. However, their analysis is confined 
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to operational expenditures, including OpEx and O&M costs, while overlooking the comprehensive 
consideration of projects’ End-of-Life management costs, such as decommissioning and demolition 
expenses. Another study from Michaud et al., (2020) provided a detailed economic impact analysis 
for solar projects in the state of Ohio. It examined scenarios ranging from low to aggressive 
deployment of solar projects assessing factors such as job creation, tax revenues, and overall economic 
benefits (Michaud et al., 2020). The study emphasizes the importance of large-scale solar projects in 
supporting reginal economic development and energy transitions (Michaud et al., 2020). 
Nonetheless, the study primarily addresses the macroeconomic effects of utility-scale solar project 
deployments from a state or a region’s perspective, but it does not delve into the detailed financial 
analysis needed to evaluate the investment returns of a typical utility-scale solar project. This 
oversight leaves out critical considerations such as cash flow analysis, internal rate of return (IRR), 
and net present value (NPV), which are essential for assessing the financial viability and 
attractiveness of individual projects to investors. Siregar et al. (2023) introduced an analytical 
framework aimed at evaluating the cost-benefit analysis of utility-scale solar projects, encompassing 
the entire lifecycle from research and development to the end-of-life phase of demolition. However, 
the study's scope was limited to proposing this framework conceptually, as it did not include a 
detailed analysis based on case studies or authentic market data (Siregar et al., 2023). This limitation 
underscores the need for further empirical research to validate the framework's practical applicability 
and to assess its effectiveness in real-world scenarios (Siregar et al., 2023). 

Recent literature on the economic analysis of residential-scale solar projects covers various 
aspects, including system costs, financial viability, and the impact of different tariff structures. For 
instance, a study by Cucchiella et al. (2017) analyzed residential photovoltaic (PV) systems using 
metrics like Net Present Value (NPV), Discounted Payback Time (DPBT), and Levelized Cost of 
Electricity (LCOE). The research found that self-consumption significantly enhances financial 
performance, especially in mature markets with supportive fiscal policies (Cucchiella et al., 2017). 
Sensitivity analyses indicated that higher self-consumption rates and favorable electricity pricing are 
critical for maximizing economic benefits (Cucchiella et al., 2017). Nonetheless, they didn’t 
incorporate the consideration of residential solar and batteries that could potentially affect the 
investment return ratio of the system. Another study by Chand et al., (2019) focused on grid-tie solar 
systems highlighted the economic advantages of such systems over stand-alone configurations. The 
grid-tie systems not only reduce grid electricity consumption but also have lower maintenance costs 
due to the absence of battery storage systems (Chand et al., 2019). This study emphasized that while 
initial costs are high, the long-term economic benefits and reduced dependence on grid electricity 
make grid-tie systems an attractive option for residential users (Chand et al., 2019). However, the 
study only focuses on comparing two different types of residential solar systems, neglecting the 
evaluation of economic return of these systems from a comprehensive End-of-Life (EOL) perspective. 
Furthermore, research by Zeraatpisheh et al. (2018) evaluated different building types and PV system 
sizes, assessing their economic viability under various demand charge tariffs. The findings suggested 
that, despite environmental benefits, the economic justification for PV systems is limited in regions 
with high demand charges, highlighting the importance of local regulatory frameworks in 
determining the financial attractiveness of solar investments (Zeraatpisheh et al., 2018). A 
comprehensive analysis of solar PV systems with battery storage in Brazil revealed that current 
regulatory frameworks significantly affect the economic feasibility of such systems (Deotti et al., 
2020). The study proposed various business models and policy interventions to make PV systems 
with battery storage more economically viable (Deotti et al., 2020). Similar study by Kizito (2017) also 
assessed the residential photovoltaic systems with and without energy storage from an economic 
perspective. The study proposed a mathematical approach to compute a return of investment (ROI) 
under 3 different scenarios, highlighting the significant role of energy storage plays in the residential 
solar sector. Nonetheless, the study did not encompass utility-scale solar systems, thereby omitting a 
crucial aspect of the comparative analysis between utility-scale and residential solar energy 
production. This gap indicates the necessity for an integrated framework that incorporates financial 
metrics, regulatory considerations, and technological advancements to facilitate a more 
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comprehensive and streamlined evaluation of both utility and residential solar investments. This 
approach should especially emphasize the entire project life cycle, ensuring a thorough assessment 
from initial investment through to operational sustainability and end-of-life considerations. Such a 
framework would aid in better understanding the economic viability and optimizing decision-
making processes for stakeholders involved in developing residential solar projects. 

This research aims to address the existing gap by developing a comprehensive economic analysis 
framework to compare solar investments at both utility and residential scales from a full life-cycle 
perspective. The study applies this framework to three distinct states—California, Texas, and 
Tennessee—to examine the sensitivity of various influencing factors on the investment return ratio 
for solar projects in both scales. By integrating a wide range of geographical and policy contexts, the 
analysis aims to deliver a detailed and sophisticated understanding of the economic feasibility and 
operational performance of solar energy systems. This comprehensive approach is essential for 
providing robust consultative guidance on economic investment opportunities and returns, 
particularly for prospective developers interested in utility and residential-scale solar projects. The 
analysis addresses critical variables that influence these investments, offering insights that are crucial 
for making informed, strategic decisions in the renewable energy sector. 

The manuscript is structured as follows: Section 2 provides an overview of the data and study 
area utilized in this research. Section 3 details the methodology applied in the analysis. Section 4 
presents the results and discussions arising from the study's findings. Finally, Section 5 offers 
conclusions drawn from the research, summarizing key insights and implications. 

2. Data and Study Area 
In this section, we present the cost and revenue data utilized to calculate the investment return 

ratio for both residential and utility-scale solar projects. Additionally, we introduce the case study 
regions—Tennessee, California, and Texas—selected for this analysis based on their distinct market 
conditions, regulatory environments, and their current standing in solar industry. 

2.1. Data 
To calculate the IRR for both residential and utility-scale solar projects, various cost data were 

collected, including capital costs for procurement and installation, operation and maintenance 
(O&M) expenses, as well as permitting and environmental study fees. For utility-scale solar projects, 
land acquisition costs specific to the three selected states were also gathered. Regarding solar revenue 
data, federal tax incentives, the retail price of solar-generated electricity for both residential and 
utility scales, and the annual solar electricity generation capacity were included in the analysis. 
Specifically, the average retail price of residential electricity and net metering rates for the three states 
were collected to perform the cost-benefit analysis for residential solar projects. 

2.2. Case Study Area 
In this study, California, Texas, and Tennessee (Fig. 1) were selected as case study areas. These 

three states present distinctive profiles in terms of installed solar capacity distributions, shaped by 
their geographical, regulatory, and economic landscapes.  

California possesses an approximately 39 million residents across an area of around 163,696 
square meters (California Department of Finance, 2023). The state stands as a leader in solar energy 
production within the United States. As of early 2024, California's utility-scale solar capacity is over 
20,000 megawatts (MW) shown in Fig. 1(a), with utility-scale solar alone contributes approximately 
16% of the state's total electricity generation, and small-scale solar projects increasing this 
contribution to around 28% (CEC, 2024a). The state's solar capacity is a testament to its robust 
policies, favorable climate, and significant investments in renewable energy infrastructure. 
California's solar initiatives are supported by an extensive legislative framework, including the 
California Solar Initiative and the Renewable Portfolio Standard, which mandates that a substantial 
percentage of electricity come from renewable sources (CPUC, 2024; CEC, 2024b). For instance, The 
California Solar Mandate, which passed in 2018 and began in 2020, has been expanded that as of 
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January 2023, most new homes, apartments, and commercial buildings are required to include 
residential solar systems (CEC, 2018). The state's abundant sunlight, especially in the southern and 
central regions, further enhances its suitability for solar energy generation (Tabassum et al., 2021). It 
is reported that the average solar irradiance for California, measured in Global Horizontal Irradiance 
(GHI), varies across the state but generally falls within a range of approximately 5.5 to 6.5 
kWh/m2/day (Sengupta et al., 2018). As of the 2019 data, California's solar capacity surpasses that of 
any other state, with approximately 44.92% of all homes installed with residential solar systems, 
positioning it as a crucial player in the transition to clean energy (Gavop Analysis, 2019). In this study, 
California is recognized as the state benchmark with the most established solar infrastructure and 
supportive renewable policies. 

Texas, known for its vast oil and natural gas reserves, has also emerged as a significant player in 
the solar energy sector. The state has a population over 30 million as of 2023, covering 695,660 square 
kilometers (U.S. Census Bureau, 2023). The state's large geographical area and high levels of solar 
irradiance, particularly in the western regions, provide ideal conditions for solar power generation. 
Research found that the average solar irradiance in Texas varies depending on the region and seasons. 
For example, a study by Slusarewicz and Cohan (2018) indicates that the average daily solar 
irradiance can reach up to approximately 981 W/m2 during peak summer months, while it decreases 
to around 440 W/m2 in winter. This variability is influenced by seasonal changes and cloud cover, 
with summer typically providing the highest levels of solar irradiance. These figures also highlight 
the potential for solar energy projects across Texas, especially in regions with consistently high solar 
irradiance levels, such as the western and southern regions. It is estimated that in 2023, installed solar 
capacity in Texas totaled more than 14 GW (Fig. 1(c)), with utility-scale solar alone contributes 
approximately 8% of the state's total electricity generation, reflecting the repaid growth in solar 
capacity within the state (Antonio and Peterson, 2024). Texas's deregulated energy market and 
supportive regulatory environment are also reasons that fostered a competitive landscape for 
renewable energy projects. The state's solar capacity has been growing rapidly, driven by both utility-
scale projects and distributed solar installations. As of 2024, Texas ranks third in the U.S. for 
residential solar power generation, with approximately 264,000 residential solar installations have 
been completed (Blake, 2024). Texas's commitment to renewable energy is further underscored by its 
ambitious renewable energy targets and substantial investment in grid infrastructure to support solar 
and wind integration (Blake, 2024). Thus, Texas is recognized as the state benchmark that combines 
its traditional energy strengths with a burgeoning solar market in this study. 

Tennessee, while not traditionally recognized as a solar powerhouse, has been gradually 
increasing its solar capacity. The population of the state reaches approximately 6.9 million based on 
the recent 2020 census (U.S. Census Bureau, 2020).  The state's growth in this sector can be attributed 
to both public and private sector initiatives aimed at expanding renewable energy sources. Tennessee 
benefits from moderate solar irradiance, making it suitable for solar installations, albeit on a smaller 
scale compared to states like California. The average solar irradiance in Tennessee varies across the 
state but generally ranges from 4.5 to 5.0 kWh/m2/day (NSRDB, 2024). Recent policy developments, 
including tax incentives and net metering policies, have encouraged both residential and commercial 
investments in solar energy. One example is the Green Energy Property Tax Assessment, which caps 
the property tax increase due to solar installations at 12.5% of the total system value (Olizarowicz, 
2024).  Although the state's overall solar capacity remains modest, the trend indicates a growing 
recognition of the potential benefits of diversifying its energy portfolio through solar power. As of 
2024, Tennessee has seen significant growth in utility-scale solar capacity, largely driven by initiatives 
from the Tennessee Valley Authority (TVA). The state's total solar power capacity reached 
approximately 560 megawatts (MW) by mid-2023 (Fig. 1(b)), with plans for an additional 550 MW to 
be added, including a significant 254 MW solar farm expected to come online by the end of the year 
(TVA, 2023). This expansion is part of TVA's broader strategy to incorporate 10 GW of solar capacity 
by 2035, with a target of 5 GW by 2030 (TVA, 2023). These developments reflect a growing 
commitment to renewable energy in Tennessee, where solar photovoltaic (PV) facilities now account 
for about 7% of the state's renewable energy generation. Most of this capacity comes from utility-

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 September 2024                   doi:10.20944/preprints202409.1451.v1

https://doi.org/10.20944/preprints202409.1451.v1


 6 

 

scale installations, with ongoing projects set to further increase the state's solar capacity and 
contribute to TVA's goals of reducing carbon emissions (TVA, 2023). Additionally, as of 2024, 
residential solar power in Tennessee contributes approximately 1.36% to the state's total electricity 
generation (SEIA, 2024). Meanwhile, the state has experienced an annual growth rate in residential 
solar installations of approximately 10-12% (Chester, 2023). This includes both rooftop solar 
installations and small-scale solar projects (SEIA, 2024). The state's total solar capacity stands at 
around 895 MW, which is enough to power approximately 93,737 homes (SEIA, 2024). In summary, 
in this study, Tennessee is recognized as the state with strong emerging potentials in solar 
infrastructure developments and investments. 

 
Figure 1. Utility solar project distribution of selected case study areas: (a) California; (b) 
Tennessee; (c) Texas (Adapted from US EIA: Renewable Electricity Infrastructure and 
Resources Dashboard). 

3. Methodology 
Here, in methodology section, we present the mathematical approach to calculate the economic 

performance of investments associated with solar projects of both scales: utility and residential. 
Specifically, two scenarios are considered in residential solar projects that include roof-top solar only 
and roof-top solar paired with battery energy storage system (BESS). 

The economic performance of the projects is evaluated using the internal rate of return (IRR) as 
the primary metric. To calculate the IRR, both the costs and revenues associated with the projects are 
considered. For residential solar projects, the cost analysis encompasses the entire lifecycle, including 
initial assessment and consultation, system design and proposal, financing and incentives, permitting 
and approvals, procurement and installation, inspection and commissioning, operation and 
maintenance (O&M), and end-of-life management (EOL) (Fig. 2(a)). Specifically, the costs for the 
initial assessment, consultation, permitting, and approvals are consolidated under the category of 
permitting costs. Similarly, system design, proposal development, procurement, and installation are 
grouped under installation costs. Additionally, inspection, commissioning, and operation and 
maintenance (O&M) are combined under the category of O&M costs. In terms of revenue, the analysis 
primarily accounts for avoided electricity costs offset by solar-generated energy, potential income 
from net metering (where applicable), and federal tax incentives. 

For utility-scale solar projects, the costs considered include research and development (R&D), 
manufacturing, planning, land acquisition, installation and construction, O&M, decommissioning, 
and renewal (Fig. 2(b)). Specifically, the costs associated with research and development (R&D), 
manufacturing, planning, and installation are collectively categorized as installation costs in this 
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study. Additionally, a notable distinction between residential and utility-scale solar projects is that 
land acquisition represents a significant cost component for utility-scale installations, whereas the 
use of residential rooftops is typically cost-free. Regarding revenue, utility-scale solar projects benefit 
from the sale of generated electricity to utility companies, federal tax incentives, and potential income 
from net metering. 

The detailed model for calculating the cost and revenue for residential and utility solar projects 
is elaborated in the following. 

 
Figure 2. Economic comparison analysis framework for utility and residential-scale solar 
projects: (a) residential scale; (b) utility scale. 

3.1. Utility Solar Project 
In our analysis, we adopt the Investment Return Ratio (IRR) as the primary metric to evaluate 

the economic viability of utility-scale solar systems. This metric is calculated by comparing the total 
economic gains and costs of the solar farm, exclusive of any energy storage solutions, against the 
overall capital investment. Specifically, the IRR is derived from the ratio of the net economic benefits 
of the utility-scale solar farm to its total capital costs. This approach provides a robust measure of the 
project's financial performance under the specified scenario. Specifically, the internal rate of return is 
defined as: 

𝐼𝐼𝐼𝐼𝐼𝐼𝑢𝑢  =  (𝐺𝐺𝑢𝑢− 𝐶𝐶𝑢𝑢)
𝐶𝐶𝑢𝑢

 (1) 

where: 
𝐺𝐺𝑢𝑢,𝑠𝑠1 = overall capital gains of the utility-scale solar project investment; 
𝐶𝐶𝑢𝑢,𝑠𝑠1 = overall capital costs of the utility-scale solar project investment. 

Development process of a typical utility-scale solar project is shown in Figure 2(b). The overall 
capital costs of the project can involve all processes beginning from research and development of 
solar panels and inverters, manufacturing of the necessary equipment, to the land acquisition and 
leasing, down to the project demolition (Figure 2(b)). The capital gains of an utility-scale project 
typically involves the retail revenues of the energy production of the project, and tax incentives from 
the solar policies.  

Specifically, the total capital gain of a utility-scale solar project is defined as follows 
𝐺𝐺𝑢𝑢 = ∑ (𝑇𝑇𝑇𝑇𝑢𝑢,𝑖𝑖 +  𝐸𝐸𝐸𝐸𝑢𝑢,𝑖𝑖)𝑁𝑁

𝑖𝑖=1  (2) 
where: 
𝑇𝑇𝑇𝑇𝑢𝑢,𝑖𝑖 = tax incentives for the utility solar investment for year 𝑖𝑖 
𝐸𝐸𝐸𝐸𝑢𝑢,𝑖𝑖 = capital gains from power purchase agreement (PPA) from utility solar project for year 𝑖𝑖 
𝑁𝑁 = utility scale solar project operational life period, which is typically around 25 years for utility 
scale project 

Typically, the total tax incentive consists of contributions from both federal and state, defined as 
𝑇𝑇𝑇𝑇𝑢𝑢,𝑖𝑖 =  𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢,𝑖𝑖 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑢𝑢,𝑖𝑖 (3) 

where: 
𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢,𝑖𝑖 = federal tax incentive for utility scale solar project for year 𝑖𝑖 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑢𝑢,𝑖𝑖 = state tax incentive for utility scale solar project for year 𝑖𝑖 
Specifically, in the utility solar project scenario, the federal tax incentive includes the solar 

investment tax credit (ITC) (IRS, 2023a) and Modified Accelerated Cost Recovery System (MACRS). 
Additionally, the capital gain from a utility-scale solar project is calculated as the multiplication 

between the electricity generation and the retail price of the power purchase agreement (PPA) that is 
derived from LevelTen Energy (2024), defined as follows 

𝐸𝐸𝐸𝐸𝑢𝑢,𝑖𝑖 =  𝑃𝑃𝑢𝑢,𝑖𝑖 ∗  𝐸𝐸𝑢𝑢,𝑖𝑖 (4) 
where: 
𝑃𝑃𝑢𝑢,𝑖𝑖 = retail price of the PPA between utility solar farm and utility power companies for year 𝑖𝑖 
𝐸𝐸𝑢𝑢,𝑖𝑖 = electricity generated by utility solar farm for year 𝑖𝑖 

In the context of total capital costs for a utility-scale solar project, the capital investments 
required for purchasing or leasing land typically constitute a significant portion of the overall project 
capital investments shown in Figure 2(b). Meanwhile, the R&D, manufacturing, as well as 
transportation costs associated with PV system and accessory equipment are included in the total 
capital investments of PV system. Specifically, the total capital costs of a utility-scale solar project can 
be defined as the follows 

𝐶𝐶𝑢𝑢 = 𝐶𝐶𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 + 𝐼𝐼𝐼𝐼𝐼𝐼𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 + 𝐷𝐷𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 + 𝑃𝑃𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 + ∑ (𝐿𝐿𝑢𝑢,𝑖𝑖 + 𝑂𝑂𝑂𝑂𝑢𝑢,𝑖𝑖)𝑁𝑁
𝑖𝑖=1  (5) 

where: 
𝐶𝐶𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 = total capital investments of PV system for utility-scale solar farms 
𝐼𝐼𝐼𝐼𝐼𝐼𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 = total installation costs, installer profits, and commissioning costs of the utility-scale solar 
project 
𝑂𝑂𝑂𝑂𝑢𝑢,𝑖𝑖 = O&M costs for utility-scale solar farm for year 𝑖𝑖 
𝐿𝐿𝑢𝑢,𝑖𝑖 = capital costs on acquiring or leasing land for utility scale solar project for year 𝑖𝑖 
𝐷𝐷𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 = total demolition cost of the utility scale solar project 
𝑃𝑃𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 = total planning cost for the utility scale solar project 
𝑁𝑁 = utility scale solar project operational life period 

Among these mentioned above, the O&M costs, demolition costs, and land acquisition costs 
were derived from NREL (2023). 

Within the total capital investments of PV system 𝐶𝐶𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡, it typically involves solar modules cost, 
central/string inverters cost, balance of system cost, permitting cost, sales tax, shipping cost of the 
components, defined as  

𝐶𝐶𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 =  𝐶𝐶𝑢𝑢,𝑠𝑠𝑠𝑠,𝑡𝑡 + 𝐶𝐶𝑢𝑢,𝑖𝑖𝑖𝑖,𝑡𝑡 + 𝐶𝐶𝑢𝑢,𝑏𝑏𝑏𝑏,𝑡𝑡 + 𝐶𝐶𝑢𝑢,𝑝𝑝,𝑡𝑡 + 𝐶𝐶𝑢𝑢,𝑡𝑡𝑡𝑡,𝑡𝑡 + 𝐶𝐶𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡 (6) 
where 
𝐶𝐶𝑢𝑢,𝑝𝑝𝑝𝑝,𝑡𝑡 = total capital investments of utility-scale solar project  
𝐶𝐶𝑢𝑢,𝑠𝑠𝑠𝑠,𝑡𝑡 = total capital investments of solar modules for utility-scale solar project 
𝐶𝐶𝑢𝑢,𝑏𝑏𝑏𝑏,𝑡𝑡 = total capital investments of balance of sheet for utility-scale solar project 
𝐶𝐶𝑢𝑢,𝑝𝑝,𝑡𝑡 = total capital costs of permission application for utility-scale solar project 

𝐶𝐶𝑢𝑢,𝑡𝑡𝑡𝑡,𝑡𝑡 = sales tax costs of solar equipment procurement for utility-scale solar project 
𝐶𝐶𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑡𝑡 = transportation costs of utility-scale solar equipment 

The capital costs for utility solar investments and installations were derived from Ramasamy et 
al., (2023). 

3.1. Residential Solar Project 
In terms of residential solar projects, a significant difference from the utility-scale solar project 

is that instead of assuming all the electricity generated from solar will be sold to utility company, 
only partial of solar-generated electricity can be consumed by residents. Additionally, we consider 
two scenarios for calculating the investment return ratio (IRR) of residential solar systems: (1) 
scenario 1: solar panels only without residential energy storage solution; (2) scenario 2: solar and 
residential energy storage solution. With the consideration of residential solar batteries as energy 
storage solution, we assume that all the solar-generated electricity can be consumed by residents in 
this scenario. For both scenarios, the IRR is calculated as the division of the overall net economic gains 
and the capital investment costs throughout the project life cycle. 
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𝐼𝐼𝐼𝐼𝐼𝐼𝑟𝑟  =  (𝐺𝐺𝑟𝑟,𝑠𝑠1− 𝐶𝐶𝑟𝑟,𝑠𝑠1)
𝐶𝐶𝑟𝑟,𝑠𝑠1

  (7) 

where: 
𝐺𝐺𝑟𝑟,𝑠𝑠1 = capital gains of the residential solar investment of scenario 1; 
𝐶𝐶𝑟𝑟,𝑠𝑠1 = overall capital costs of the residential investment of scenario 1. 

3.1.1. Scenario 1: Residential Solar Only 
The investment gain of the residential solar investment scenario 1 includes the: (1) the annual 

energy savings from solar generated electricity; (2) the federal and state tax incentives associated with 
the residential solar investment; (3) the credit from net-metered energy sold back to the grid. 

Specifically, the federal and state tax incentives for the year 𝑖𝑖 are defined as  
𝑇𝑇𝑇𝑇𝑟𝑟,𝑖𝑖,𝑠𝑠1 =  𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟,𝑖𝑖,𝑠𝑠1 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟,𝑖𝑖,𝑠𝑠1 (8) 

where  𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟,𝑖𝑖,𝑠𝑠1  and 𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟,𝑖𝑖,𝑠𝑠1  are federal tax incentives (IRS, 2023b) and state tax incentives, 
respectively. It should be noted that while federal tax incentives are generally the same across states, 
the state tax incentive is subjected to each state’s individual residential solar policy. Specifically, the 
state incentives are ignored in the calculation due to the uncertainty and fluctuations associated with 
each state’s local incentive to solar projects.  

Then, annual energy savings from solar generated electricity contributes to the main part of the 
capital gains of the residential solar systems. It is the difference between the average annual energy 
consumption of a residence and the energy consumed from the grid, defined as 

𝐸𝐸𝐸𝐸𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 =  𝐸𝐸𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖,𝑠𝑠1 −  𝐸𝐸𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1  (9) 
𝐺𝐺𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 =  𝐸𝐸𝐸𝐸𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 ∗  𝑃𝑃𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1     (10) 

where: 
𝐸𝐸𝐸𝐸𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 = annual energy savings from solar generated electricity for year 𝑖𝑖 
𝐸𝐸𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖,𝑠𝑠1 = annual energy consumption for year 𝑖𝑖 
𝐸𝐸𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1 = annual energy consumed from the grid by a residence in year 𝑖𝑖 
𝐺𝐺𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 = capital gain from the annual energy savings from solar generated electricity for 
year 𝑖𝑖 
𝑃𝑃𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 = average retail price of electricity consumed from grid   

Specifically, the average retail price of residential electricity consumed from grid was derived 
from U.S. EIA (2024b), and the mean annual energy consumption profiles of residents across states 
were derived from U.S. Energy Information Administration (2024c). 

Finally, there is an additional benefit from the net-metering policy, which credits residences for 
selling excess solar energy back to the grid. Typically, the retail price for solar-generated electricity 
sold back to the grid under the net-metering policy is significantly discounted compared to the retail 
price of electricity purchased from the grid. The credit for net-metered energy injected back into the 
grid is defined as follows: 

𝑁𝑁𝑁𝑁𝑟𝑟,𝑖𝑖,𝑠𝑠1 =  𝐸𝐸𝐸𝐸𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1 ∗ 𝑃𝑃𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1 (11) 
where: 
𝑁𝑁𝑁𝑁𝑟𝑟,𝑖𝑖,𝑠𝑠1 = credits by net-metering policy 
𝐸𝐸𝐸𝐸𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1 = excess energy sold to grid by net-metering policy 
𝑃𝑃𝑟𝑟,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖,𝑠𝑠1 = retail price of the excess energy sold to grid by net-metering policy (usually at a discount 
price compared to the retail price of electricity coming from the grid) 

Specifically, the net metering effects are only considered in calculating California state’s 
residential solar IRR as NEM 3.0 based on CPUC (2022) in this study since the policy is minute in the 
other two states (TN and TX). 

Thus, the total economic investments gain of the residential solar projects are as follows: 
𝐺𝐺𝑟𝑟,𝑠𝑠1 =  ∑ (𝑇𝑇𝑇𝑇𝑟𝑟,𝑖𝑖,𝑠𝑠1

𝑁𝑁
𝑖𝑖=1 + 𝐺𝐺𝑟𝑟,𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖,𝑠𝑠1 + 𝑁𝑁𝑁𝑁𝑟𝑟,𝑖𝑖,𝑠𝑠1) (12) 

Where N represents the project's lifetime, the total economic investment gains are determined 
by summing up the annual economic gains for each year throughout the project's duration. 

One notable distinction between residential and utility-scale solar projects in terms of 
investment costs lies in the need for property investments. Unlike utility-scale projects, residential 
solar projects do not necessitate investments in the property itself, as they typically utilize the existing 
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roof space of a residence to install the solar panels and associated equipment (Figure 2). 
Consequently, the total capital costs for typical residential solar projects encompass the following 
components: (1) Capital costs of the photovoltaic (PV) system; (2) Installation and labor costs for the 
PV system; (3) Operation and maintenance (O&M) costs of the PV system; (4) Capital costs associated 
with the loan used to finance the project; (5) End-of-life demolition costs. Thus, the total capital costs 
for residential solar projects can be defined as the sum of these specific cost elements. 

𝐶𝐶𝑟𝑟,𝑠𝑠1 =  𝑃𝑃𝑟𝑟,𝑡𝑡,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑝𝑝𝑝𝑝,𝑡𝑡,𝑠𝑠1 + 𝐷𝐷𝑟𝑟,𝑝𝑝𝑝𝑝,𝑡𝑡,𝑠𝑠1 + ∑ 𝑂𝑂𝑂𝑂𝑟𝑟,𝑖𝑖,𝑠𝑠1
𝑁𝑁 
𝑖𝑖=1  (13) 

where 𝑂𝑂𝑂𝑂𝑟𝑟,𝑖𝑖,𝑠𝑠1 is the O&M costs in year 𝑖𝑖 that were derived from Walker et al., (2020). N signifies 
the project's lifetime, 𝑃𝑃𝑟𝑟,𝑡𝑡,𝑠𝑠1 represents the permitting costs, 𝐷𝐷𝑟𝑟,𝑝𝑝𝑝𝑝,𝑡𝑡,𝑠𝑠1 indicates the total demolition 
cost of the project at the end of project life cycle, and 𝐶𝐶𝑟𝑟,𝑝𝑝𝑝𝑝,𝑡𝑡,𝑠𝑠1defines the total capital costs of PV 
system that include installation costs. Consequently, the total project costs comprise the sum of these 
individual costs over each year of the project’s operational life period. It should be noted that 
investments in the PV system and associated equipment, planning of the project and demolition are 
typically one-time expenditures rather than recurring annual costs throughout the project's 
operational period. 

Additionally, the total capital costs of PV system include solar module costs, inverter costs, labor 
installation cost, balance of system cost, permit, grid-interconnection, inspection cost, sales tax, 
shipping cost of the components, and the sales and marketing, overhead, and installer profits costs, 
defined as follows: 

𝐶𝐶𝑟𝑟,𝑝𝑝𝑝𝑝,𝑡𝑡,𝑠𝑠1 = 𝐶𝐶𝑟𝑟,𝑠𝑠𝑠𝑠,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑙𝑙𝑙𝑙,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑏𝑏𝑏𝑏,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑝𝑝,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑡𝑡,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑠𝑠1 + 𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖,𝑠𝑠1 (14) 
where: 

𝐶𝐶𝑟𝑟,𝑠𝑠𝑠𝑠,𝑖𝑖,𝑠𝑠1 =  solar modules costs 
𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖,𝑠𝑠1 = solar inverter costs 
𝐶𝐶𝑟𝑟,𝑙𝑙𝑙𝑙,𝑠𝑠1 = labor installation costs 
𝐶𝐶𝑟𝑟,𝑏𝑏𝑏𝑏,𝑠𝑠1= balance of system cost 
𝐶𝐶𝑟𝑟,𝑝𝑝,𝑠𝑠1 = permit cost 
𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖𝑖𝑖,𝑠𝑠1 = inspection cost 
𝐶𝐶𝑟𝑟,𝑡𝑡,𝑠𝑠1 = sales tax cost 
𝐶𝐶𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑠𝑠1 = shipping cost of the components 
𝐶𝐶𝑟𝑟,𝑖𝑖𝑖𝑖,𝑠𝑠1= installer profits  

Specifically, the total capital costs for residential solar installations were derived from 
Ramasamy et al., (2023). 

3.1.1. Scenario 2: Residential Solar and Battery Integrated System 
For residential solar energy systems, an additional scenario is considered in which the solar 

installation is integrated with a battery energy storage system (BESS). Unlike the first scenario, which 
involves only a residential solar system, the inclusion of a BESS allows the electricity generated by 
rooftop solar panels during the daytime to be stored and utilized during nighttime hours when the 
sunlight is absent. This integration significantly enhances the overall efficiency of energy utilization 
in residential solar projects. However, the addition of a BESS also increases both the installation and 
operation and maintenance (O&M) costs. In this study, it is assumed that the residential battery 
completes a full charge and discharge cycle each day, optimizing the use of the electricity generated 
by the residential solar system. Under this scenario, the system is capable not only of offsetting the 
resident's electricity consumption during the daytime but also of offsetting an equivalent amount of 
energy during nighttime hours for a typical resident, determined by the battery's storage capacity. 

The internal rate of return (IRR) for the residential solar system under this scenario was 
calculated. The methodology employed mirrors that used in Scenario 1, with certain values adjusted 
to reflect the specifics of this particular scenario with battery storage system equipped with the roof-
top solar panel. A detailed breakdown of the input parameters and their corresponding values for 
this scenario is provided in the Results and Discussion section. 

3.1. Case Study 
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In this study, simulations were conducted to evaluate the investment return ratios for solar 
energy projects at two scales: residential and utility-scale. For the residential scale, two scenarios were 
considered: (1) a solar-only system, and (2) a solar system combined with a residential battery energy 
storage system (BESS). In Scenario 1, the residential solar system is designed with a capacity of 8 
kWdc for a typical resident, while in Scenario 2, the system includes an 8 kWdc solar installation 
combined with a 12.5 kWh residential BESS. At the utility scale, the model simulates a 100 MWdc 
solar farm. Specifically, these capacity numbers designed for the simulation were derived from 
Ramasamy (2023) as a typical solar project configuration for residential and utility scales. The 
simulations were performed for three distinct geographic locations: Tennessee, California, and Texas. 
Specifically, California is widely regarded as a representative example of an established leader in the 
solar industry, while Texas serves as a key representative of a rapidly growing solar market. 
Tennessee, on the other hand, is characterized as a representative state with moderate solar adoption. 
These classifications correspond to states with aggressive, progressive, and moderate development 
statuses within the solar industry. A detailed summary of these simulations is provided in the 
following Table 1. 

Specifically, the input data for both residential and utility-scale solar installations were utilized 
to calculate the investment return ratio for solar projects in three states—Tennessee, California, and 
Texas—based on simulation model configurations, as outlined in Table 1. Additionally, since there is 
uncertainties associated with the input data source, thus a high end and low end of the input data 
are provided in the model calculations. A comprehensive analysis was derived based on the economic 
model presented above and the results are provided in Section 4, which presents a detailed discussion 
of these findings. 

Table 1. Information of residential and utility solar project simulation model. 

Residential Utility 
Scenario 1: Solar Only Scenario 2: Solar Plus BESS Solar  
Solar 8kWdc Solar 8kWdc BESS 12.5kWh 100MWdc 

4. Results and Discussion 
Figure 3 provides a detailed overview of the input data used in the economic model for 

residential solar projects across California, Tennessee, and Texas, with a particular focus on capital 
costs, operations and maintenance (O&M) costs, and demolition costs. The analysis reveals significant 
regional disparities that highlight both the economic and regulatory differences across these states, 
which in turn impact the overall financial feasibility of residential solar projects. 

In terms of capital costs, as shown in Figure 3(a.1), California emerges as the state with the 
highest costs, ranging from $3.0/Wdc to $4.5/Wdc, compared to Tennessee and Texas, where the 
capital costs are lower and range between $2.5/Wdc and $3.5/Wdc. The higher costs in California may 
reflect a combination of more stringent building codes, higher labor costs, and complex regulatory 
hurdles, all of which contribute to a more expensive solar installation process. In contrast, Tennessee 
and Texas present a more favorable cost structure for homeowners considering solar, likely due to 
lower labor costs and fewer regulatory barriers. 

Operations and maintenance (O&M) costs, displayed in Figure 3(a.2), further emphasize the cost 
variance across these regions. California’s O&M costs range from $15/kWdc/year to $30/kWdc/year, 
significantly higher than Tennessee’s $10/kWdc/year to $20/kWdc/year and Texas’ $10/kWdc/year to 
$25/kWdc/year. These differences may be attributed to the diverse environmental conditions in 
California that necessitate more frequent maintenance, as well as a more competitive service market 
that drives up prices. Meanwhile, Tennessee and Texas offer lower O&M costs, suggesting that the 
maintenance of solar installations in these states is less intensive, likely due to favorable climate 
conditions or market dynamics. 

Finally, demolition costs, as seen in Figure 3(a.3), also demonstrate a regional divide. California 
once again leads with higher costs, ranging from $0.3/Wdc to $0.6/Wdc, while Tennessee and Texas 
maintain similar and lower demolition costs, both ranging from $0.2/Wdc to $0.4/Wdc. This difference 
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can be attributed to California’s stricter environmental and disposal regulations, which may impose 
additional costs for the safe removal and handling of solar equipment at the end of its lifecycle. 

The data in Figure 3 collectively illustrate the significant cost variations between California, 
Tennessee, and Texas, pointing to how regional policies, environmental factors, and market 
conditions directly impact the financial dynamics of residential solar projects. These findings 
underscore the importance of region-specific strategies for solar energy adoption and indicate that 
policymakers must consider localized cost drivers when designing incentives and support programs 
to promote solar energy. 

A similar trend is observed in Scenario 2, where residential solar installations are equipped with 
rooftop solar panels combined with a residential battery energy storage system (BESS) (Fig. 3(b.1) – 
Fig. 3(b.3)). Horizontally, Figures 3(b.1) – (b.3) illustrate that for installation, operation and 
maintenance (O&M), and demolition costs, the solar system incurs significantly higher costs 
compared to the BESS in residential solar projects. Specifically, in terms of capital costs for residential 
solar and BESS, the expenses range from approximately $2.5/Wdc to $3.5/Wdc plus $1.2/Wh to 
$1.6/Wh in Tennessee, $3.0/Wdc to $4.5/Wdc plus $1.2/Wh to $1.6/Wh in California, and $2.5/Wdc to 
$3.5/Wdc plus $1.2/Wh to $1.6/Wh in Texas (Figure 3(b.1)). 

For O&M costs, the combined residential solar and BESS systems amount to approximately 
$15/kWdc to $20/kWdc plus $5/MWh to $10/MWh in Tennessee, $20/kWdc to $25/kWdc plus 
$10/MWh to $15/MWh in California, and $15/kWdc to $20/kWdc plus $5/MWh to $10/MWh in Texas 
(Figure 3(b.2)). Regarding demolition costs, these range from approximately $0.2/Wdc to $0.4/Wdc 
plus $0.04/Wh to $0.06/Wh in Tennessee, $0.3/Wdc to $0.6/Wdc plus $0.05/Wh to $0.075/Wh in 
California, and $0.2/Wdc to $0.4/Wdc plus $0.035/Wh to $0.055/Wh in Texas (Figure 3(b.3)). 

The data necessary for performing the calculations, including permitting costs, annual electricity 
consumption, retail residential electricity prices, net metering policies, and annual solar energy 
generation, are consistent across the two residential solar scenarios under consideration. As 
demonstrated in Figure 3(c), the costs associated with permitting and environmental studies range 
from approximately $300 to $1000 per residential solar project in Tennessee, $500 to $3000 in 
California, and $300 to $1500 in Texas. Figure 3(d) highlights that California is the only state offering 
significant compensation for net-metered electricity, ranging from approximately $0.05/kWh to 
$0.1/kWh. The effects of net metering in Tennessee and Texas are disregarded due to the absence of 
consistent monetary incentive programs for net metering in these states. Additionally, energy 
consumption varies by state, with Tennessee residents typically using between 14 MWh and 16 MWh 
per year, California residents consuming between 6.5 MWh and 7 MWh per year, and Texas residents 
using between 14 MWh and 15 MWh annually, as shown in Figure 3(e). For the average retail price 
of grid electricity, we assume a range of $0.12/kWh to $0.13/kWh in Tennessee, $0.27/kWh to 
$0.30/kWh in California, and $0.13/kWh to $0.14/kWh in Texas, as depicted in Figure 3(g). 
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Figure 3. Data input to the economic model of residential solar scenarios. 

Figure 4 presents a comparative analysis of financial and performance metrics for utility-scale 
solar projects across three U.S. states: California, Tennessee, and Texas. The box plots illustrate key 
variables, including capital costs, operations and maintenance (O&M) costs, retail electricity prices, 
demolition costs, land acquisition costs, and annual electricity generation. These metrics provide 
insights into the economic and operational factors influencing solar project feasibility and efficiency 
in different geographic regions and were input to the model simulation and calculation. 

The capital costs per watt are highest in California, with a broad range between $1.1 and $1.5 per 
watt, while Tennessee and Texas display lower, more consistent costs, typically ranging between $0.85 
and $1.15 per watt for Tennessee and $0.75 and $1.05 per watt in Texas (Figure 4(a)). California also 
exhibits substantially higher O&M costs, with a median cost near $20 per kW, compared to Tennessee 
and Texas, where the median O&M costs fall below $20 per kW, highlighting regional differences in 
maintaining solar infrastructure (Figure 4(b)). 

In terms of retail electricity prices, California again leads with a higher price range between 
$40/MWh and $55/MWh, while Tennessee and Texas show considerably lower retail prices, with 
Tennessee's prices clustering between $25/MWh and $40/MWh and Texas around $40/MWh (Figure 
4(c)). These pricing differences reflect the varying state policies and market conditions affecting solar 
energy pricing, leading to varying utility solar project investment return ratio. 

Demolition costs follow a similar pattern, with California’s costs ranging from $50/kW to 
$100/kW, reflecting higher end-of-life decommissioning expenses. Tennessee and Texas, by contrast, 
show lower median demolition costs, particularly Tennessee, which demonstrates more affordable 
decommissioning expenses ($15/kW to $45/kW) relative to the other states (Figure 4(d)). 

Land acquisition costs are also notably higher in California, with values ranging from $10,000 to 
$30,000 per thousand acres, compared to Tennessee and Texas, where costs are significantly lower 
and generally below $10,000 per thousand acres (Figure 4(e)). This difference indicates the higher 
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land acquisition costs in California, likely due to land availability, demand, and regulatory factors, 
are playing critical role in determining solar investment decision in the state. 

Annual electricity generation potential shows a significant advantage for California, with 
median values around 2 MWh/kW and a range extending beyond 2.25 MWh/kW. Texas also 
demonstrates relatively high generation potential, though its upper range is lower than that of 
California. Tennessee, on the other hand, exhibits the lowest generation potential, with median values 
under 1.75 MWh/kW, reflecting a less favorable environment for solar energy production. 

In summary, Figure 4 suggests that while California incurs higher upfront and operational costs 
for utility-scale solar projects, it offers superior solar generation potential and higher retail prices. In 
contrast, Tennessee and Texas present more cost-effective options, though they yield lower solar 
energy output, indicating a trade-off between cost efficiency and energy production across different 
states. 

 
Figure 4. Data input to the utility solar model. 

Figure 5 presents the projected cost and revenue ranges for both residential and utility-scale 
solar project scenarios across three states: Tennessee (TN), California (CA), and Texas (TX), based on 
the input data and assumptions outlined earlier. The ribbons in Figure 5 represent both the lower and 
upper bounds of the estimations for each year within the residential model life cycle. Additionally, 
the solid line and dashed line represent the cumulative project cost and revenue for each year within 
the project life period for the three states, respectively. The simulation projections cover the period 
from 2025 to 2050 and encompass two residential scenarios—Scenario 1 (Solar Only) and Scenario 2 
(Solar Plus Battery)—as well as a utility-scale solar scenario. 

In the residential solar Scenario 1, both costs and revenues are expected to increase over time, 
with California demonstrating the highest revenue potential throughout the examined period, as 
depicted in Figure 5(a). The cost trajectories for Tennessee and Texas remain comparatively moderate 
relative to California, which incurs higher initial and projected future costs. The revenue margins 
across all three states suggest that while California solar projects involve higher costs, they also offer 
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significantly greater revenue potential. Specifically, Figure 5 illustrates that California residents are 
projected to recover their initial costs by approximately the 18th year of the project, whereas 
Tennessee and Texas residents are unable to recover their initial investments within the project’s life 
cycle. Of these two states, Texas slightly outperforms Tennessee in terms of potential gains and 
investment return ratio. The marked increase in project costs toward the end of the life cycle 
underscores the impact of demolition expenses on the overall cost structure of residential solar 
projects. 

The inclusion of battery energy storage systems (BESS) in residential solar Scenario 2 results in 
higher costs across all states, with a particularly notable increase in California. However, the 
projected revenue in this scenario also rises more sharply, indicating that the addition of BESS may 
enhance long-term economic benefits despite the higher upfront capital investment. California once 
again leads in revenue projections, followed by Texas and Tennessee. More importantly, California 
residents are expected to recover their initial investments at the 15th year under Scenario 2, which 
combines rooftop solar and BESS, a faster rate compared to Scenario 1, which features only rooftop 
solar installations. The cost increase from Scenario 1 to Scenario 2 is more pronounced in Tennessee, 
suggesting that the integration of BESS may be more cost-sensitive in states with lower baseline solar 
infrastructure investment. Additionally, the relatively low price of residential electricity in Tennessee, 
owing to subsidies provided by the Tennessee Valley Authority (TVA), limits the economic impact of 
integrating residential BESS in the state. 

For utility-scale solar projects, as shown in the third panel (b) of Figure 5, both costs and revenues 
exhibit significant growth throughout the project life cycle. Unlike residential solar projects, the 
investment return ratios for utility-scale projects are consistently positive, and revenues recover the 
initial investment at a much faster rate. Specifically, in utility-scale solar projects, the revenue 
recoupment is projected to occur within approximately nine years for California, a notably shorter 
recovery period compared to the general over-ten-year recovery timeline observed in residential solar 
projects. California continues to display the highest projected costs and revenues among the states 
analyzed. 

Texas, while also incurring relatively high costs, demonstrates strong revenue potential 
compared to Tennessee, which shows an approximate seven-year recovery period but remains 
consistently lower in both costs and revenue. Moreover, it is noteworthy that demolition costs 
contribute significantly less to the overall cost structure of utility-scale solar projects in comparison 
to residential projects. The trends observed for utility-scale solar suggest that, although such projects 
require substantial upfront capital investments, they are expected to deliver considerable financial 
returns, particularly in states like California and Texas, where favorable market conditions support 
the large-scale deployment of solar infrastructure. 

In conclusion, Figure 5 underscores significant regional disparities in cost and revenue dynamics 
across both residential and utility-scale solar markets. Among the three states analyzed, California 
stands out as an aggressive leader in solar adoption, characterized by high costs accompanied by 
equally high returns, largely driven by supportive policy frameworks and favorable market 
conditions. Texas, a rapidly expanding solar market, exhibits a balanced trend with comparatively 
high returns corresponding to moderate cost increases. Conversely, Tennessee, representing more 
moderate solar adoption, displays the lowest cost and revenue figures, indicating a more conservative 
market for both residential and utility-scale solar projects. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 September 2024                   doi:10.20944/preprints202409.1451.v1

https://doi.org/10.20944/preprints202409.1451.v1


 16 

 

 
Figure 5. Cost and revenue derivative of residential and utility solar projects: (a) residential 
solar; (b) utility solar. 

 
Figure 6. Investment return ratio results for solar models: (a) residential; (b) utility. 

Figure 6(a) illustrates the Investment Return Ratio (IRR) for both residential and utility-scale 
solar projects across three states: Tennessee (TN), California (CA), and Texas (TX), selected as case 
study regions for this analysis. The left panel of Figure 6(a) presents the IRR for residential solar 
projects under two distinct scenarios: Scenario 1 (Solar Only) and Scenario 2 (Solar Plus Battery). In 
both scenarios, California consistently demonstrates a positive IRR, with Scenario 2 (solar combined 
with battery energy storage systems, or BESS) yielding the highest IRR, approximately 0.4, indicating 
substantial profitability from the integration of BESS with rooftop solar systems. Although California 
experiences some of the most expensive costs associated with residential solar projects in the country, 
the relatively high retail price of residential electricity and net metering incentives make the 
California state most favorable place to install residential solar projects. In contrast, both Tennessee 
and Texas exhibit negative IRRs in Scenario 1. Specifically, Tennessee’s IRR ranges from -0.36 (low 
end) to -0.24 (high end), while Texas shows a range from -0.38 to -0.2, suggesting that solar-only 
residential projects in these states may not be economically viable without additional incentives such 
as net metering or the inclusion of energy storage solutions. However, Scenario 2 demonstrates 
marked improvements in the IRR for both Tennessee and Texas, particularly in Texas, though these 
returns remain lower than those observed in California. This highlights the critical role of 
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incorporating energy storage solutions in improving solar energy utilization efficiencies and 
enhancing the overall economic viability of residential solar projects, especially in regions with less 
favorable standalone solar economics like Tennessee and Texas.  

Figure 6(b) depicts the IRR for utility-scale solar projects in the same states. In this case, both 
California and Texas demonstrate high IRRs, with values from 0.57 to 0.61 for California, and 0.63 to 
0.80 for Texas, indicating strong investment potential in utility-scale solar infrastructure in these 
states. Tennessee, while exhibiting a positive IRR, demonstrates a relatively lower range compared to 
California and Texas, with a low-end value of 0.11 and a high-end value of 0.52. This reflects 
Tennessee's more moderate solar market, which can be attributed to its moderate annual solar 
irradiance and relatively low solar energy selling price. Figure 6 highlights the significant regional 
differences in solar project profitability, with California and Texas emerging as favorable markets for 
both residential and utility-scale solar investments, while Tennessee lags, especially in residential 
solar returns. Nonetheless, the incorporation of battery energy storage solution can tremendously 
help the solar energy usage efficiencies, thus improve the comprehensive economic viability of the 
residential solar project. 

5. Conclusions 
This study presents a comprehensive economic analysis of both residential and utility-scale solar 

projects across three distinct U.S. states—California, Tennessee, and Texas—revealing significant 
regional variations in cost, revenue, and investment return ratios (IRRs). Through detailed modeling 
and simulation of capital costs, operations and maintenance (O&M) costs, demolition costs, and 
revenue projections, several key findings emerged that underscore the influence of regional policies, 
market conditions, energy storage solutions, and environmental factors on the financial feasibility of 
solar energy adoption across states and scales. 

Several key findings emerge from the analysis, demonstrating the complexities of solar project 
economics and the critical role of regional market conditions. 
1. Residential solar projects do not necessarily yield higher IRRs despite the absence of needs to 

purchase land for developing solar projects. While residential solar installations generally avoid 
the significant land acquisition costs for planning solar panels and equipment, their overall 
economic performance can be hindered by lower energy generation efficiency, the lack of 
comprehensive net metering programs, and less favorable electricity prices, particularly in states 
like Tennessee and Texas. The absence of land acquisition expenses, therefore, does not always 
translate into superior financial returns. 

2. Demolition costs are disproportionately impactful in residential solar projects compared to 
utility-scale projects. Given the smaller scale and lower total costs of residential solar 
installations, demolition costs represent a higher percentage of the total project cost. This is 
particularly evident in states with strict environmental regulations, such as California, where 
demolition expenses contribute more significantly to the overall project cost structure. By 
contrast, in utility-scale projects, these demolition costs are diluted by the larger capital and 
operational costs, which typically constitutes smaller than 2% of the overall project costs. 

3. The integration of battery energy storage systems (BESS) significantly enhances the economic 
feasibility of residential solar projects. The addition of BESS improves solar energy usage 
efficiency, enabling homeowners to store excess solar energy for use during periods of low 
sunlight or high demand. This increased efficiency translates into higher IRRs for residential solar 
projects, especially in markets like California, where electricity prices and net metering programs 
make the combination of solar panels and BESS highly profitable. Based on the calculation here, 
the incorporation of BESS significantly boosts the IRR of residential solar system in California 
from approximate 0.14 to 0.3. Even in more conservative markets like Tennessee and Texas, BESS 
can help mitigate some of the financial shortcomings of solar-only installations and diminish the 
investment loss by almost 50% in these two states. 

4. The economic performance of solar projects is shaped by a complex interplay of regional market 
conditions, policy environments, and labor costs. As demonstrated by the comparative analysis 
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of California, Texas, and Tennessee, the profitability of solar projects varies significantly based on 
the state's regulatory landscape, labor market dynamics, and local policies. California, with its 
aggressive solar incentives, high electricity prices, and supportive policies, leads in both 
residential and utility-scale solar adoption. Texas, while more moderate in terms of costs, shows 
strong revenue potential, particularly for utility-scale projects, benefiting from a deregulated 
energy market and favorable solar irradiance. Tennessee, representing a more conservative 
market, offers lower costs but lacks the necessary incentives and policy support to fully realize 
the economic benefits of solar energy, particularly in the residential sector. 
In summary, the findings from this study highlight the importance of region-specific strategies 

for solar energy adoption across scales. Policymakers and resident decision-makers must consider 
localized cost drivers, such as demolition costs, labor market conditions, and energy policies, when 
designing incentives and regulatory frameworks to promote solar projects. The integration of energy 
storage solutions, particularly BESS, is essential for enhancing the economic viability of residential 
solar projects, making them more attractive even in less favorable markets. Finally, while utility-scale 
solar projects generally recover initial investments more rapidly, residential projects can achieve 
improved returns through strategic technological enhancements like the incorporation of energy 
storage solution and supportive policy environments such as net-metering incentive. 
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