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Abstract 

 Residential photovoltaic (PV) systems serve as a source of electricity generation that is 

separate from the traditional utilities. Investor investment into residential PV systems provides 

several financial benefits such as federal tax credit incentives for installation, net metering credit 

from excess generated electricity added back to the grid, and savings in price per kilowatt-hour 

(kWh) from the PV system generation versus the increasing conventional utility price per kWh. 

As much benefit as stand-alone PV systems present, the incorporation of energy storage yields 

even greater benefits. Energy storage (ES) is capable of storing unused PV provided energy from 

daytime periods of high solar supply but low consumption. This allows the investor to use the 

stored energy when the cost of conventional utility power is high, while also allowing for excess 

stored energy to be sold back to the grid. This paper aims to investigate the overall returns for 

investor’s investing in solely PV and ES-based PV systems by using a return of investment 

(ROI) economic analysis. The analysis is carried out over three scenarios: (1) residence without a 

PV system or ES, (2) residence with just a PV system, and (3) residence with both a PV system 

and ES. Due to the variation in solar exposure across the regions of the United States, this paper 

performs an analysis for eight of the top solar market states separately, accounting for the 

specific solar generation capabilities of each state. A Microsoft Excel tool is provided for 

computation of the ROI in scenario 2 and 3. A benefit-cost ration (BCR) is used to depict the 

annual economic performance of the PV system (scenario 2) and PV + ES system (scenario 3). 

The tool allows the user to adjust the variables and parameters to satisfy the users’ specific 

investment situation. 
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I. Introduction 

 While we regularly propose new systems to support our society’s dire need for an 

alternative to fossil fuel energy sources, photovoltaic (PV) energy isn’t necessarily new. PV 

systems utilize sunlight to generate electricity through semiconductor PV cells. The particles of 

light (photons) strike the surface of the cells, releasing negatively charged particles (electrons) 

from the cells’ atoms, which causes electric flow as depicted in Figure 1. Humans have been 

harnessing solar energy for centuries and advancements have been made ever since. By 

acknowledging PV systems’ journey through history, we reveal the benefits of going solar, the 

various types of PV system options, and the costs associated with them. This serves to support 

our topic of research – how to utilize PV systems as a cost efficient and reliable energy source by 

augmenting energy storage (ES). The research implements a return of investment (ROI) analysis 

to provide economic justification for investment into residential PV and ES systems, as well as a 

benefit-cost ratio (BCR) to show the annual economic performance of the systems. 

 
Figure 1: Photoelectric Effect. Copyright 1999 & 2005 by NJK. 

A. History of Photovoltaics 

 It took several centuries to reach Einstein’s Photoelectric Effect from using magnifying 

glasses and mirrors for creating fire. Technology began progressing in the late 20
th

 century once 

photovoltaic cells began to be manufactured [14]. In 1973, one of the first PV-powered 

residences was created by the University of Delaware. Their “Solar One” residence was built as a 

PV/Thermal hybrid, jumpstarting the production and use of photovoltaic power systems on every 



2  

continent. As the NASA Lewis Research Center continued to study and use these types of 

systems, the US Department of energy launched the Solar Energy Research Institute (later the 

National Renewable Energy Laboratory (NREL) in 1977 – establishing a federal facility 

dedicated specifically to harnessing the sun’s energy. 

With this newly established federal funding, PV systems really began to take off. Shortly 

after the new institute was created, NASA built the first photovoltaic village system in 1978, the 

3.5 kW village provided water pumping and electricity for 15 homes on the Papago Indian 

reservation until 1983. Throughout the 1980s, scientists continued to make PV cells thinner with 

higher capacity and better efficiency. In 1992, the University of South Florida developed a 

15.9% efficient thin-film PV cell, breaking the 15% efficiency barrier for the first time ever in 

this technology’s history. Soon after the efficiency increase, Pacific Gas and Electric installed 

the first grid-supported 500 kW PV system in Kerman, California. This installation marks the 

first “distributed power” effort. This is important, as present research focuses heavily on grid-

supported systems.  

 The commercialization of PV systems continues to jump as efficiency levels increase. In 

1994, NREL announced its new laboratory facility, leading to its first PV cell exceeding 30% 

efficiency. This pushed PV systems into the spotlight as a “clean energy” source, to be included 

on a variety of projects, including more residency experiments, roofing material ideas, and even 

aircrafts. By the year 2000, a family in Colorado installed a 12kW system in their home – the 

largest registered residential installation of PV technology – providing most of the electricity for 

the household of size eight. In 2001, Home Depot began selling PV systems in California, later 

spanning to 61 stores nationwide. At this stage, photovoltaic systems made a significant jump 

from energy research to the mainstream commercial marketplace. 
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 Energy storage has had its own timeline of evolution. Batteries in the early 19
th

 century 

began as simple set-ups with zinc and copper discs separated with cardboard including a brine 

solution as the electrolyte. They slowly progressed until 1949 when they reached the small dry 

cell design commonly known today, with an alkaline electrolyte, zinc anode, and manganese 

cathode. Rechargeable batteries have continued to evolve over the years based on their elemental 

makeup; however, Nickel-metal batteries discovered in 1899 are still used today in high power 

investor devices. Advances in rechargeable lithium batteries began to rapidly make progress in 

the 1970s. While battery lifetime and durability proved difficult and near catastrophic over 40 

years due to battery fires, leaks, and insufficient storage, these energy storage units have been 

tailored to support larger systems such as transportation and PV grid systems. 

B. Benefits, Current Options, & Costs of Photovoltaics  

 With the documented ongoing changes in our ecosystem and climate, as a result of 

energy emissions, solar energy provides some major benefits as a renewable resource [18]. A 

reasonable amount of sun exposure across the nation makes solar energy an attractive option in 

nearly every state. While many other renewable options are not yet as reliable as the sole energy 

provider, a standard 5kW PV system can provide up to three-quarters of an average household’s 

energy usage [15]. This allows individuals and businesses alike to invest in solar energy to 

generate their own power while staying at fixed and competitive prices for the system. Added tax 

credit returns and dropping prices due to technological advancement make solar energy an even 

more attractive economic decision. Mainstream investing and innovative financing makes this 

resource available to investors of all socioeconomic backgrounds. With increased job 

opportunities in the community due to installation and maintenance (with 20- to 25-year 

warranties), the environmental benefits are just a bonus [18]. 
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 There are a number of options for solar/PV panels on today’s market for investors to 

choose from. Monocrystalline Silicon Solar PV panels are the original PV technology. They are 

also the most efficient at 25%. However, this increased performance comes with higher cost. By 

using one crystal, the grid structure is produced with a uniform crystalline pattern, allowing for 

the highest purity and therefore advantageous efficiency levels. Polycrystalline Silicon Solar PV 

panels provide the best value. Their lower cost can be attributed to their manufacturing process 

which pours molten silicon into a cast. Although, these impurities from the process tend to cause 

lower efficiency levels, around 20%. The thin-film solar PV panels are a great alternative due to 

their physical design. While they have the smallest share of the market, they are a possible 

choice for projects of lesser power requirements that demand lightweight additives and 

portability. They have a max efficiency of 20% as well. 

 Energy capacity and associated costs have changed tremendously over the past decade, 

giving way to innovation for solar energy as an advantageous resource. The annual installed 

solar capacity has skyrocketed from several hundred megawatts in 2005 to seven thousand in 

2015. The job opportunities in the solar energy field have doubled. These trends are 

accompanied by an inverse relation in PV price – whereas availability, accessibility and 

opportunity have increased, PV price has had a $4/watt drop over the past 7 years. Figure 2 

shows the decline in US average PV price per watt from 2009 to 2016 for residential, 

commercial, and utility systems. There are even more opportunities for cost decline through soft 

costs associated with labor, supply chain, and overhead considerations based on new emerging 

technologies. This competitive environment raises PV energy systems as a serious competitor 

when considering the added benefits of an energy storage system. 
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Figure 2: US average PV price decrease. 

Adapted from “U.S. Solar Photovoltaic System Cost Benchmark: Q1 2016” by R. Fu et al., 2016, 

NREL/TP-6A20-66532, September 2016, p. v. Copyright 2016 by Alliance for Sustainable 

Energy, LLC (Alliance) 

C. Energy Storage Batteries  

 Energy storage is becoming a prominent conversation around photovoltaic systems. With 

the increase in PV installations, the lower voltage grids are reaching their performance limit. 

Countries, such as Germany, are encouraging the use of residential systems in order to prevent 

the grids from reaching capacity. Energy storage systems allow for investors to harness the 

energy provided and use it at a later time to avoid buying electricity off the grid at a higher price 

[16]. Sodium-sulfur (NaS) battery systems developed in Japan has been shown to control 

charging or discharging based on the output of power generation [17]. This provides a closed-

loop system for investors to not only save energy to avoid costs, but create a reserve for the right 

amount of power based on their input and output needs. 
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 Energy systems can be identified from 5 different classifications – mechanical (pumped 

hydro, compressed air, and flywheel storage), electrical (double-layer capacitor and 

superconducting magnetic coil storage), thermal (sensible heat storage), chemical (hydrogen 

storage) and electrochemical (secondary batteries and flow batteries) [17]. Electrochemical 

storage systems are those that most often pertain to photovoltaic energy systems. Secondary 

batteries define the rechargeable battery systems, using Lead acid, Lithium, NaS, and Nickel-

metal compounds. Flow batteries encompass the redox flow or hybrid flow in terms of the 

electrolysis of water and the oxidation of hydrogen – essentially the ‘redox’ or oxidation-

reduction reaction – provides the electrochemical process.  

 Major role-players in the electrochemical battery market include lead acid, nickel-metal, 

lithium ion, and sodium sulfur batteries. Lead acid batteries are still the most widely used battery 

type and have been deployed since 1890. They are commonly used with emergency power 

systems and in stand-alone systems with photovoltaic energy. The lead acid batteries’ main 

disadvantage is their decrease in capacity after a high power discharge [17]. Nickel metal 

batteries have a higher energy density, but have been proven to be only useful for stationary 

products due to the cadmium toxicity levels. Lithium ion batteries have become a very important 

and prevalent storage technology, especially for mobile applications. Despite some safety 

concerns, they have an extremely high efficiency and continue to be researched for further 

improvements. NaS batteries are very responsive, and are therefore often used in economic 

applications concerning controlled power and time shift inquiries. These batteries meet the 

requirements for grid stabilization from their response time, and could prove to be an emerging 

alternative in the marketplace. 
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D. Government Involvement 

The US federal government is aware of the benefits of solar energy and, in addition to the 

federal solar investment tax incentives, has established initiatives such as the SunShot Initiative. 

The SunShot initiative is a national effort launched by the US Department of Energy in 2011 

with an objective to make solar energy more attractive and affordable for all Americans. 

Through research and development and collaboration with private solar-based organizations, 

universities, and national laboratories, SunShot aims to lower the costs of solar and make the 

renewable energy source market-competitive.  SunShot has set $0.05/kWh cost target for 

residential PV by the year 2030 [25]. Figure 3 explains the three pillars of the SunShot PV 

subprogram. 

 
Figure 3: Three Pillars of the SunShot PV subprogram. 

Adapted from “The SunShot Initiative & the U.S. Challenges and Prospects” by Dr. 

Drew DeJarnette, March 2017, p. 18. Copyright 2017 by SunShot U.S. Department of Energy 
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E. Research Motivation 

 More and more Americans, and investors across the globe, are considering the option of 

solar for electricity generation. With the vast number of benefits that come with the current PV 

and ES options and the future developments which will only improve the cost-effectiveness and 

quality of the PV and ES systems, economic justification will be needed to help residential 

investors decide whether or not to invest in solar. The return of investment (ROI) analysis 

performed in this research provides residential investors a clear basis and framework from which 

to make an appropriate economic decision. The breakdown of the analysis by eight of the top 

solar market states of the country further specifies the ROI to an investor based on the solar 

generating capabilities of the region of the country where the investor resides. The inclusion of 

an annual BCR provides investors an annual economic evaluation of the costs and benefits 

resulting from the PV and ES systems.    
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II. Literature Review 

 A literature review was performed to summarize the current research on integrated PV 

and battery storage systems. The literature review was used to highlight the economic objectives, 

constraints, and parameters used for analysis regarding the integrated systems from both a utility 

and investor perspective. This in turn helped with the formulation of the modeling framework 

used for analysis in this paper and the Microsoft Excel tool designed to assist investors with their 

return of investment (ROI) calculations for various scenarios.   

 The literature items are grouped as either published technical research papers or 

published research reports from energy-based government organizations and national 

laboratories as shown in Table 1. The table also depicts published technical papers by grid-area 

of focus, whether generation (utility) or distribution (investor), and depicts the published 

research reports by source, whether from NREL or other (The Frontier Group and Environment 

America Research and Policy Center, North Carolina Clean Energy Technology Center, or 

Lawrence Berkeley National Laboratory). The published research reports provide the set of 

necessary parameters for the various modeling frameworks used in this paper such as the capital 

investment cost of integrated PV and battery storage systems, the monetary value of residential 

generated solar, PV module degradation rates, federal and state tax incentive percentages, and 

home premiums for PV systems.  

 The published technical papers are further categorized by the economic objective used for 

analysis. The three analysis objectives considered are benefic/cost ratios (BCR), net present 

value (NPV) and return of investment (ROI). Figure 4 displays this break down of the papers by 

economic analysis method, and PV system operation and maintenance costs.     
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Table 1: Literature groupings by type of paper and grid-area focus. 

 

 
Figure 4: Literature groupings by economic objective (Technical Papers). 

[1] Delfanti, et al. (2015)

[2] Zebarjadi, Askerzadeh (2015)

[4] Rudolph, Papastergiou (2013)

[3] Cucchiella et al. (2016)

[5] Hoppmann et al. (2014)

[6] Rajasekaram, Costa (2015)

[7] Truong et al. (2016)

[8] Fu et al. (2016)

[10] Jordan, Kurtz (2012)

[13] NREL Energy Analysis (2016)

[14] NREL History of Solar

[20] Goodrick et al. (2012)

[9] Hallock, Sargent (2015)

[11] Inskeep et al. (2015)

[12] Hoen et al. (2015)

[15] Feldman, et al (2014)

[16] Whittingham (2012)

[17] IEC Electrical Energy Storage (2011)

[18] Solar City Impact Report (2015)

[21] Emrath

[24] Johnson and Klise (2012)

Research 

Report

Generation 

(Utility)

Distribution 

(Consumer)

National 

Renewable 

Energy 

Laboratory

Other

Technical 

Paper
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 The Politecnico di Milano department of energy in Milan, Italy [1] explains the various 

characteristics of an Energy Storage System – or ESS – for a PV plant. The ultimate goal of an 

ESS is to minimize energy imbalances in a PV system by storing incoming energy to later 

dissipate at a constant rate necessary to sustain the connected community. The actual apparatus 

of power and capacity is designed according to performance regulations. Forecast models are 

applied to verify and validate weather prediction accuracy of the ESS. A benefit/cost ratio (BCR) 

analysis is conducted, focusing on parameters of cost, efficiency, and lifespan. Using a 

mathematical model depicting ESS control logic, the data shows that the ESS must be entirely 

operated at its full capacity to avoid added costs for the users of the system.  

 Due to critical accuracy and consistency of PV performance evaluations, Zebarjadi and 

Askerzadeh [2] used a heuristic algorithm to optimize a grid-connected PV power plant. The 

economic objective of this optimization model was to minimize the net present value (NPV) of 

the photovoltaic system overall costs, while accounting for specified levels of power supply 

based on the reliability of the system. The objective function calculation is composed of the 

initial investment and the NPVs of the operation and maintenance costs, replacement and 

residual value of the system components, and the income from grid exchange revenue. This 

economic system model is evaluated on two types of systems – one with a battery energy storage 

system and one without. With lower electricity costs (ψ), the two barely show any difference in 

NPV. The battery energy storage system becomes more beneficial to the system as the electricity 

cost increases as depicted in Figure 5. 
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Figure 5: The effect of electricity costs on PV and PV with battery plant. 

Adapted from “Optimization of a reliable grid-connected PV-based power plant 

with/without energy storage system by a heuristic approach” by M. Zevarjadi and A. 

Askarzadeh, 2016, Solar Energy, 125, p. 20. Copyright 2015 by Elsevier Ltd. 

 

 Cucchiella et al. [3] perform an economic analysis to evaluate the potential profitability 

of PV systems within unsubsidized residential sectors and for energy storage systems within a 

mature market, which helps define the economic success criteria for an integrated PV system [3]. 

Using a NPV model, the profitability is first evaluated for a stand-alone PV system, then for an 

ESS, and then for an integrated PV and ESS system. After evaluating 528 scenarios of varying 

PV production, household consumption, and energy storage, the Cucchiella et al. [3]  note the 

profitability of PV systems are  strongly related to self-consumption, and the feasibility of an  

integrated system is dependent on the NPV of energy storage system. 

 A financial analysis was conducted by Rudolph and Papastergiou to determine the 

feasibility of using battery energy as part of a utility scale photovoltaic plant [4]. This work 

determined that generation shifting of batteries helps generate additional revenue for PV 

projects. Peak-load battery shifting is a process of delaying the effects on a power system during 

times of large energy loads so that the system can readily take on the additional work, 
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minimizing the required generation capacity. Electricity market prices were revealed to be a 

driving force behind a project decision from a financial perspective, more relevant than battery 

lifetime or price. The economic viability of the project can be boosted with a battery that holds 

up to 50% of the daily output of photovoltaic energy. Analysis in the form of a NPV helps 

determine the benefit of battery energy storage as compared to original PV plant revenue. The 

research states that this value could increase by 65% if a 25% higher energy premium is applied 

[4]. 

 Due to the lack of certainty in the economic viability of energy storage systems for 

residential environments, Hoppmann et al. [5] utilized a simulation model with residential PV 

energy in Germany to investigate the profitability of ESS. Their simulation model used eight 

different electricity price scenarios for 2013 to 2022 [5]. Running the model across a vast 

number of scenarios helped determine an economically viable configuration of PV and storage 

system based on the size of each system. Higher retail electricity prices and lower wholesale 

price/access contributed to the profitability of PV storage. The model accounted for both 

technological and economical barriers, revealing that most profitable PV systems are those with 

medium wholesale and medium retail prices. The best size begins at 4.5 kWh in 2013 and was 

estimated to reach 7.0 kWh in 2021. Figure 6 displays how the electricity generation is 

consumed and or stored through a typical 24-hr cycle. The analysis assumes that during the peak-

generation hours of the day (hours 9-17) a residence consumes its own PV generated electricity 

((4) on the graph). Once a residence demand is met, the remainder of the PV generated electricity 

is stored in the battery ((2) on the graph). The excess electricity during this period (after 

residence consumption and storage) is then sold back to grid ((3) on the graph).  
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Figure 6: 24-hr energy consumption and storage. 

Adapted from “The Economic Viability of Battery Storage for Residential Solar Photovoltaic 

Systems – A Review and a Simulation Model” by J. Hoppman et al., 2014, Renewable and 

Sustainable Energy Reviews, 39, p. 1108. Copyright 2014 by Elsevier Ltd. 

 

 Another residential analysis by Rajasekaram and Costa [6] classifies the viability of PV 

energy storage for multi-family homes. Economic feasibility is analyzed with an added fleet of 

electric cars. Scenarios with battery storage and electric cars are simulated in a System Advisor 

Model (SAM) while scenarios with gasoline cars are simulated in Matlab. NPV is used as an 

economic indicator for evaluation and proves best when a PV system with battery storage is 

used. However, the NPV was negative with a value of -82000 SEK, leading to the conclusion 

that PV battery storage is not yet economically viable for multi-family homes.  

 With the release of Tesla’s Powerwall, the Technical University of Munich [7] 

investigated the economic benefit of the Powerwall with respect to Germany’s average market 

price for electricity.  Since current high investment costs deter PV systems’ profitability, Tesla’s 
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product being 25% of the average price on the market may open the door to a worthwhile 

renewable investment. With parameters such as aging, price, retrofitting, and subsidies, scenarios 

are assessed through simulation models which calculate power generation, storage capacity, 

NPV, and ROI. With varying prices, loads, household sizes, and energy coupling, the results 

show it is necessary to have an accurate economic depiction of electricity prices to determine an 

agreeable benefit of the Powerwall. While most scenarios proved more profitable than the 

current market, an assumed constant electricity price did show a negative ROI for several 

examples, in which either the large energy throughput causes degradation and performance loss, 

or the households are too small to fully utilize the system. 

 Fu et al. from NREL provided useful information regarding US solar photovoltaic capital 

cost benchmarks for the first quarter of 2016, where a 5.6 kW residential PV system was the 

basis for analysis [8]. A national average of $2.93/W is reported weighted by 50% of installer 

market shares and 50% of integrator market shares from installed residential PV systems in the 

year 2015; the integrator business structure provides financing and monitoring on installed 

systems but the installer does not. The capital costs are further broken down by the top solar 

market states: Arizona, California, Colorado, Florida, Massachusetts, Nevada, New York, and 

Texas. This gives a more regional outlook on PV prices. The capital cost averages for PV used in 

this research are based on the NREL, a US Department of Energy funded national lab, cost 

model.  These costs differ from fourth quarter of 2015 averages reported in the corporate filings 

of public solar integrators such as SolarCity ($2.71/W), Sunrun ($3.12/W), and Vivint Solar 

($3.64/W) [8]. The difference is due to differing cost structures. Public sector integrators account 

for sold and leased PV systems, where leased system costs span the life of the lease as opposed 

to the period in which the system is sold; this makes it difficult to accurately determine the true 
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costs at the time of sale. NREL and this research assume only sold systems. In addition, costs 

from public integrators such  SolarCity include both residential and commercial PV systems, 

slightly skewing the reported costs. NREL and this research use exclusively residential costs. 

 The Frontier Group and Environment America Research and Policy Center [9] published 

a technical report outlining the value of solar energy from an investor and societal perspective. 

The report highlights certain attributes of “going solar” and how these characteristics add up to 

the value of solar in cents per kWh. Investor-based benefits include net energy metering, jobs, 

and reduced financial risk. Societal-based benefits include decreased gas emissions, lower 

energy costs, reduced air pollution, and increased grid resiliency. Eight out of their 11 analyses 

found the solar energy rate to be worth more than the average retail electricity rate in the area 

studied. The 11 analyses had a median of 0.1690 $/kWh as the value of rooftop solar energy.  

 Current average PV module lifetimes range between 20-30 years. Over the course of their 

lifetime modules will experience some performance degradation. For thorough economic 

analysis of PV system investments, degradation rates of the PV modules must be incorporated 

into the analysis to provide a more accurate estimation of the annual electricity generation 

capacities of the systems. In order to predict the lifetime of PV modules and compensate for their 

decreased output over time, Jordan and Kurtz of NREL [10] analyzed published degradation 

rates throughout the last 40 years. After an assessment of nearly 2000 reported rates, the authors 

assembled a report presenting a median of 0.5% degradation per year and an average of 0.8% per 

year as shown in Figure 7. 78% of all data reported a rate less than 1% per year. The red-dashed 

line marks the 1% threshold. Various data trends – such as lower degradation rates after the year 

2000 – are very apparent through the statistical analysis provided by NREL. 
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Figure 7: Average PV Module Degradation Rates. 

Adapted from “Photovoltaic Degradation Rates – An Analytical Review” by D. Jordan and S. 

Kurtz, 2012, NREL/JA-5200-51664, June 2012, p. 6. Copyright 2012 by Alliance for Sustainable 

Energy, LLC (Alliance) 

  Answers to frequently asked questions regarding tax incentives can be found in an 

organized guide specifically for residential PV systems provided by the North Carolina Clean 

Energy Technology Center [11]. While it is not a valid substitute for professional tax advice, the 

guide provides the basic groundwork for tax credit, incentives, and repayment for homeowners. 

The report includes eligibility criteria, a variety of repayment options, and tax credit breakdowns 

on the state and federal level. The guide follows up with further resources for economic advice to 

help a homeowner make the decision of investing in a solar power system. 

 Home premiums for residential PV systems have a significant impact on the value and 

economic benefit of the system to the homeowner [12]. Through a study containing more than 

twenty- thousand households (18,871 without a PV system and 3,951 with a PV system), 

researchers from the Lawrence Berkeley National Laboratory in cooperation with the US 

Department of Energy SunShot initiative found that homeowners were willing to pay premiums 

regardless of location, market, and home type. There is a very small difference between 
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premiums for new and existing homes and the amount customers are willing to pay depend on 

the system size. Both net-cost estimates and income-based estimates can be effective in 

predicting the market for premiums. Average premiums equate to about $4 per watt across all 

homes and about $3 per watt across the US excluding California. This study, published in 

January 2015, is based on the hedonic methodology which estimates the premiums using 

averages across a large sample of homes. Although researchers prefer the hedonic method, real 

estate appraisers and their lending clients prefer the paired sales methodology which is better 

suited to provide estimates for a single home versus a large sample of homes as the hedonic 

method does [32]. The Lawrence Berkeley National Laboratory in cooperation with the US 

Department of Energy SunShot initiative published the second PV home premium study using 

the more real estate industry accepted paired sales method in November of 2015 [32]. The paired 

sales method yields average premiums of $3.63 per watt across all US homes. Figure 8 displays 

the PV premiums across all US homes for the paired sales and hedonic modeling approaches.  

 
Figure 8: PV Home Premiums. 

Adapted from “Appraising into the Sun: Six-State Solar Home Paired-Sales Analysis” by S. 

Adomatis and B. Hoen et al., 2015, p. 23. Copyright 2015 by Lawrence Berkeley National 

Laboratory and U.S. Department of Energy 
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 Renewable energy cost estimates are a necessary piece of information for any economic 

analysis of an energy system. These costs are provided by a government-funded data acquisition 

for renewable energy costs by NREL [13]. While these values are not to be used to be interpreted 

as statistically significant they do provide a basis that can attest to economic viability. NREL 

provides operation and maintenance (O&M) costs for most renewable energy sources calculated 

from data collected since 2012. The useful life for these sources was estimated using interviews 

with various experts working with various energy technologies. In addition, the system sizes are 

also provided in order to estimate costs in dollars/kilowatt year ($/kW-yr). 

Solar technology has evolved over several centuries of development.  Its major 

milestones in history are important for understanding and analyzing current leaps in photovoltaic 

energy [14]. From using mirrors to light torches for religious ceremonies in 3
rd

 Century BC to 

Einstein’s Nobel Prize-winning photoelectric effect in 1921, we begin to see solar energy 

catalyze into a marketable resource. The creation of the NREL in the late 1970’s led to huge 

increases in solar cell efficiencies by the 1990s and a decrease in the overall costs of solar 

energy.  The implementation of residential PV is the starting point for this paper’s purpose. 

The US Department of Energy Sun Shot Initiative considers PV system pricing from a 

historical, recent and future projections perspective [15]. With the rapid market growth for 

photovoltaic systems pricing changes significantly over a short period of time. This stresses the 

need for comprehensive data on PV system pricing for future predictions. Through the compiled 

data it is evident that expected, reported, and modeled outcomes all show a downward trend for 

residential and commercial PV pricing. Since 1998, reported system prices for residential and 

commercial PV have fallen at an average of about 9% each year and are projected to continue 

decline for the foreseeable future.  
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Energy storage is predicted to be a key contributor to the overall growth of distributed 

renewable energy generation. Whittingham [16] describes the history of energy storage systems 

and how the technologies have advanced over time from the pumped hydro storage systems of 

the early 1900s to the lead-acid and lithium-ion battery systems used in the present-day. An 

analysis on the different storage capacities offered by the present-day battery systems is 

performed and a future perspective is given based on the expected growth of energy storage 

capabilities and the continued investment in energy storage research.  

Electrical energy storage systems are discussed in a white paper published by the 

International Electrotechnical Commission (IEC) [17]. Various energy storage technology 

classifications are described along with the role and importance of energy storage for renewable 

energy generation. The current market for storage systems is presented and the forecasted market 

potential for 2030 is predicted. The paper also addresses the potential impact of growing energy 

trends such as smart-grid capabilities, microgrids, and electric vehicles on storage systems.   

The literature discussed in this section provides a background on where PV and ES 

system research is in the present day. The technical papers utilized optimization through the use 

of NPV, BCR, and an NPV-BCR combination as economic analysis methods. The research 

reports provided analyses regarding the costs of solar, tax incentives for solar investment, and 

other parameters that relate PV and ES systems such as module degradation rates. The following 

section describes the formulated ROI framework that provides investors economic justification 

for an investment in residential solar. The ROI framework is composed of variables and 

parameters that reference the research and analyses presented in this literature review. 
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III. Scenario 2 Formulation 

 This research utilizes a return of investment (ROI) approach for economic analysis. The 

approach computes the ROI over a course of 𝑡 years for scenarios 2 and 3, where scenario 2 

analyzes a residence with just a PV system. An analysis tool, constructed using Microsoft Excel, 

is used to calculate the ROI for a proposed system. Based on the parameters of the specific PV or 

PV and ES system the user plans to invest in, the tool calculates the total gains, costs, and 

savings from the investment, as well as the ROI of the investment (expressed as a percentage). 

The ROI is calculated by subtracting the total costs (occur annually over the period of 𝑡 years) 

and capital investment costs (upfront investment costs) from the total gains and energy cost 

savings (occur annually over the period of 𝑡 years). This value is then divided by the capital 

investment costs. From the ROI, the user can make an economically informed decision on 

whether or not to proceed with the investment.  

 The variables used for the ROI in scenario 2 are the amount of energy provided by the 

PV system in year 𝑡 (PVE t
), the amount of energy consumed from the grid by a residence in year 

𝑡 (RSGE 
t
S2), and the amount of PV provided energy consumed by a residence in year 𝑡 

(RSPVE 
t
S2). PVE t

 range is defined as 

PVE t
 ∈ [0 , PVMAX t

]                                     (1) 

where PVMAX t
 is the generation capacity of the PV system, in kWh, in a given year 𝑡. 

PVMAX t
decreases over the course of 𝑛 years based on the degradation rate of the PV modules. 

RSGE 
t
S2 range is defined as 

RSGE 
t
S2  ∈ [0 , GMAX t

]                                      (2) 

where GMAX t
 is the generation capacity of the grid in given year 𝑡. RSPVE 

t
S2 range is defined as 

RSPVE 
t
S2  ∈ [0 , PVE t

]                                     (3) 
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because a residence can only consume up to as much as a residence’s PV system generates in 

year 𝑡. Lastly, RSPVE 
t
S2 +  RSGE 

t
S2 range is defined as 

RSPVE 
t
S2 +  RSGE 

t
S2 ∈ [RSDE , ∞]                                      (4) 

where RSDE is the annual energy consumption of a residence. The investment gains of scenario 2 

are the following: 1) the home value premium (VALHOME 
13
S2), added due to the inclusion of the 

PV system when a residence is sold in year 13 [21], defined as 

VALHOME 
13
S2 = PRHOME 13

∗ PVMAX 0
                                      (5) 

2) The federal and state tax incentives (TAXINC 
1
S2) for residential renewable energy investment, 

which are defined as 

TAXINC 
1
S2 = TPVC CAPITAL

S2 ∗ [rFED TAX
 1

+ (1 − rINCOME TAX
 1

) ∗ rSTATE TAX
 1

]                (6) 

3) The credit from net-metered energy sold/injected back into the grid from a residence, which is 

calculated by multiplying the amount of injected energy (PVE t
− RSPVE 

t
S2) times the average 

energy sale price (SPE t
), is defined as 

∑ (PV
E t

− RSPVE 
t

S2𝑡=13
𝑡=0 ) ∗ SPE t

                                                (7) 

4) The annual energy cost savings, which are calculated by multiplying the average energy 

purchase price (PPE t
) by the difference between the average annual energy consumption of a 

residence (RSDE) and the energy consumed from the grid (RSGE 
t
S2), defined as 

∑ (RSDE − RSGE 
t

S2𝑡=13
𝑡=0 ) ∗ PPE t

                                              (8) 

 The total costs of the investment are the following: 1) the costs of grid supplied energy 

used by a residence (RSGE t
S2 ∗ PPE t), which is included within the annual energy cost savings; 

2) O&M costs of the PV system (∑ OMPV 
t

S2𝑡=13
𝑡=0 ); 3) the payments made on the loan used to 

offset the capital investment costs (PLOAN 
t
S2). Loan payments are defined as 
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                            ∑ PLOAN 
t
S2 =

rLOAN∗AMOUNTLOAN
S2

1−(1+rLOAN)−tLOAN

t=13
t=o                        (9) 

The total capital investment costs of the PV system are the capital costs of the module costs 

(CPV), system inverter cost (CINV), labor installation cost (CLAB), balance of system cost (CBOS), 

permit, grid-interconnection, inspection cost (CPII), sales tax (CST), shipping cost (CSHIP) of the 

purchased system equipment, and the sales and marketing, overhead, and installer profit costs 

(CSM+OV+IP). Total capital investment costs of the PV system are defined as 

TPVC CAPITAL
S2 = CPV + CLAB + CINV + CBOS + CPII + CST + CSHIP + CSM+OV+IP                  (10) 

 Annual BCRs are used to provide the investor a year-to-year economic evaluation of the 

PV system. Benefits of the BCR are the credit from net-metered energy sold/injected back into 

the grid from a residence and the annual energy cost savings. Costs of the BCR are the annual 

total costs of the investment. Scenario 2 annual BCR is defined as 

BCRt
S2 =

(PVE t
−RSPVE 

t

S2)∗SPE t
+(RSDE−RSGE 

t

S2)∗PPE t
(RSGE 

t

S2∗PPE t
)+OMPV 

t

S2+PLOAN 
t

S2                                         (11) 

 Scenario 1, the base scenario of a residence without a PV or ES system, does not have a 

computed ROI due to a lack of capital costs forcing the denominator of the equation to equal 

zero. Thus, scenario 1 totals are the annual energy costs for a residence (RSDE ∗ PPE t).  
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The following is a detailed listing of the variables and parameters used in the ROIS2 model:  

Variables: 

PVE t
= amount of energy provided by the PV system in year (𝑡) 

RSGE 
t
S2 = amount of energy consumed from grid by residence in year (𝑡) for scenario 2 

RSPVE 
t
S2 = amount of PV provided energy consumed by residence in year (𝑡) for scenario 2 

Notation Parameters: 

𝑆2 = signifies that the variable applies only to scenario 2  

𝑡 = signifies the specific year; where 𝑡 = 1. . 𝑛 

𝑛 = lifetime span of PV system (in 𝑡 years) 

Electricity Parameters: 

PPE t
= average energy purchase price in year (𝑡); ($/kWh) 

SPE t
= average energy sale price in year (𝑡); ($/kWh) 

PRHOME 13
= average premium paid per residential PV capacity in year (𝑡 = 13); ($3.63 W)⁄   

OMPV 
t
S2 = operation and maintenance cost of PV system in year (𝑡); ($/W) 

PVMAX 0
= generation capacity of the PV system in purchase year (𝑡 = 0); rated capacity 

GMAX t
= generation capacity of the grid in year (𝑡); (kWh) 

RSDE = average annual energy consumption of residence 

PV System Investment and Cost Parameters: 

CPV = capital cost of PV system modules ($/W)  

CLAB = capital cost for installation labor ($/W)  

CINV = capital cost for inverter ($/W) 

CBOS = capital cost of balance of system equipment (wiring, mounting equipment, etc. );  ($/W) 

CPII = capital cost of permit, grid − interconnection (net metering) and inspection ($/W) 

CST = capital cost of sales tax on purchased system equipment ($/W) 

CSHIP = capital cost of shipping and handling system equipment ($/W) 

CSM+OV+IP = capital cost of sales & marketing, overhead, and installer profit ($/W) 

AMOUNTLOAN
S2 = amount of loan applied to capital investment costs in year 0 (𝑡 = 0); ($) 
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Rate-based Parameters: 

rFED TAX
 1

= tax credit (30%) applied to the capital cost total of PV system in year 1 (𝑡 = 1) 

rSTATE TAX
 1

= state tax credit applied to capital cost total of PV system in year 1 (𝑡 = 1) 

rINCOME TAX
 1

= income tax rate  of PV system purchaser in year 1 (𝑡 = 1) 

rLOAN = fixed interest of loan (applied annually) 

tLOAN = number of years on loan payment 

The following is a summary of the equations and variable limitations used in the ROIS2 model:  

Equations: 

ROIS2 = [(
C1 + C2 − C4 − C5 − C7

C7
) + (

C3
C7

) ∗ ∑ (RSDE − RSGE 
t

S2

𝑡=13

𝑡=0

) + (
C6
C7

) ∗ ∑ (PVE t
− RSPVE 

t

S2

𝑡=13

𝑡=0

)] ∗ 100 

where, 

C1 = VALHOME 
13

S2 = PRHOME 13
∗ PVMAX0

                          

C2 = TAXINC 
1

S2 = TC CAPITAL
S2 ∗ [rFED TAX1

+ (1 − rINCOME TAX1
) ∗ rSTATE TAX

 1
]                     

C3 = PPE t
     

C4 = ∑ OMPV 
t

S2𝑡=13
𝑡=0                       

C5 = ∑ PLOAN 
t

S2 =
rLOAN∗AMOUNTLOAN

S2

1−(1+rLOAN)−tLOAN

t=13
t=o                  

C6 = SPE t
                     

C7 = TPVC CAPITAL
S2 = CPV + CLAB + CINV + CBOS + CPII + CST + CSHIP + CSM+OV+IP                     

Variable Limitations:                                         

PVE t
 ∈ [0 , PVMAX t

]                                                       

RSPVE 
t

S2  ∈ [0 , PVE t
]                                                 

RSGE 
t

S2  ∈ [0 , GMAX t
]                  

RSPVE 
t

S2 +  RSGE 
t

S2 ∈ [RSDE , ∞]                  
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 A Microsoft Excel tool is provided for computation of the ROI. Figure 9 displays the 

parameters and capital costs sections of the Microsoft Excel tool. The parameters in Figure 9 are 

examples from a US average perspective. The tool provides each user the capability of adjusting 

certain parameters to meet the specific investment situation for the user. In order to perform 

state-specific analysis, each of the eight solar market states of the United States has its own tab in 

the Excel tool. The capital costs are specific to each state and are not adjustable by the user.  

 Congressional legislation extended the federal tax credit rate for residential PV 

investment to remain at 30% through the end of 2019 and can be adjusted by the tool user. The 

rate will fall to 26% in 2020, 22% in 2021, before dropping to 0% after 2022 [19]. Over the 

duration of this time period, capital costs for investing in residential PV are also expected to 

decrease. The NREL study by Goodrich et al. predicts a drop to $2.29/W for residential PV 

systems; the 2010 benchmark for residential PV system capital costs was $5.71/W [20]. Thus, 

the decrease in capital costs will help off-set the lost benefit of the federal tax credit rate by 

2022. The state credit rate, purchaser income tax rate, fixed interest rate for the loan, loan 

amount (based on the percent of capital costs covered by the loan), and number of years on the 

loan are to be adjusted by the tool user based off his or her specific situation. The degradation 

rate is set at 0.5% based on the Jordan and Kurtz NREL study [10] and is not adjustable. The PV 

system discount rate (set at 4.6%) [29], annual US energy inflation rate (set at 3.2%) [30], annual 

PV system cost decrease rate (set at -9.5%) [8] and average US PV system market value % 

decrease after 10 years of usage (set at -32%) [29] are not adjustable by the tool-user. These non-

adjustable parameters, along with the fixed discount rate for the loan [28], are key assumptions 

for the analysis of this research and are explained in the following assumptions section.  
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 Average annual energy consumptions per residence and average energy purchase prices 

are specific to each state. Figure 9 displays the US day-time (sunrise to sunset) and night-time 

averages for annual energy consumption per residence (10812 kWh total) and annual energy 

purchase price (0.1265 $/kWh). The tool user is able to adjust the consumption amount and 

energy purchase price to match his or her specific energy bill or use the state average for his or 

her specific state. This data was gathered from and is readily available by year on the US Energy 

Information Administration website [23]. An analysis by the Frontier Group and Environment 

America Research and Policy Center provides the median PV energy sale price of 0.1690 $/kWh 

[9]; this value is not adjustable by the user. Current grid-connected PV system inverters have 10 

or 15 year warranties [24]. As explained by Johnson and Klise, PV system inverters have similar 

10 or 15 year warranties, thus assuring an equivalent warranty period for the entire system. The 

average annual O&M costs for <10kW PV systems are provided through government-funded 

renewable energy data acquisition [13]; this value is not adjustable by the user. The Lawrence 

Berkeley National Laboratory study by Adomatis and Hoen provides a home premium increase 

of $3.63/W based off PV system capacity [32]; this value is not adjustable by the user. The 

generation capacity of the grid, denoted by GMAX t
, is used to limit RSGE 

t
S2 as shown in the 

variable limitations above and is adjustable by the user. The home premium increase is a key 

assumption for the analysis of this research and is explained in the following assumptions 

section. The capital costs are imitated from the US solar photovoltaic capital cost benchmarks for 

the first quarter of 2016 [8]. The capital cost benchmark values vary and are specific for each 

state’s Excel sheet and are expressed in 2016 dollars.  
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Figure 9: Microsoft Excel tool parameter and capital costs. 

 

 Figure 10 displays the variables, gains, investments, and costs section of the tool, broken 

down by the rated capacity of each PV system option (5kW, 6kW, and 7kW). Similar to the 

capital costs, the average annual generation for each system rated capacity is state-specific. The 

values in Figure 10 are an example from the US average perspective. All values within the 

tables are computed based off the user-input parameters and therefore are not adjustable by the 

user. Appropriate formulas are included within the variable cells to account for the variable 

limitations.  

 
Figure 10: Microsoft Excel tool variables, gains and costs. 
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IV. Scenario 2 Assumptions 

A. Loan & Renewable System Discount Rate: 

 Energy related projected financed by the government use a different discount rate than 

those financed through the private sector. Khatib states a private energy sector discount rate of 

4.2% for energy project investments [28]. This analysis assumes the 4.2% rate on the loan and 

that the loan used is from the private energy sector and not the government. The discount rate is 

used without the effects of inflation because PV investment loan rates are inflation-free [31]. 

Due to the annual totals this analysis is based off, this fixed loan discount rate is assumed to be 

annually compounded. The Excel tool is designed to allow the investor/tool-user the ability to 

change the discount rate to match whatever rate a private lender may state for the loan. The loan 

is assumed to be paid off in annual payments. The annual payments are calculated using the 

annuity payment formula, equation (9), expressed in the scenario 2 formulations. 

 A home solar value data analysis by EnergySage and Sandia National Laboratories (a US 

Department of Energy research and development lab) states a renewable system discount rate of 

4.6% [29]. Truong et al. discusses the potential replacement of the storage battery post warranty 

[7]. Since the battery, detailed later in Scenario 3 Assumptions, is a component of the overall 

system, this analysis assumes the 4.6% discount rate for the battery replacement cost. The 

discount rate is applied to the multiplier for the single sum future worth replacement cost of the 

battery. The same discount rate of 4.6% is assumed for the PV system in year 13 when applying 

the increased home premium of a PV-home. This discount rate is used in the multiplier to attain 

the single sum future worth of the increased home premium, 3 years after the PV system market 

value decrease is applied, in year 13 when the home is assumed to be sold. 
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B. Energy Inflation Rate: 

 PV investment loan rates are inflation-protected (not affected by inflation), thus this 

research assumes no inflationary effects on the loan [31]. Although PV loans are not affected by 

inflation, electricity retail rates are and the effects lead to an increase in the savings experienced 

by the investor over time from the PV system [31]. As a result, an annual US energy inflation 

rate of 3.2% – the average annual US energy inflation rate from 2010-2015 [30] – is assumed 

and applied to all electricity retail priced based costs in this analysis. Due to a lack of data or 

studies concerning the inflation of PV electricity sale prices, this project assumes the average 

annual inflation rate of PV electricity sale prices is consistent with the annual US energy 

inflation rate of 3.2% used for retail prices. 

C. PV System Cost & Market Value Decrease Rate: 

  Over the past 5 years, PV costs have experienced a decrease from $4.37/W in 2011 to 

$2.93/W in 2016 [8]. On average, PV costs have experienced a 9.5% annual decrease rate during 

this time frame. O&M annual costs are determined based on the annual generating capacity of 

the PV system [13] and are thus assumed to be annually adjusted at the same rate as the annual 

decrease rate of PV cost; the same decrease rate is assumed for the replaced battery in Scenario 3 

as joint PV and ES systems become more common and more research and development is 

focused on reducing storage costs [34]. Figure 11 displays a table of the PV cost decrease rate.  

 
Figure 11: US average residential PV cost (per Watt DC). 
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 EnergySage and Sandia National Laboratories performed an analysis on how the market 

value of PV systems changes over time [29]. The market value for a newly purchased PV system 

is compared to the market value of the PV system 5, 10, and 15 years after original purchase. 

Across the 15 major US cities analyzed, an average decrease in PV system market value of 32% 

is observed by year 10. This analysis assumes a 32% market value decrease for the average 

premium per residential PV capacity ($/W) applied in the year the home is assumed to be sold. 

Figure 12 the table depiction of the PV system market value decrease rate.  

 
Figure 12: US Average market value of residential PV systems (per Watt DC). 
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D. Loan Amount: 

 Capital investment costs for PV systems can be pricey. PV loans are used to help cover 

these initial system costs. The requested loan amount can vary between investors based on the 

financial situation of each separate investor and how much of the capital costs the investor can 

cover him or herself. With the federal and state renewable tax credit, investors are able to off-set 

the expensive capital costs. Although loan payments are added annual costs for the investor, a 

loan helps to further ease the investment and make the possibility of investing in solar more 

affordable for the average American. For the purposes of this analysis, the loan amount used is 

assumed to cover 20% of the capital investment costs. With the tax credit off-setting 30% of the 

capital costs and the loan covering 20% of the costs, 50% of the capital costs are accounted for, 

thus reducing the investor’s monetary burden. The loan amount directly affects the ROI and 

BCRs because it reduces the total costs paid in the investment year (year 0) and dictates the 

annuity payments. The loan is assumed to have a 10 year payment period.  

E. Analysis Horizon: 

 Based on a US Census Bureau analysis by Emrath, homeowners live in their homes for 

an average 13 years before selling the home [21]. This analysis assumes a 13 year home-stay and 

thus uses a 13 year horizon for the analysis. Since the PV system market value decrease rate is 

based off a 10 year timeframe, a multiplier is applied to provide the single sum future worth in 

year 13. The increase home premium is applied in year 13 when the home is sold. The 13 year 

horizon is applied to all the state-specific analyses. This number is not adjustable by the tool 

user. 
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V. Scenario 3 Formulation 

 Scenario 3 analyzes a residence with a joint PV and ES system. As with scenario 2, an 

analysis tool, constructed using Microsoft Excel, is used to calculate the ROI for a proposed joint 

PV and ES system in scenario 3. The tool uses PV system-based parameters from scenario 2 and 

incorporates ES system-based parameters to calculate the total gains, costs, and savings from the 

joint system investment, as well as calculate the ROI of the joint system investment (expressed 

as a percentage). Similarity to scenario 2, the ROI in scenario 3 is calculated by subtracting the 

joint system total costs (occur annually over the period of 𝑡 years) and joint system capital 

investment costs (upfront investment costs) from the joint system total gains and energy cost 

savings (occur annually over the period of 𝑡 years). This value is then divided by the joint system 

capital investment costs. From the ROI, the user can make an economically informed decision on 

whether or not to proceed with the joint system investment.  

 The variables used for the ROI in scenario 3 are the number of batteries required for the 

ES system(NoB), the amount of energy discharged from the ES system in year 𝑡 (ESE
t
), and the 

amount of energy used to charge the ES system in year 𝑡 (ESCHE
t
). The amount of energy 

discharged from the ES system in year 𝑡 is equivalent to the amount ES system energy consumed 

by a residence in year 𝑡. ESE
t
 range is defined as 

ESE
t

 ∈ [0 , ESMAX t
]                                   (12) 

where ESMAX t
 is the maximum storage capacity of the ES system in a given year 𝑡. The 

maximum storage capacity of the ES system is based on NoB and NoB is based on the amount of 

ES system energy consumed by a residence in year 𝑡. ESMAX t
, NoB,  ESCHE

t
, and ESE

t
 are 

defined as 

ESMAX t
= NoB ∗ CAPSOC                                                (13) 
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NoB = (RSDCOV) ∗
RSDE

DoD∗Eff∗CAPSOS∗TCHRG−DIS
                                    (14) 

ESCHE
t

= (RSDCOV) ∗
RSDE

Eff
                                                   (15) 

ESE
t

= (RSDCOV) ∗ RSDE                                                     (16) 

where CAPSOC is the storage capacity of a battery when operated between the minimum and 

maximum state-of-charge limitations, DoD is the depth-of-discharge – how much total energy 

can be drawn from a battery in one complete charge/discharge cycle – of a battery, Eff is the 

efficiency – rate of how much energy is lost or maintained during each charge/discharge cycle – 

of a battery, TCHRG−DIS is the total charge/discharge cycles in a year (one cycle per day), and 

RSDCOV is the amount (as a percent) of night-time residential consumption covered by the ES 

system.  

 The investment gains of scenario 3 are the same as those for the scenario 2, with the 

incorporation of the ES system. The  home value premium of scenario 3 (VALHOME 
13
S2) includes 

the added maximum capacity (ESMAX t
) of the storage system divided by the 4hr discharge, 

converting the units from kWh to kW. The federal and state tax incentives of scenario 3 

(TAXINC 
1
S3) include the total capital investment costs of the ES system (TESCCAPITAL). 

VALHOME 
13
S2, TAXINC 

1
S3 and TESCCAPITAL are defined as  

  VALHOME 
13
S3 = PRHOME 13

∗ (PVMAX 0
+

NoB∗CAPSOC

DISCHRGTIME
)                                (17) 

TAXINC 
1
S3 = (TPVC CAPITAL

S2 + TESCCAPITAL) ∗ [rFED TAX
 1

+ (1 − rINCOME TAX
 1

) ∗ rSTATE TAX
 1

]     (18) 

TESCCAPITAL = ESCBATT + ESCBOS + ESCLAB + ESCPII + ESCST + ESCSM+OV+IP        (19) 

where DISCHRGTIME is the discharge time of the ES system, and the capital investment costs of 

the ES system are the cost per battery (ESCBATT), the ES system electrical component balance of 

system costs (ESCBOS), the added labor costs due to ES system installation (ESCLAB), the added 
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grid, permitting, and interconnection costs due to the addition of the ES system (ESCPII), the sale 

tax of the purchased ES system equipment (ESCST), and the sales and marketing, overhead, and 

installer profit (ESCSM+OV+IP). The credit from net-metered energy of scenario 3 is calculated by 

multiplying the average energy sale price (SPE t
) times the amount of energy sold/injected back 

into the grid from that which is provided by the joint PV and ES system in year 𝑡 (PVE 
t

−

RSPVE 
t
S3+ ESE

t
). The scenario 3 net-metered energy credit is defined as 

∑ (PVE 
t

− RSPVE 
t
S3+ ESE

t

𝑡=13
𝑡=0 ) ∗ SPE t

                                          (20) 

where RSPVE 
t
S3 is the amount of joint PV and ES system provided energy consumed by a 

residence in year 𝑡. RSPVE 
t
S3 combines the PV and ES energy because the energy stored and 

discharged from the ES system comes from the PV provided energy (PVE 
t
). As a result, 

RSPVE 
t
S3 is greater than RSPVE 

t
S2. The annual energy cost savings of scenario 3 are calculated 

by multiplying the average energy purchase price (PPE t
) by the difference between the average 

annual energy consumption of a residence(RSDE) and the energy consumed from the grid 

(RSGE 
t
S3). The scenario 3 energy cost savings are defined as 

∑ (RSDE − RSGE 
t

S3𝑡=13
𝑡=0 ) ∗ PPE t

                                         (21) 

The amount energy consumed from the grid in scenario 3 (RSGE 
t
S3) is less than that of scenario 2 

(RSGE 
t
S2) because of the added energy provided to the investor by the ES system in scenario 3 

(ESE
t
). 

 The total costs of the investment for scenario 3 are the same as those for the scenario 2, 

with the incorporation of the ES system. The O&M costs for scenario 3 (OMPV 
t
S3) are the O&M 

costs for scenario 2 (∑ OMPV 
t
S2𝑡=13

𝑡=0 ) plus the added O&M costs of the ES system. The ES 

system O&M is a percentage [35] of ES system capital investment costs (TESCCAPITAL) 
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multiplied by the frequency maintenance is performed [36]. Loan payments (PLOAN 
t
S3) are 

defined similarily to equation (9) in scenario 2, with the inclusion of the ES system impacts. The 

total capital investment costs of the PV system (TC CAPITAL
S3 ) incorporate the same costs as 

TC CAPITAL
S2  with a battery-based inverter (CBATT_INV) replacing the regular PV system inverter 

(CINV) of scenario 2. A battery-based inverter is required to convert the DC (direct current) 

electricity from the ES system batteries into AC (alternating current) for residential consumption 

and injection into the grid. This CBATT_INV is more costly than the CINV of scenario 2, thus the 

increase in scenario 3 capital investment costs for the PV system (TC CAPITAL
S3 ) when compared 

to those of scenario 2 (TC CAPITAL
S2 ). The PLOAN 

t
S3, TC CAPITAL

S3  and OMPV 
t
S3 are defined as 

                            ∑ PLOAN 
t
S3 =

rLOAN∗AMOUNTLOAN
S3

1−(1+rLOAN)−tLOAN

t=13
t=o                          (22)   

TPVC CAPITAL
S3 = CPV + CLAB + CBATT_INV + CBOS + CPII + CST + CSHIP + CSM+OV+IP                 (23)   

∑ OMPV 
t
S2𝑡=13

𝑡=0 + (OMMULT ∗ TC CAPITAL
S3 ∗ OMPERFORM)                              (24) 

where OMMULT is the muliplier applied to the capital investment costs of the ES system to attain 

the O&M costs and OMPERFORM is the frequency maintenance is performed on the ES system.  

 The annual BCRs of scenario 3, used to provide the investor a year-to-year economic 

evaluation of the PV and ES systems, are similar to those in scenario 2. Benefits of the BCR are 

the credit from net-metered energy sold/injected back into the grid from a residence and the 

annual energy cost savings, with the inclusion of the ES system impacts. Costs of the BCR are 

the annual total costs of the investment, with the inclusion of the ES system impacts. Scenario 3 

annual BCRs are defined as 

BCRt
S3 =

(PVE t
−RSPVE 

t

S3+ ESE
t
)∗SPE t

+(RSDE−RSGE 
t

S3)∗PPE t
(RSGE 

t

S3∗PPE t
)+OMPV 

t

S3+PLOAN 
t

S3                             (25) 
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Figure 13 (a and b) displays the US average parameters and capital costs for scenario 3 

with the inclusion of the ES system parameters and capital costs. The percent-based parameters 

for the PV system remain as depicted in Figure 9 and as explained in Scenario 2 Formulation 

for scenario 3. The capital costs for the PV system experience remain at $2.93/W, based off a 

5.6kW PV system, and the ES system costs sum to $4.27/W and $5.93/W, based off a 3kW and 

5kW ES system respectively.  The ES system capacity per battery, battery efficiency, cycles until 

replacement, depth-of-discharge (DoD), O&M cost multiplier, and hours of discharge are 

imitated from Ardani et al. [34] and are not adjustable by the tool user. The ES capital costs are 

imitated from the installed cost benchmarks for residential PV and ES systems for the first 

quarter of 2016 [34] and are expressed in 2016 dollars. The capital cost benchmark values are 

equivalent for each state. 

 
Figure 13 (a): Microsoft Excel tool parameter and capital costs (3kW/6kWh battery). 

 

 

 



38 
 

 Figure 14 (a and b) displays the variables, gains, investments, and costs section of the 

tool, broken down by the rated capacity of each PV system option (5kW, 6kW, and 7kW) for 

scenario 3 with the inclusion of the ES system values. Similar to the capital costs, the average 

annual generation for each system rated capacity is state-specific as in scenario 2. The values are 

an example from the US average perspective and are computed based off the user-input 

parameters and therefore are not adjustable by the user, as in scenario 2. Appropriate formulas 

are included within the variable cells to account for the variable limitations. 

 
Figure 14 (a): Microsoft Excel tool variables, gains and costs (3kW/6kWh battery). 
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Figure 13 (b): Microsoft Excel tool parameter and capital costs (5kW/20kWh battery). 

 
Figure 14 (b): Microsoft Excel tool variables, gains and costs (5kW/20kWh battery). 
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The following is a detailed listing of the variables and parameters used in the ROIS3 model:  

Variables: 

PVE t
= amount of energy provided by the PV system in year (𝑡) 

RSGE 
t
S3 = amount of energy consumed from grid by residence in year (𝑡) for scenario 3 

RSPVE 
t
S3 = amount of PV provided energy consumed by residence in year (𝑡) for scenario 3 

ESE
t

= the amount of energy discharged from the ES system in year (𝑡) 

Notation Parameters: 

𝑆3 = signifies that the variable applies only to scenario 3  

𝑡 = signifies the specific year; where 𝑡 = 1. . 𝑛 

𝑛 = lifetime span of the joint PV and ES system (in 𝑡 years) 

Electricity Parameters: 

PPE t
= average energy purchase price in year (𝑡); ($/kWh) 

SPE t
= average energy sale price in year (𝑡); ($/kWh) 

PRHOME 13
= average premium paid per residential PV capacity in year (𝑡 = 13); ($3.63 W)⁄   

OMPV 
t
S3 = operation and maintenance cost of PV system in year (𝑡); ($/kW) 

PVMAX 0
= generation capacity of the PV system in purchase year (𝑡 = 0); rated capacity 

GMAX t
= generation capacity of the grid in year (𝑡); (kWh) 

ESMAX t
= maximum storage capacity of the ES system in a given year (𝑡); (kWh) 

RSDE = average annual energy consumption of residence 

PV System Investment and Cost Parameters: 

CPV = capital cost of PV system modules ($/kW)  

CLAB = capital cost for installation labor ($/kW)  

CBOS = capital cost of balance of system equipment (wiring, mounting equipment, etc. );  ($/kW) 

CPII = capital cost of permit, grid − interconnection (net metering) and inspection ($/kW) 

CST = capital cost of sales tax on purchased system equipment($/kW) 

CSHIP = capital cost of shipping and handling system equipment($/kW) 

CSM+OV+IP = capital cost of sales & marketing, overhead, and installer profit ($/kW) 
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PV and ES System Investment and Cost Parameters: 

ESCBATT = capital cost for each battery($/W) 

ESCBOS = capital cost of ES balance of system equipment (conductors, combiners, etc. );  ($/W) 

ESCLAB = capital cost of ES electrical balance of system equipment (charge controler, etc. );  ($/W) 

ESCPII = capital cost of ES permit, grid − interconnection (net metering) and inspection ($/W) 

ESCST = capital cost of sales tax on purchased ES system equipment ($/W) 

ESCSM+OV+IP = capital cost of sales & marketing, overhead, and installer profit ($/W) 

CBATT_INV = capital cost for battery − based inverter ($/W) 

AMOUNTLOAN
S3 = amount of loan applied to capital investment costs in year 0 (𝑡 = 0); ($) 

Rate-based Parameters: 

rFED TAX
 1

= tax credit (30%) applied to the capital cost total of PV system in year 1 (𝑡 = 1) 

rSTATE TAX
 1

= state tax credit applied to capital cost total of PV system in year 1 (𝑡 = 1) 

rINCOME TAX
 1

= income tax rate  of PV system purchaser in year 1 (𝑡 = 1) 

rLOAN = fixed interest of loan (applied annually) 

tLOAN = number of years on loan payment 

CAPSOC = battery storage capacity when operated between the min and max state of charge limits 

DoD = how much total energy can be drawn from a battery in one complete charge/discharge cycle 

Eff = rate of how much energy is lost or maintained during each charge/discharge cycle  

RSDCOV = percent of average night − time consumption covered by the ES system 

OMMULT = multiplier applied to capital investment cost of ES system; (0.5%) 

OMPERFOM = multiplier applied to capital investment cost of ES system; (quarterly − 4) 

DISCHRGTIME = hours of discharge of the ES system per charge/discharge cycle ; (4 hours) 

TCHRG−DIS = total number of charge/discharge  cycles in a year (one/day − 365 total) 
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The following is a summary of the equations and variable limitations used in the ROIS3 model:  

Equations: 

ROIS3 = [(
C1 + C2 − C4 − C5 − C7

C7
) + (

C3
C7

) ∗ ∑ (RSDE − RSGE 
t

S3

𝑡=13

𝑡=0

) + (
C6
C7

) ∗ ∑ (PVE t
− RSPVE 

t

S2+ ESE
t

t=13

t=0

)] ∗ 100 

where, 

C1 = VALHOME 13
S3 = PRHOME 13 ∗ (PVMAX 0 +

NoB∗CAPSOC

DISCHRGTIME
)              

C2 = TAXINC 
1

S3 = (TPVC CAPITAL
S2 + TESCCAPITAL) ∗ [rFED TAX

 1
+ (1 − rINCOME TAX

 1
) ∗ rSTATE TAX

 1
]   

C3 = PPE t
     

C4 = ∑ OMPV t
S2t=13

t=0 + (OMMULT ∗ TC CAPITAL
S3 ∗ OMPERFORM)       

C5 = ∑ PLOAN t
S3 =

rLOAN∗AMOUNTLOAN
S3

1−(1+rLOAN)−tLOAN

t=13
t=o          

C6 = SPE t
             

C7 = TPVC CAPITAL
S3 + TESCCAPITAL                                

where, 

TPVC CAPITAL
S3 = CPV + CLAB + CBATT_INV + CBOS + CPII + CST + CSHIP + CSM+OV−IP     

TESCCAPITAL = ESCBATT + ESCBOS + ESCLAB + ESCPII + ESCST + ESCSM+OV+IP           

Variable Limitations:           

PVE t
 ∈  [0 , PVMAX t

]                                           

RSPVE 
t

S2  ∈  [0 , PVE t
]                                                                 

RSGE 
t

S2  ∈ [0 , GMAX t
]       

RSPVE 
t

S2 + RSGE 
t

S2  ∈ [RSDE , ∞]                                                                                      

ESE
t

 ∈  [0 , ESMAX t]                                                                                        
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VI. Scenario 3 Assumptions 

This analysis is based on two Tesla Powerwall batteries with capacities of 3kW and 5kW. 

A. Lifetime Cycles – SoC – Replacement After Warranty: 

 The storage batteries used in this analysis are Tesla Powerwalls. DiOrio et al. state that 

Tesla Powerwall batteries have a 10 year warranty and an expected lifetime, when operating 

within assumed 30% (minimum) and 100% (maximum) state-of-charge (SoC) limitations, of 

5475 charge/discharge cycles before degrading to 70% of their rated maximum capacity; at 

which point the batteries must be replaced [26]. 5475 cycles, with 1 full cycle occurring each 

day, equates to 15 years before the batteries must be replaced. However, this analysis assumes a 

potential battery replacement prior to the 15 year time frame and after the 10 year warranty 

period. As stated previously, Truong et al. references but does not consider battery replacement 

after the warranty period to avoid complexity in the results [7]. This analysis assumes the 

potential necessity for a battery replacement after the 10 year warranty and considers this 

replacement cost in year 11 of the analysis.  

B. Charging/Discharging – Night-Time Consumption: 

 Elgqvist et al. state that battery storage system capital investment costs are also impacted 

by the renewable energy investment tax credit (ITC) [33]. The impact level is based on what 

percentage of the ES system is charged by the joint PV system. In order to claim the full 30% tax 

credit, the ES system must be 100% charged by the provided PV energy [33]. This analysis 

assumes the ES system is charged during the day-time-generating hours of the PV system, using 

the excess PV provided energy that a residence doesn’t consume. The ES system then discharges 

during the night-time-non-generating hours of the PV system. Thus, the analysis assumes the full 

30% tax credit is claimed on the ES system capital investment costs.  
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 In situations where the excess PV provided energy that a residence doesn’t consume is 

not sufficient to fully charge the ES system, grid provided energy is used to charge the remaining 

portions of the ES system. This grid provided energy is factored into the total costs of grid 

consumed energy by a residence. According to Elgqvist et al. the tax credit percentage applied to 

the ES system capital investment costs for an ES system that is only partially charged by the PV 

system, is equal to the federal tax credit multiplied by the percentage the ES system is charged 

by the PV system [33]. For example, an ES system charged by PV provided energy 70% of the 

time is eligible for the 30% federal tax credit multiplied by 70%, which equals a 21% federal tax 

credit instead of 30%. For such situations within the analysis, it is assumed that the percentage of 

PV provided energy used for ES system charging is equal to the ES system charged by PV 

provided energy percentages for each year averaged over the 13 year horizon. There is no PV 

energy sold/injected into the grid in such situations and as a result, there is no credit gained from 

net-metered energy sold/injected back into the grid from a residence.  

 Since the discharged ES system energy originates from the provided PV energy, the 

discharged ES system energy is assumed to also be PV energy and is added to the total PV 

energy consumed by a residence in this analysis. Due to the inclusion of battery replacement 

prior to battery degradation to 70% of the rated battery capacity, the annual energy used to 

charge the ES system and the annual discharged energy from the system is assumed to be 

constant each year of the 13 year analysis horizon. 

 The Office of Energy Efficiency & Renewable Energy (EERE) provides data-sets of the 

hourly residential load profiles in all listed states of this analysis [39]. These data-sets were used 

to calculate the assumed average annual day-time and night-time energy consumption levels for 

all listed states of this analysis.  
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C. Capacity – DoD – Efficiency –Discharge Time: 

 The Tesla Powerwall batteries used in this analysis have capacities of 3kW/6kWh and 

5kW/20kWh. The 3kW/6kWh battery has a 2 hour on-peak and 4 hour off-peak discharge time. 

The 5kW/20kWh battery has a 4 hour on-peak and 8 hour off-peak discharge time [34]. An 

efficiency of 90% and a depth-of-discharge of 80% are assumed for the batteries to meet the 

stated discharge times [34]. Pacific Power, an electric company, states annual average on-peak 

consumption hours of 4pm – 8pm [36]. The United States Naval Observatory (USNO) provides 

the average annual sun rise and sun set time (6pm – 7pm) for all listed states in this analysis [37]. 

Sunset is assumed to be the end of the PV generation hours. Since the sun set average covers half 

of the on-peak consumption hours, this analysis assumes the batteries’ total discharge time is the 

average of the on-peak and off-peak consumption discharge times.  Thus, the 3kW/6kWh and 

5kW/20kWh batteries are assumed to discharge for 3 and 6 hours, respectively, in each daily 

charge/discharge cycle. This discharged energy is applied towards the average annual night-time 

consumption (RSDCOV), thus reducing the amount of grid consumed energy at night. The sun rise 

and sun set times provided by USNO provide an annual average of 12 night-time hours. Using 

the assumed discharge times for the batteries RSDCOV is 25% (3 hours discharge/12 hours of 

night-time consumption) and 50% (6 hours discharge/12 hours of night-time consumption) for 

the 3kW/6kWh and 5kW/20kWh batteries respectively. The battery capacity, DoD, efficiency 

and discharge time are not adjustable by the tool user.   

D. O&M Costs: 

 Kaldellis and Zafirakis state that the O&M costs of storage systems are a percentage of 

the system’s capital investment costs [35]. Tesla Powerwall batteries do not require labor-based 

maintenance thus O&M costs are assumed negligible.  
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VII. Analysis 

 The analysis for scenario 1 does not require an energy consumption breakdown. Scenario 

1 is analyzed by multiplying the average annual energy purchase price by the average annual 

consumption totals of a residence within each analyzed state and the US average. This product 

gives the energy costs of a residence without a PV or PV + ES system. The analysis for scenario 

2 and scenario 3 do require an energy consumption breakdown and are detailed below. The 

results are divided and described as follows:     

A. Scenario 2 – Residence with just a PV system 

B. Scenario 3 – Residence with a PV + ES system 

 The average annual PV system production outputs (kWh) used in the analysis are 

provided by EnergySage for each system size and for each state. EnergySage utilized PV Watts, 

a tool developed by NREL, to calculate the outputs [38]. The averages of the state outputs are 

used as the US output. All monetary amounts are in 2016 United States dollars. Visuals of the 

Microsoft Excel tool calculations sheets of the US are provided for each scenario. State 

calculation sheets use the same template as the US, with each state’s respective energy and 

monetary amounts.       

A. Scenario 2 – Residence with just a PV System: 

 Figures 15, 16 and 17 display the Microsoft Excel tool calculated values, specific to the 

US average, for a 5kW, 6kW and 7kW PV system respectively. Column J states the year of 

analysis. Columns K, L, M, and N calculate the amounts of PV production, PV provided energy 

sold/injected into the grid, PV provided energy consumed by a residence, and grid provided 

energy consumed by a residence in kWh respectively. The PV production in Column K is 

annually degraded by the PV module degradation rate [10].  
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 The provided PV energy (Column K) is used to supply the average day-time consumption 

of a residence. Once this consumption is met, the remaining amount is sold/injected into the grid. 

Thus the calculation for PV energy sold/injected into the grid is the difference between the 

provided PV amount and the average day-time consumption of a residence; the PV provided 

energy consumed by a residence is then equal to the average day-time consumption of the 

residence, and the grid provided energy consumed by the residence is equal to the average night-

time consumption of a residence. If the provided PV energy is insufficient to meet the average 

daily consumption levels of a residence, then grid provided energy is used to meet the remaining 

amount of average day-time consumption and to meet the average night-time consumption of a 

residence; there is no PV provided energy sold/injected into the grid in such a situation.  

 Column O calculates the energy costs of a residence without a PV or ES system (scenario 

1); the assumed annual US energy inflation rate is applied to these costs. Column P calculates the 

capital invested amount, minus the loan amount used to off-set the capital costs, in year 0 when 

the system is purchased. Column Q calculates the O&M costs of the PV system; the assumed 

annual PV system cost decrease is applied to these costs. Column R calculates the battery 

replacement costs post warranty and is blank because scenario 2 does not incorporate an ES 

system. Column S calculates the cost of grid provided energy consumed by a residence; the 

assumed annual US energy inflation rate is applied to these costs. Column T calculates the loan 

payments based of the fixed loan rate. Column U calculates the added home premium. The PV 

system market value decrease after 10 years is applied and this value is then discounted to year 

13. Column V calculates the federal and state tax incentive credits claimed by an investor in the 

year (year 1) following the purchase of the PV system. Column W calculates the energy costs of 

a residence with just a PV system. Column X calculates the net-metered credits earned by a 
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residence from the energy amounts sold/injected into the grid from Column L; the assumed 

annual US energy inflation rate is applied to these costs. Column Y calculates the energy cost 

savings by taking the difference between the energy costs of a residence without a PV or PV + 

ES system (Column O) and the energy of a residence when just a PV system is added (Column 

W). Column Z calculates the annual BCR of the PV system by dividing the annual benefits 

experienced as a result of the system (Column X and Column Y) by the annual costs experienced 

as a result of the system (Column W and Column T).  

 The ROI, analyzed for the 13 year horizon, is calculated by taking the difference between 

the investment gains (Columns U, V, X, and Y) and the investment costs (Column P and Column 

T). This value is then divided by the capital costs of the system. An ROI is presented with and 

without the added home premium (Column U) included.  

 
Figure 15: Microsoft Excel tool calculations for the US – 5kW PV (Scenario 1 and 2). 

 
Figure 16: Microsoft Excel tool calculations for the US – 6kW PV (Scenario 1 and 2). 
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Figure 17: Microsoft Excel tool calculations for the US – 7kW PV (Scenario 1 and 2). 

B. Scenario 3 – Residence with a PV + ES system: 

 Figures 18, 19, 20, 21, 22 and 23 display the Microsoft Excel tool calculated values, 

specific to the US average, for a 5kW PV + 3kW ES, 6kW PV + 3kW ES, 7kW PV + 3kW ES, 

5kW PV + 5kW ES, 6kW PV + 5kW ES, and 7kW PV + 5kW ES joint system respectively. The 

calculations for Columns J, K, M, O, P, Q, R, S, T, U, V, W, X, Y, Z, AA, and AB are as 

described by Column J, K, L, M, N, O, P, Q, R, S, T, U, V, W, X, Y and Z respectively in 

scenario 2. Columns R, W, and X (the loan amount, home premium, tax incentives) include the 

capital costs of the ES system in the cost calculations, and thus have larger amounts than their 

scenario 2 equivalents – Columns P, U, and V respectively – where the amounts were based only 

on the cost of the PV system. Column T accounts for the battery replacement cost in year 11 and 

is no longer blank as it was in its scenario 2 equivalent, Column R, where no ES system was 

considered; the assumed annual PV system cost decrease and the renewable system discount rate 

are applied to this cost.  

 The new scenario 3 specific columns, Column L and Column N, calculate the annual 

energy used to charge the ES system and the annual energy discharged from the ES system 

respectively; both values are assumed constant throughout the 13 year horizon.  
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Figure 18: Microsoft Excel tool calculations for the US – 5kW PV + 3kW ES (Scenario 3). 

 
Figure 19: Microsoft Excel tool calculations for the US – 6kW PV + 3kW ES (Scenario 3). 

 
Figure 20: Microsoft Excel tool calculations for the US – 7kW PV + 3kW ES (Scenario 3). 

 
Figure 21: Microsoft Excel tool calculations for the US – 5kW PV + 5kW ES (Scenario 3). 
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Figure 22: Microsoft Excel tool calculations for the US – 6kW PV + 5kW ES (Scenario 3). 

 
Figure 23: Microsoft Excel tool calculations for the US – 7kW PV + 5kW ES (Scenario 3). 

 Once ES is added, the calculations for grid provided energy consumed by a residence and 

the total costs of this energy change from those of scenario 2 where ES was not included. This is 

because the ES system is 100% charged by the PV provided energy (see Scenario 3 

Assumptions, B) and the amount of energy required to charge the ES system (ESCHE
t
) and the 

amount of energy discharged from the ES system to supply the average night-time consumption 

of a residence (ESE
t
), increase as the size of the ES system increases; the 5kW ES system has a 

larger ESCHE
t
and ESE

t
than the 3kW ES system. Table 2 summarizes what is evaluated in each 

scenario. Metric  
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Table 2: Scenario evaluation breakdown. 

 The provided PV energy is first used to fully charges the ES system based on the amount 

of energy required to charge the ES system (ESCHE
t
). The remaining PV provided energy is then 

used as supply towards the average day-time consumption of a residence. After the average day-

time consumption of a residence is met, any remaining amount of the PV provided energy is 

sold/injected into the grid. Two situations can occur in scenario 3 and are described as follows:  

Situation 1:  

 If after fully charging the ES system the provided PV energy is not enough to supply the 

full amount of average day-time consumption of a residence, then the overall amount of PV 

provided energy consumed by a residence is equal to the amount of provided PV minus the 

amount used to fully charge the ES system, plus the stored amount discharged later as supply 

towards the average night-time consumption of a residence. In this situation, grid provided 

energy is used to supply the remaining average day-time consumption that the PV provided 

energy supply was not able to meet; there is no PV provided energy sold/injected into the grid in 

this situation due to a lack of supply.  

Grid-provided energy consumption

Grid-provided energy costs

PV-provided energy consumption

PV-provided energy costs

PV-provided energy injected into grid

Grid-provided energy consumption

Grid-provided energy costs

PV + ES-provided energy consumption

PV + ES-provided energy costs

PV + ES-provided energy injtected into grid

Grid-provided energy consumption

Grid-provided energy costs

Scenario 3

Scenario 2

Scenario 1
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Situation 2:  

 If after fully charging the ES system the provided PV energy is enough to supply the full 

amount of average day-time consumption of a residence, the overall amount of PV provided 

energy consumed by a residence is equal to the average day-time consumption of a residence 

plus the stored amount discharged later as supply towards the average night-time consumption of 

a residence. In this situation, grid provided energy is only used to supply the amount of average 

night-time consumption that is not met by the discharged ES system energy. During the day-

time, the remaining PV provided energy (after the ES system is fully charged and the average 

day-time consumption of a residence is met) is sold/injected into the grid.  

 In this analysis, the states that undergo situation 1 experience a decrease in grid provided 

energy consumed by a residence as the PV system size increases (with the ES system size 

remaining constant). This is attributed to the increase in PV provided energy that comes with a 

larger PV system. Once the PV system is large enough to provide for the full charging of the ES 

system and the full average day-time consumption of a residence, the amount of grid provided 

energy consumed by a residence decreases because none is needed as supply towards the average 

day-time consumption of a residence. The states that undergo situation 2 experience a constant 

amount of grid provided energy consumed by a residence (the amount used as supply towards 

average night-time consumption that is not met by the discharged ES system energy) as the PV 

system size increases and the ES system size remains constant. 
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VIII. Results 

 A Microsoft Excel tool is used to compute the economic evaluation of the various 

alternatives. The tool calculates an ROI over the 13 year horizon and a BCR for each year of the 

13 year horizon. Economic evaluation is performed for the US average, and for the states of 

Arizona (AZ), California (CA), Colorado (CO), Florida (FL), Massachusetts (MA), Nevada 

(NV), New York (NY) and Texas (TX), to provide a more regional outlook. The evaluation 

investigates the ROI and BCR of a 5kW, 6kW, and 7kW PV system with and without a coupled 

energy storage system. The results are divided and described as follows:     

C. Scenario 1 – Residence without a PV or ES system 

D. Scenario 2 – Residence with just a PV system 

E. Scenario 3 – Residence with a PV + ES system 

 Graphs depicting the total energy costs with and without a PV or PV + ES system, the 

net-metered credits resulting from selling/injected into the grid, and total energy costs savings 

experienced are provided. Tables depicting the annual BCR and BCR average for the 13 year 

horizon, as well as the ROI values are also provided. All monetary amounts are in 2016 United 

States dollars. 

A. Scenario 1: 

 Figure 24 displays the energy costs of a residence without a PV or a PV + ES system. 

The costs are the summed total of the 13 year horizon, including the year in which the PV or PV 

+ ES system would be installed (year 0), for the US and for each of the listed states. Each annual 

cost is calculated using the average energy purchase price ($/kWh) and average annual 

consumption (kWh/yr) for the US and for each listed state [23]. Annual US energy price inflation 

is applied to purchase prices [30].  
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Figure 24: 13 year energy cost totals of a residence without a PV or PV + ES system. 

 Over the 13 year analysis horizon, the results show Texas ($28,254.51) and Florida 

($27,461.03) as the most expensive states in terms of energy costs for a residence without a PV 

or a PV + ES system; both states are above the US average ($23,687.91). Colorado’s average 

annual energy price (0.1212 $/kWh) and average annual consumption (8,256kWh) are both less 

than the US averages (0.1265 $/kWh and 10,812 kWh). Although California’s average annual 

energy price is greater than the US average (0.1699 $/kWh), the average annual consumption 

(6,684kWh) is significantly less than the US average. Thus, Colorado ($17,330.60) and 

California ($19,668.50) are the least expensive states in scenario 1 and are both below the US 

average ($23,687.91). 

B. Scenario 2: 

 Figure 25 displays the energy costs of a residence with just a PV system, totaled over the 

13 year horizon. The costs are provided for a residence with a 5kW, 6kW and 7kW PV system. 

Energy costs with just a PV system are calculated by adding the annual PV module O&M costs 

and the annual costs of grid provided energy consumed by a residence.  
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Figure 25: 13 year energy cost totals of a residence with just a PV system. 

 The results show a decrease in total energy cost over the 13 year horizon for the US and 

each of all the listed states, when a PV system is added to a residence, versus the total energy 

costs without a PV or PV + ES system on a residence, as depicted in Figure 24. The results also 

show a minor increasing trend in total energy costs as the PV system sizes increase, for the US 

and each listed state. The increase in energy costs of a residence with just a PV system is 

attributed to an increase in PV module O&M costs. PV module O&M costs are dependent on the 

size/generation capacity of the PV system (kW), thus an increase in PV system size causes an 

increase in the module O&M costs.  

Figure 26 displays the percentage change in the total energy costs from Figure 25, for a 

residence with a 5kW to one with a 6kW PV system, a 6kW to 7kW PV system, and 5kW to 

7kW PV system; the percentages are displayed for the US and each of the listed states. For the 

states of Florida (FL) and Texas (TX), the change from a 5kW to 6kW and 5kW to 7kW 

experiences a decrease in total energy cost. This is because a 5kW PV system generates less 
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energy than a residence in Florida and Texas consume on average during the day-time. As a 

result, a residence must consume grid provided energy to satisfy the full amount of average day-

time consumption. This grid provided energy consumed during the day-time is added to the grid 

energy a residence consumes during the night-time hours, resulting in an increase in total energy 

cost of a residence with just a PV system. A 6kW and 7kW PV system generate a sufficient 

enough amount of energy to satisfy the day-time energy consumption of residence in Florida and 

Texas, resulting in lower total energy costs for a residence with just a PV system. For all the 

other listed states, and the US average, the larger PV system has the higher total energy cost.   

 
Figure 26: Percentage change in energy cost totals of a residence with just a PV system. 

 Figure 27 displays the credit from net-metered energy sold/injected back into the grid 

from a residence; the credit amounts are summed over the 13 year horizon. The credits are 

provided for a residence with a 5kW, 6kW and 7kW PV system. To calculate the credit from net-

metering the annual amounts of PV provided energy sold/injected in the grid (kWh) are 

multiplied by the average energy sale price ($/kWh) [9], with the annual average US energy 

inflation rate applied.  
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Figure 27: 13 year net-metered energy credit totals of a residence with just a PV system. 

The results show an increasing trend in earned credit as the PV system size increases. 

This is due to the increased generating capacities of larger PV systems. With a residence’s 

energy consumption averages remaining relatively constant, an increase in the amount of net-

metered credit earned is expected as the PV system sizes increases. If a PV system fails to 

produce this surplus of energy, such as is the case for a 5kW PV system in Florida and Texas, 

there is no energy sold/injected into the grid and thus no net-metered credit earned. The states of 

California and Colorado have the largest net-metered credit amounts because they experience the 

largest difference in PV generation and day-time residential energy consumptions amounts. 

 Figure 28 displays the energy cost savings, summed over the 13 year horizon, 

experienced for a residence with just a PV system.  The cost savings are provided for a residence 

with a 5kW, 6kW and 7kW PV system. The cost savings are calculated by subtracting the energy 

costs for a residence with just a PV system from the energy costs for a residence without a PV or 

PV + ES system.    
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Figure 28: 13 year energy cost savings totals of a residence with just a PV system. 

 The results show a minor decreasing trend in energy cost savings as the PV system size 

increases. The decrease is attributed to the increase experienced in energy costs as PV system 

sizes increase as depicted in Figure 25. Florida and Texas experience an anomaly, consistent 

with Figure 26, as the trend of the two states is unlike that of the other states and US average. As 

previously stated, this anomaly is due to a 5kW PV system’s inability to generate enough PV to 

account for the day-time average consumptions of a residence in Florida and Texas.   

 Annual BCRs are used to provide a year-to-year economic evaluation of the PV system. 

The BCRs are calculated by dividing the PV system annual benefits (net-metered credit earned 

and energy cost savings) by the PV system annual costs (energy costs for a residence with just a 

PV system and loan payments).  A BCR value of 1 indicates that the annual benefits of the PV 

system equal the annual costs. A BCR value less than 1 indicates that the annual costs of the PV 

system outweigh the annual benefits, signifying a poor annual economic evaluation for the 

system in the specific year.  A BCR value greater than 1 indicates that the annual benefits of the 
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PV system outweigh the annual costs, signifying a desirable annual economic evaluation for the 

system in the specific year. The BCRs for a 5kW, 6kW, and 7kW PV system, across the US and 

the listed states, are displayed in Figure 29, Figure 30, and Figure 31.   

 
Figure 29: Annual BCR values for a 5kW PV system. 

 

1 0.82 0.98 1.26 1.08 0.64 0.96 1.26 1.01 0.63

2 0.84 1.00 1.29 1.11 0.65 0.98 1.28 1.03 0.64

3 0.86 1.02 1.32 1.14 0.67 1.00 1.31 1.05 0.66

4 0.88 1.04 1.35 1.16 0.68 1.02 1.34 1.08 0.67

5 0.90 1.06 1.38 1.19 0.69 1.04 1.36 1.10 0.68

6 0.91 1.08 1.40 1.21 0.70 1.06 1.38 1.12 0.69

7 0.93 1.10 1.43 1.23 0.71 1.08 1.40 1.14 0.70

8 0.94 1.11 1.45 1.25 0.72 1.09 1.42 1.16 0.70

9 0.95 1.13 1.47 1.27 0.72 1.11 1.44 1.18 0.71

10 0.97 1.14 1.49 1.29 0.73 1.12 1.45 1.19 0.71

11 1.38 1.61 2.23 1.93 0.96 1.57 2.05 1.73 0.93

12 1.38 1.61 2.23 1.94 0.96 1.57 2.05 1.73 0.93

13 1.38 1.61 2.24 1.94 0.95 1.57 2.05 1.74 0.92

Avgerage = 1.01 1.19 1.58 1.36 0.75 1.17 1.52 1.25 0.74

TX

Annual Benefit-Cost Ratios (BCR) - 5kW PV System

Year US AZ CA CO FL MA NV NY
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Figure 30: Annual BCR values for a 6kW PV system. 

 
Figure 31: Annual BCR values for a 7kW PV system. 

 

 

1 0.94 1.15 1.38 1.23 0.80 1.05 1.26 1.10 0.80

2 0.96 1.17 1.42 1.26 0.81 1.07 1.29 1.13 0.82

3 0.99 1.20 1.45 1.30 0.83 1.10 1.32 1.16 0.84

4 1.01 1.23 1.49 1.33 0.85 1.13 1.35 1.19 0.86

5 1.04 1.26 1.52 1.36 0.87 1.15 1.38 1.21 0.88

6 1.06 1.28 1.56 1.39 0.89 1.17 1.41 1.24 0.89

7 1.08 1.30 1.59 1.42 0.90 1.19 1.43 1.26 0.91

8 1.09 1.32 1.61 1.44 0.91 1.21 1.45 1.28 0.92

9 1.11 1.34 1.64 1.47 0.93 1.23 1.47 1.31 0.93

10 1.12 1.36 1.66 1.49 0.94 1.25 1.49 1.33 0.94

11 1.70 2.03 2.65 2.38 1.35 1.84 2.22 2.04 1.36

12 1.70 2.04 2.66 2.39 1.35 1.85 2.23 2.05 1.36

13 1.71 2.04 2.67 2.39 1.35 1.85 2.23 2.05 1.36

Avgerage = 1.19 1.44 1.79 1.60 0.98 1.31 1.58 1.41 0.99

NY TX

Annual Benefit-Cost Ratios (BCR) - 6kW PV System

Year US AZ CA CO FL MA NV

1 1.05 1.29 1.49 1.35 0.92 1.13 1.40 1.18 0.93

2 1.08 1.32 1.52 1.39 0.94 1.15 1.44 1.21 0.95

3 1.11 1.36 1.57 1.43 0.97 1.19 1.47 1.24 0.98

4 1.14 1.39 1.61 1.47 0.99 1.21 1.51 1.28 1.00

5 1.17 1.42 1.65 1.51 1.01 1.24 1.54 1.31 1.02

6 1.19 1.45 1.69 1.54 1.03 1.27 1.57 1.34 1.04

7 1.22 1.48 1.72 1.58 1.05 1.29 1.60 1.37 1.06

8 1.24 1.51 1.76 1.61 1.07 1.31 1.63 1.39 1.08

9 1.26 1.53 1.79 1.64 1.08 1.34 1.66 1.42 1.10

10 1.28 1.55 1.82 1.66 1.10 1.36 1.68 1.44 1.11

11 2.03 2.44 3.06 2.81 1.66 2.11 2.64 2.34 1.68

12 2.04 2.45 3.08 2.82 1.66 2.11 2.64 2.35 1.68

13 2.04 2.46 3.09 2.83 1.66 2.12 2.65 2.36 1.68

Avgerage = 1.37 1.67 1.99 1.82 1.16 1.45 1.80 1.56 1.18

Annual Benefit-Cost Ratios (BCR) - 7kW PV System

Year US AZ CA CO FL MA NV NY TX
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 The results show an improvement in BCR with each consecutive year for all PV system 

sizes. This is attributed to the increases observed in annual energy cost savings and net-metered 

credits, with each consecutive year, while the energy costs totals only slightly increase. Each 

location improves in BCR as the PV system size increases implying that the increase in the PV 

system benefits outweighs the increase is PV system costs as PV system sizes increase. Year 0 

has a 0.00 BCR for the US and all states and system sizes because Year 0 is the year the PV 

system is installed. Evaluation of the PV system’s performance begins the year after the system 

is installed (Year 1). California, Colorado and Nevada are the states where residences experience 

the most benefit from PV systems; all three states show BCRs greater than the US average. For a 

5kW PV system, Florida and Texas are the only locations where the average 13 year BCR is less 

than 1, signifying a poor annual economic evaluation of the PV system. For a 6kW PV system, 

Florida and Texas see an increase but still remain under 1 for their BCR values. For a 7kW PV 

system, the US average and all listed states show a BCR value of 1 or greater thus signifying a 

desirable annual economic evaluation.  

 Figure 32 and Figure 33 display the 13 year horizon ROIs for a residence with just a PV 

system, with the home premium included and without the premium. The results are shown for all 

system sizes across the US and all listed states. ROI is calculated by subtracting the capital 

investments from year 0, the total loan payments, and the total energy costs over the 13 year 

horizon, from the sum of the added home premium in year 13, tax credit incentive from year 1, 

total net-metered credits over the 13 year horizon, and the total energy cost savings over the 13 

year horizon. This value is then divided by the capital investments and expressed as a 

percentage. Due to the significant increase the home premium adds to the ROI, Figure 33 is 

provided to display the ROI values without the inclusion of the added home premium.  
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Figure 32: 13 year horizon ROI calculations with added home premium (Scenario 2). 

 
Figure 33: 13 year horizon ROI calculations without added home premium (Scenario 2). 

 The results show an increasing trend in ROI as the PV system size increases. This 

increasing trend is expected because the tax credit incentives, net-metered credit totals and home 

premium amounts all increase, while the energy costs decreases as the PV system size increases.  

Arizona, California, Colorado, and Nevada have the highest ROIs primarily due to two main 

factors: (1) a large difference between the annual PV system production output levels (kWh) [38] 

and the average annual day-time energy consumption levels for a residence in the state 

(California and Colorado); (2) high annual PV system production output levels for systems 

within the state [38], which leads to relatively greater gains from net-metered credit (Arizona and 

Nevada). For example the US annual PV production output for the 7kW system is 9,910kWh, 

whereas the annual production outputs for the 7kW system in Arizona and Nevada are 12,099 

and 12,313 respectively.  

 Florida and Texas resulted in the lowest ROIs and are the only states with ROIs less than 

the US average, which shows consistency with the low BCR results for the two states. The low 

ROIs are a result of the high average day-time consumption levels, high total energy costs and 

5kW 129% 151% 164% 153% 124% 142% 186% 144% 128%

6kW 159% 190% 196% 188% 153% 168% 207% 172% 155%

7kW 190% 228% 229% 223% 187% 194% 246% 199% 190%

Return of Investment (ROI) - Scenario 2 with Home Premium

Year US AZ CA CO FL MA NV NY TX

5kW 33% 52% 70% 52% 25% 53% 86% 51% 27%

6kW 43% 71% 85% 67% 34% 62% 86% 59% 34%

7kW 55% 89% 99% 82% 47% 70% 106% 68% 48%

Return of Investment (ROI) - Scenario 2 without Home Premium

Year US AZ CA CO FL MA NV NY TX
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low net-metered credit totals for the two states; Florida and Texas have the two highest day-time 

consumption levels and energy cost totals, as well as the two lowest net-metered credit totals of 

all the listed locations. Nevada’s ROIs for a 5kW and 6kW are identical, which is contrary to the 

other listed states and the US average, due to a very small increase in the average annual PV 

production output for a 6kW system in Nevada from that of a 5kW system.  

 The added home premiums are calculated by multiplying average premium home buyers 

are willing to pay per PV system capacity ($/W) times the PV system rated capacity [12]. After 

applying the PV system market value decrease and discounting the values to year 13 when the 

home is assumed to be sold, the added home premiums equate to $14,137 (5kW), $16,964 

(6kW), and $19,792 (7kW) for each system in scenario 2. These premiums serve as a gain that is 

greater than even the capital investments costs in year 0 (once the loan is applied), which leads to 

the significant increase in ROI value when the home premiums are included.  
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C. Scenario 3: 

 Figure 34 and Figure 35 display the energy costs of a residence with a PV + ES system 

and the percentage change in total energy costs, totaled over the 13 year horizon. The energy 

costs and percent changes are provided for a residence with a joint PV + ES system (5kW + 

3kW, 6kW + 3kW, 7kW + 3kW, 5kW + 5kW, 6kW + 5kW, and 7kW + 5kW). Energy costs of a 

residence with a joint PV + ES are calculated by adding the annual PV module and ES battery 

O&M costs, the annual costs of grid provided energy consumed by a residence, and the battery 

replacement costs in year 11.  

 
Figure 34: 13 year energy cost totals of a residence with a PV + ES system. 

 
Figure 35: Percentage change in energy cost totals of a residence with PV + ES system. 
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 The results consistently show total energy costs for joint system residences with a 3kW 

ES system are more expensive than those with a 5kW ES system for California, Colorado, 

Massachusetts, Nevada, and New York. These states undergo situation 2, and as a result, energy 

cost totals increase as the PV system size increases and ES system size stays constant. This 

minor increase in energy costs for situation 2 joint systems is because as the PV system size 

increases the O&M costs increase significantly. Recall that O&M costs, which are based on the 

capacity of the PV system, increase as the size of the PV system increases. Undergoing situation 

2 also means that a residence in these states consumes less grid provided energy with 5kW ES 

system than a 3kW because of the increased average annual night-time consumption (RSDCOV) a 

5kW ES system provides. For the US average, Arizona, Florida, and Texas, energy costs for joint 

systems with a 5kW ES system experience a decreasing trend in Figure 34 as the PV system size 

increases because these locations undergo situation 1; these same locations experience negative 

percent changes in Figure 35 as the residential PV system sizes change from 5kW to one with a 

6kW PV system, a 6kW to 7kW PV system, and 5kW to 7kW PV system. The change from a 

6kW + 3kW to a 7kW + 3kW joint system for the US and Arizona shows a positive percent 

change. This signifies an increase in energy cost totals from 6kW + 3kW to a 7kW + 3kW joint 

system and is because the 6kW and 7kW PV systems undergo situation 2 in these two states.  

 Figure 36 displays the credit from net-metered energy sold/injected back into the grid 

from a residence, summed over the 13 year horizon. The credits are provided for a residence with 

a joint PV + ES system (5kW + 3kW, 6kW + 3kW, 7kW + 3kW, 5kW + 5kW, 6kW + 5kW, and 

7kW + 5kW). To calculate the credit from net-metering the annual amounts of PV provided 

energy sold/injected back into the grid (kWh) are multiplied by the average energy sale price 

($/kWh) [9], with the annual average US energy inflation rate applied.  
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Figure 36: 13 year net-metered energy credit totals of a residence with PV + ES system. 

The results show an increasing trend in earned credit as the PV system size increases for 

the states of California, Colorado, Massachusetts, Nevada and New York. This is due to the 

increased generating capacities of larger PV systems. These states undergo situation 2 and thus 

this increasing trend in the results of net-metered credit totals are consistent with the increasing 

trend observed in the results displayed in Figure 34 and Figure 35. Situation 1 joint system 

combinations, such as a 5kW + 3kW for the US, Arizona, Florida, and Texas, do not experience 

excess PV provided energy sold/injected into the grid. As a result, these joint system 

combinations have zero net-metered credit as depicted in Figure 36. For the states of Florida and 

Texas, the only system combination to undergo situation 2 is a 7kW + 3kW system. Thus, this is 

the only system combination to produce net-metered credit.  Figure 37 displays the energy cost 

savings, summed over the 13 year horizon, for a residence with a joint PV + ES system.  The 

cost savings are provided for a residence with a 5kW + 3kW, 6kW + 3kW, 7kW + 3kW, 5kW + 

5kW, 6kW + 5kW, and 7kW + 5kW system combination. The cost savings are calculated by 

subtracting the energy costs for a residence with a joint PV + ES system from the energy costs 

for the residence without a PV or PV + ES system.    
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Figure 37: 13 year energy cost savings totals of a residence with a joint PV + ES system. 

 The results show a minor decrease in energy cost savings totals for a residence with a 

joint PV + ES system for all system combinations in the states of California, Colorado, 

Massachusetts, Nevada, and New York. This decrease in energy cost savings occurs because the 

energy costs totals of a residence with a joint PV + ES system slightly increases, due to the 

increase in O&M costs as explained in the Figure 34 results, but the energy costs for the 

residence without a PV or PV + ES system remain constant; recall that the cost savings are 

calculated by subtracting the energy costs for a residence with a joint PV + ES system from the 

energy costs for the residence without a PV or PV + ES system. The situation 1 states – the US, 

Arizona, Florida and Texas – generally see increases in the energy cost savings totals as the PV 

sizes increase and ES sizes remain constant. This is caused by the decrease in grid energy 

consumed by a residence in situation 1 as the PV size and PV provided energy amounts increase. 

The decrease in grid energy consumed by a residence leads to a decrease in grid energy costs. 

This in-turn lead to a decrease in total energy costs of the residence with a joint PV + ES system 

and an eventual increase in energy cost savings totals because the energy costs without a PV or 

PV + ES system remain constant.  
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 When comparing ES systems paired with the same PV system size, the 5kW ES system 

provides larger energy costs savings than the 3kW for situation 2 in California, Colorado, 

Massachusetts, Nevada, and New York, due to the 3kW ES system causing larger energy cost 

totals as explained in the Figure 34 results. The reverse is witnessed for the situation 1 locations 

– US average, Arizona, Florida, and Texas – as the 3kW ES system provides larger energy costs 

savings than the 5kW. The US average and Florida when looking at the 7kW PV system size 

combinations because a 7kW PV system undergoes situation 2 in these two states.  

 Annual BCRs are used to provide a year-to-year economic evaluation of the joint system. 

The BCRs are calculated by dividing the PV+ ES system annual benefits (net-metered credit 

earned and energy cost savings) by the PV + ES system annual costs (energy costs for a 

residence with a joint system and loan payments).  The BCRs for a residence with joint system 

combination, for the US, and the listed states are displayed in Figure 38, 39, 40, 41, 42 and 43.   

 
Figure 38: Annual BCR values for a joint 5kW + 3kW system. 

1 0.65 0.78 1.06 0.84 0.49 0.87 1.03 0.87 0.49

2 0.66 0.79 1.09 0.86 0.50 0.89 1.06 0.89 0.50

3 0.68 0.81 1.12 0.89 0.51 0.92 1.09 0.92 0.51

4 0.70 0.83 1.15 0.92 0.52 0.94 1.11 0.95 0.52

5 0.71 0.85 1.18 0.94 0.53 0.97 1.14 0.97 0.53

6 0.73 0.87 1.21 0.97 0.54 0.99 1.17 1.00 0.54

7 0.74 0.88 1.24 0.99 0.55 1.01 1.19 1.02 0.55

8 0.75 0.89 1.26 1.01 0.56 1.03 1.21 1.04 0.55

9 0.77 0.91 1.29 1.03 0.57 1.05 1.24 1.06 0.56

10 0.78 0.92 1.32 1.05 0.57 1.07 1.26 1.08 0.57

11 -0.21 -0.13 0.04 -0.15 -0.21 -0.01 0.03 -0.07 -0.20

12 1.47 1.73 2.91 2.38 0.91 2.09 2.55 2.28 0.88

13 1.47 1.72 2.92 2.38 0.91 2.10 2.56 2.29 0.88

Avgerage = 0.76 0.91 1.37 1.08 0.54 1.07 1.28 1.10 0.53

Annual Benefit-Cost Ratios (BCR) - 5kW PV + 3kW ES System

Year US AZ CA CO FL MA NV NY TX
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Figure 39: Annual BCR values for a joint 6kW + 3kW system. 

 
Figure 40: Annual BCR values for a joint 7kW + 3kW system. 

 

1 0.77 0.94 1.18 0.98 0.62 0.96 1.05 0.96 0.62

2 0.79 0.97 1.21 1.01 0.64 0.98 1.08 0.99 0.63

3 0.82 1.00 1.25 1.04 0.66 1.01 1.11 1.02 0.65

4 0.84 1.02 1.29 1.08 0.67 1.04 1.14 1.05 0.67

5 0.86 1.05 1.32 1.11 0.69 1.07 1.17 1.08 0.68

6 0.89 1.08 1.36 1.14 0.70 1.10 1.20 1.11 0.70

7 0.91 1.10 1.39 1.17 0.72 1.12 1.23 1.14 0.71

8 0.93 1.12 1.42 1.19 0.73 1.14 1.25 1.16 0.72

9 0.95 1.15 1.45 1.22 0.74 1.17 1.28 1.19 0.73

10 0.97 1.17 1.49 1.25 0.75 1.19 1.30 1.21 0.74

11 -0.10 0.02 0.19 0.00 -0.14 0.11 0.10 0.05 -0.13

12 2.09 2.51 3.46 2.96 1.35 2.45 2.78 2.69 1.30

13 2.09 2.51 3.47 2.97 1.35 2.46 2.79 2.70 1.30

Avgerage = 0.98 1.20 1.58 1.32 0.73 1.22 1.34 1.26 0.72

TX

Annual Benefit-Cost Ratios (BCR) -6kW PV + 3kW ES System

Year US AZ CA CO FL MA NV NY

1 0.88 1.08 1.28 1.10 0.76 1.03 1.19 1.04 0.76

2 0.90 1.11 1.32 1.13 0.78 1.06 1.22 1.07 0.78

3 0.93 1.15 1.36 1.17 0.80 1.10 1.26 1.11 0.81

4 0.96 1.18 1.41 1.21 0.83 1.13 1.30 1.14 0.83

5 0.99 1.21 1.45 1.25 0.85 1.16 1.33 1.18 0.85

6 1.02 1.24 1.49 1.28 0.87 1.19 1.36 1.21 0.88

7 1.04 1.27 1.53 1.32 0.89 1.22 1.40 1.24 0.90

8 1.07 1.30 1.56 1.35 0.91 1.25 1.43 1.27 0.92

9 1.09 1.33 1.60 1.38 0.93 1.27 1.46 1.30 0.93

10 1.12 1.36 1.63 1.41 0.95 1.30 1.49 1.33 0.95

11 0.03 0.18 0.35 0.15 -0.05 0.23 0.26 0.17 -0.05

12 2.52 3.04 4.00 3.52 1.99 2.80 3.32 3.08 1.96

13 2.54 3.06 4.02 3.54 1.99 2.81 3.34 3.10 1.95

Avgerage = 1.16 1.42 1.77 1.53 0.96 1.35 1.57 1.40 0.96

NYCA CO FL MA NV

Annual Benefit-Cost Ratios (BCR) - 7kW PV + 3kW ES System

TXYear US AZ
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Figure 41: Annual BCR values for a joint 5kW + 5kW system. 

 
Figure 42: Annual BCR values for a joint 6kW + 5kW system. 

1 0.57 0.69 1.06 0.78 0.44 0.92 1.00 0.89 0.43

2 0.58 0.70 1.09 0.80 0.45 0.94 1.03 0.92 0.44

3 0.60 0.72 1.13 0.83 0.46 0.97 1.06 0.95 0.45

4 0.62 0.74 1.16 0.86 0.47 1.00 1.09 0.98 0.47

5 0.63 0.75 1.20 0.89 0.48 1.03 1.12 1.01 0.47

6 0.64 0.77 1.23 0.91 0.49 1.06 1.15 1.04 0.48

7 0.66 0.78 1.27 0.94 0.50 1.09 1.18 1.07 0.49

8 0.67 0.79 1.30 0.97 0.50 1.12 1.21 1.10 0.50

9 0.68 0.81 1.33 0.99 0.51 1.14 1.23 1.12 0.51

10 0.69 0.82 1.36 1.01 0.52 1.17 1.26 1.15 0.51

11 -0.53 -0.48 -0.43 -0.57 -0.50 -0.43 -0.45 -0.48 -0.49

12 1.40 1.65 4.20 3.21 0.87 3.10 3.53 3.34 0.84

13 1.39 1.64 4.23 3.23 0.87 3.12 3.54 3.36 0.84

Avgerage = 0.66 0.80 1.55 1.14 0.47 1.25 1.38 1.27 0.46

NY TX

Annual Benefit-Cost Ratios (BCR) - 5kW PV + 5kW ES System

Year US AZ CA CO FL MA NV

1 0.72 0.90 1.18 0.93 0.56 1.00 1.02 0.98 0.56

2 0.74 0.93 1.22 0.96 0.57 1.03 1.05 1.01 0.57

3 0.77 0.96 1.26 0.99 0.59 1.07 1.09 1.05 0.58

4 0.79 0.99 1.30 1.03 0.60 1.11 1.12 1.08 0.60

5 0.81 1.02 1.34 1.06 0.62 1.14 1.15 1.12 0.61

6 0.83 1.04 1.38 1.09 0.63 1.17 1.19 1.15 0.63

7 0.85 1.07 1.42 1.12 0.64 1.20 1.22 1.19 0.64

8 0.87 1.09 1.46 1.15 0.65 1.23 1.25 1.22 0.65

9 0.89 1.11 1.50 1.19 0.67 1.27 1.28 1.25 0.66

10 0.90 1.13 1.54 1.21 0.68 1.30 1.31 1.28 0.67

11 -0.50 -0.45 -0.33 -0.47 -0.48 -0.36 -0.40 -0.41 -0.47

12 2.30 3.04 4.99 4.05 1.29 3.61 3.84 3.91 1.25

13 2.28 3.01 5.03 4.08 1.28 3.64 3.86 3.94 1.24

Avgerage = 0.94 1.22 1.79 1.41 0.64 1.42 1.46 1.44 0.63

TX

Annual Benefit-Cost Ratios (BCR) -6kW PV + 5kW ES System

Year US AZ CA CO FL MA NV NY
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Figure 43: Annual BCR values for a joint 7kW + 5kW system. 

 For each joint system combination, the results show an improvement in BCR with each 

consecutive year, with the exception in year 11 where a decrease in BCR is observed due to the 

battery replacement cost. Year 0 has a 0.00 BCR for the US and across all listed states and 

system sizes because Year 0 is the year the PV + ES system is installed. Evaluation of the PV + 

ES joint system’s performance begins the year after the joint system is installed (Year 1). As in 

scenario 2, the increase in BCR for each consecutive year is primarily attributed to the increases 

observed in annual energy cost savings and net-metered credits, with each consecutive year, 

while the energy costs totals only slightly increase The battery replacement cost is large enough 

($3,306.37) to produce a negative BCR for all three 5kW ES coupled systems. A 7kW + 5kW 

joint system produces the highest BCR values for all locations except for Florida and Texas. This 

is because the 7kW + 5kW combination gives a residence the highest PV production capabilities 

(7kW PV system) coupled with the highest ES system coverage (5kW ES system). In the case of 

Florida and Texas, recall that the only system combination to produce net-metered credit is a 

1 0.84 1.04 1.28 1.05 0.69 1.08 1.16 1.06 0.69

2 0.87 1.08 1.33 1.09 0.71 1.11 1.20 1.09 0.71

3 0.90 1.11 1.38 1.13 0.73 1.15 1.24 1.13 0.73

4 0.94 1.15 1.42 1.17 0.75 1.19 1.28 1.17 0.75

5 0.97 1.19 1.47 1.21 0.77 1.23 1.32 1.21 0.77

6 1.00 1.22 1.51 1.25 0.79 1.27 1.36 1.25 0.79

7 1.03 1.26 1.56 1.28 0.81 1.30 1.40 1.29 0.81

8 1.05 1.29 1.60 1.32 0.83 1.34 1.43 1.33 0.82

9 1.08 1.32 1.65 1.36 0.84 1.37 1.47 1.36 0.84

10 1.11 1.35 1.69 1.39 0.86 1.41 1.50 1.40 0.85

11 -0.45 -0.36 -0.24 -0.38 -0.45 -0.28 -0.30 -0.33 -0.44

12 3.45 4.18 5.74 4.84 1.95 4.11 4.62 4.47 1.86

13 3.48 4.21 5.80 4.89 1.94 4.14 4.65 4.51 1.85

Avgerage = 1.25 1.54 2.01 1.66 0.86 1.57 1.72 1.61 0.85

CO FL MA NV NY TXYear US AZ CA

Annual Benefit-Cost Ratios (BCR) - 7kW PV + 5kW ES System
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7kW + 3kW joint system and thus produces the highest 13 year BCR average for the two states. 

The net-metered credit produced for this joint system is less than $2,000 for both Florida and 

Texas. By adding a 5kW ES system, the battery replacement cost of $3,306.37 is now added to 

the Florida and Texas energy cost totals, nullifying the less than $2,000 net-metered credit that a 

7kW + 3kW ES system was contributing to the 13 year BCR average of the two states; hence 

why a 7kW + 5kW joint system does not produce the highest BCR for these two states as it does 

the other locations. 

 The results for Texas and Florida are consistent with scenario 2 as these two states 

produce the lowest BCR values across all listed locations. California and Nevada produce the 

highest BCR values across all listed locations. Colorado, which produced amongst the top three 

highest BCR value in scenario 2, falls below or equal to New York and Massachusetts when 

comparing joint 5kW + 5kW and 6kW + 5kW systems. Adding a 5kW ES system increases 

Colorado’s energy savings cost totals by a lesser amount than the increase experienced for New 

York and Massachusetts, as depicted by the difference between the 3kW ES system energy costs 

savings totals and the 5kW energy cost savings totals of the three states in Figure 37. It’s not 

until the 7kW + 5kW joint system combination that Colorado produces a higher BCR value than 

New York and Massachusetts again. This is attributed to the larger increase in net-metered credit 

totals experienced by Colorado over those experienced by New York and Massachusetts, as 

depicted by the orange bars in Figure 36. 

 Figure 44 and Figure 45 display the 13 year horizon ROIs for a residence with a joint 

PV + ES system. As in scenario 2, the ROI’s are presented with the added home premium 

included and without the premium and are shown for all joint system combinations across the US 

and the listed states. ROI is calculated by subtracting the capital investments from year 0, the 
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total loan payments, and the total energy costs over the 13 year horizon, from the sum of the 

added home premium in year 13, tax credit incentive from year 1, total net-metered credits over 

the 13 year horizon, and the total energy cost savings over the 13 year horizon. This value is then 

divided by the capital investments and expressed as a percentage.  

 The scenario 3 ROI calculations of this analysis differ from those of Truong et al. [7], 

which also reports ROI for a residence with a joint PV + ES system, due to following factors: (1) 

the inclusion of the added home premium when the PV residence is assumed to be sold in year 

13; (2) the consideration of the ES battery replacement after the 10-year warranty (see Scenario 

3 Assumptions), a limitation in the Truong et al. study; (3) the consideration of PV system’s 

decrease in market value over the 13 years; (4) the inflation impacts applied to the PV provided 

energy sale price; (5) the usage of a 13 year horizon, equivalent to the average number of years 

US homeowners stay in a home [21]. The added home premium is the main contributor to the 

larger than previously reported, by Truong et al., ROI values. In addition, Truong et al. uses a 20 

year fixed PV provided energy sale price due to Germany’s renewable energy regulations, 

whereas this analysis applies the US energy inflation rate to the PV provided energy sale price 

(see Scenario 2 Assumptions). 

 
Figure 44: 13 year horizon ROI calculations with added home premium (Scenario 3). 

5kW PV + 3kW ES 51% 61% 73% 60% 49% 65% 78% 63% 50%

6kW PV + 3kW ES 65% 80% 91% 79% 62% 79% 89% 78% 64%

7kW PV + 3kW ES 82% 100% 108% 97% 76% 94% 109% 93% 77%

5kW PV + 5kW ES 39% 47% 58% 44% 37% 52% 59% 50% 38%

6kW PV + 5kW ES 49% 60% 73% 60% 48% 65% 68% 63% 49%

7kW PV + 5kW ES 62% 77% 88% 75% 59% 77% 85% 75% 61%

Return of Investment (ROI) - Scenario 3 with Home Premium

Year US AZ CA CO FL MA NV NY TX
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Figure 45: 13 year horizon ROI calculations without added home premium (Scenario 3). 

 As with scenario 2, the results show an increasing trend in ROI as the PV system size 

increases for each ES system combination. California and Nevada display the highest ROI with 

and without the added home premium, and are the only states to produce a positive ROI for all 

three combinations of 3kW ES system when the home premium is not included. As in scenario 2, 

this because of: (1) a large difference between the annual PV system production output levels 

(kWh) [38] and the average annual day-time energy consumption levels for a residence in the 

state (California); (2) high annual PV system production output levels for systems within the 

state [38], which leads to greater gains from net-metered credit (Nevada). Colorado no longer 

consistently bests Massachusetts and New York in ROI as it was in scenario 2 due to the lesser 

increase in energy cost savings totals when a 5kW ES system is added, as described above in the 

scenario 3 BCR results. Arizona is also no longer a consistently leading state in terms of ROI as 

it was in scenario 2 due to undergoing situation 1. Florida and Texas display the lowest ROI 

totals, with and without the added home premium, as they did in scenario 2.  

 Consistent with the scenario 2, the ROI results show how significantly impactful the 

added home premium is to the results. All ROI values are positive when the added home 

premium is included (Figure 44) and the majority of ROIs are negative, including the all 5kW 

ES system combinations, when the home premium is not included (Figure 45). The 7kW + 5kW 

joint system combination is -0.42% but appears as 0% due to rounding.   

5kW PV + 3kW ES -21% -13% 2% -13% -24% -4% 4% -8% -23%

6kW PV + 3kW ES -17% -4% 10% -5% -22% 1% 5% -3% -21%

7kW PV + 3kW ES -11% 6% 18% 3% -18% 5% 15% 2% -17%

5kW PV + 5kW ES -34% -26% -13% -30% -37% -17% -15% -21% -36%

6kW PV + 5kW ES -32% -22% -7% -23% -34% -13% -15% -17% -33%

7kW PV + 5kW ES -28% -14% 0% -16% -32% -9% -6% -13% -31%

NY TX

Return of Investment (ROI) - Scenario 3 without Home Premium

Year US AZ CA CO FL MA NV
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Sensitivity Analysis: 

 A sensitivity analysis is performed to evaluate the effects the federal ITC’s upcoming 

changes, as well as the likely technological advancements of ES batteries, have on the ROI. 

Under current federal regulation, the ITC is expected to remain at 30% until 2019, and then drop 

to 26% in 2020, 22% in 2021, and eventually 0% in 2022 for residential investors. For the ES 

batteries, this sensitivity analysis assumes technological advancements will decrease the 

considered battery replacement cost in year 11. The analysis assumes a battery replacement cost 

decrease of 25% and 50% of the current year 11 cost. The US average 5kW PV, 5kW + 3kW and 

5kW + 5kW system options are used in the analysis.  

 Figure 46 and Figure 47 display the ITC sensitivity analysis with and without the added 

home premium included in the ROI. The results show an equal drop in ROI for all three system 

options. The ITC only affects the capital investment costs in year 0, thus the effect of the ITC 

drop will be consistent across all system options’ ROIs unless the capital costs were to 

increase/decrease at different rates for the system options. By 2022, when the ITC is at 0% for 

residential investors, the ROI witnesses the steepest drop as expected. 

 
Figure 46: ITC sensitivity analysis with the added home premium included. 
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Figure 47: ITC sensitivity analysis without the added home premium. 

 Figure 48 and Figure 49 display the battery replacement cost sensitivity analysis with 

and without the added home premium included in the ROI. The results show that the 5kW PV 

system's ROI remains constant because it has no ES system and is thus not affected by drops in 

the battery cost. The 5kW + 3kW and 5kW + 5kW joint systems witness minor improvement in 

ROI, but enough to make them more viable options than the 5kW PV system. This is because a 

reduction in battery costs alone is not enough to account for the large capital costs the ES 

systems (as a whole) currently come with. The battery costs account for 23% ($1.00/W of 

$4.27/W total) and 34% ($2.00/W of $5.93/W total) of the total ES system costs for the 3kW and 

5kW ES system respectively. Only the battery is replaced in year 11; the other components of the 

overall ES system are not. As a result, the improvement on the overall ROI is minimal.   

 The most likely route for the joint system to become economically favored over the sole 

PV system is for the ES system (as a whole) capital costs to experience the same drastic decrease 

over the next 5-10 years that the PV system capital costs experienced over the past decade. As 

the interest in ES systems continues to grow, so will the research and development dedicated to 

the systems. This will lead to eventual decreases in overall ES system costs.  
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Figure 48: Battery replacement cost sensitivity analysis with the added home premium included. 

 
Figure 49: Battery replacement cost sensitivity analysis without the added home premium. 
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IX. Conclusions & Outlook 

 This research performs an economic analysis of residential PV systems with and without 

ES. An ROI is used to determine the economic evaluation of the systems over a 13 year analysis 

horizon. BCR is used to determine the annual economic evaluations of the system. Several 

factors are assumed, such as energy price inflation rates, ES system operation levels, PV system 

discount rates, and cost decrease rates, to help calculate the ROI and BCR results of the analysis. 

2016 NREL PV installation benchmark costs are used and analyzed across eight of the top solar 

market states and the US average. The analysis is performed for a 5kW, 6kW, and 7kW PV 

system in scenario 2. These same PV system sizes are coupled with Tesla Powerwall 3kW and 

5kW ES systems and analyzed in scenario 3. The main conclusions drawn from this research are 

as follows: 

1. The most economically valuable option is a 7kW PV system without ES. 

 A residence with just a 7kW PV system is the most economically viable option at this 

time. The results for such a residence produced the highest ROIs with and without the added 

home premium across all listed locations. Such a residence also produced the highest annual 

BCR values and 13 year BCR averages, also across all listed locations.  The 7kW residence is 

the only option to produce BCR values above 1, signifying a desirable economic evaluation, for 

all listed states and the US average. 

2. A 3kW ES system is a more economically valuable option than a 5kW ES system. 

 The ROIs for the 3kW ES coupled joint system are greater than those of the 5kW ES 

coupled joint system; this stands across all states and the US average. The increase in average 

night-time demand covered that the 5kW system provides over the 3kW is not enough to 

overcome the increase in total ES system capital cost and battery replacement costs in year 11. 
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3. Coupling a PV system with an ES system is not economically beneficial at this time.  

 Across all listed locations, the incorporation of an ES system significantly reduces the 

ROI with and without the added home premium showing that even with the added PV provided 

energy supply towards the average night-time consumption, the current ES system costs are too 

high to provide economic benefit over just utilizing a PV system.  

4. California and Nevada experience the most economic value for all scenario options.  

 California and Nevada produces the highest ROI and BCR values for all combinations in 

scenario 2 and scenario 3, and they are the least expensive states in scenario 1. When a 3kW ES 

system is added any PV system size, California and Nevada are the states to produce a positive 

ROI for all the joint PV + ES combinations.  

5. Florida and Texas experience the least economic value for all scenario options. 

 Florida and Texas produce the lowest ROI and BCR values for all combinations in 

scenario 2 and scenario 3, and they are the most expensive states in scenario 1. Florida and Texas 

are the only states to not produce a 13 year BCR average above 1 for any of the PV + ES joint 

system combinations. In addition, Florida and Texas are the only states to produce negative ROIs 

for all PV + ES joint system combinations.  

 Over the past two decades, a substantial amount research and development has been 

performed on PV systems. As a result, the cost of PV systems has decreased drastically. 

Currently, the cost of joint PV + ES systems is almost double the cost of just PV systems [34]. 

As ES and joint PV + ES system interest continues to increase, so will the research and 

development into ES system. This will lead to decreases in the cost of ES system and potentially 

make the added energy supply ES system provide a more economically valuable option that just 

utilizing PV system alone.  
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Appendix A.  

Table 3 displays the average annual PV production outputs (kWh) for each listed 

location across the three analyzed PV system sizes. The production amounts are provided by 

EnergySage. EnergySage calculates the production amount using PV Watts, a tool developed by 

NREL [38].  

 
Table 3: Average annual PV production for each listed location. 

Table 4 displays the assumed average annual day-time and night-time consumption 

(kWh) for a residence in the listed locations.  The consumption averages are provided by the 

Office of Energy Efficiency & Renewable Energy (EERE). EERE publishes data-sets of the 

hourly residential load profiles in all listed states of this analysis [39]. These hourly loads are 

summed for the day-time hours and night-time hours to produce the average consumptions.  

 

5kW 6kW 7kW

US 7,162 8,500 9,910

AZ 8,643 10,379 12,099

CA 7,915 9,501 11,078

CO 7,639 9,175 10,695

FL 7,313 8,778 10,237

MA 6,606 7,931 9,247

NY 6,372 7,649 8,920

NV 9,794 10,565 12,313

TX 7,405 8,894 10,371

Average Annual PV Production (kWh)
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Table 4: Average annual consumption for a residence for each listed location. 

Table 5 displays the capital costs for PV in each of the listed states ($/W). The costs 

provided are based off the US 2016 solar cost benchmarks, published by the National Renewable 

Energy Laboratory (NREL) in the first quarter of 2016 [8].  

 
Table 5: Capital costs of PV for each listed location. 

 

 

Day-Time Night-Time Total

US 6,055 4,757 10,812

AZ 7,402 4,934 12,336

CA 3,543 3,141 6,684

CO 4,211 4,045 8,256

FL 7,804 5,888 13,692

MA 3,684 3,540 7,224

NY 4,039 3,173 7,212

NV 6,245 4,711 10,956

TX 8,326 5,786 14,112

Average Annual Consumption for a 

Residence (kWh)

US

AZ

CA

CO

FL

MA

NY

NV

TX

2.81$                            

2.84$                            

3.18$                            

3.02$                            

2.82$                            

2.80$                            

Captial PV Costs ($/W)

2.93$                            

2.85$                            

3.04$                            
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Table 6 displays the average annual energy purchase price ($/kWh) for each of the listed 

locations. The energy prices are provided by the US Energy Information Administration (EIA). 

The prices are based off 2015.  

 
Table 6: Average annual energy purchase price for each listed location 

Appendix B and Appendix C contain the Microsoft Excel tool calculations for 

California (CA) – one of top two viable states, and Texas (TX) – one of the two least viable 

states, respectively; all system options are displayed for both states. The Microsoft Excel tool 

calculations for the US average are displayed in the Analysis chapter of this paper and the 

calculations for the remaining states are available in the Excel tool. 

 

 

 

 

 

 

 

US

AZ

CA

CO

FL

MA

NY

NV

TX

0.1212$                       

0.1158$                       

0.1983$                       

0.1854$                       

0.1276$                       

0.1156$                       

Average Annual Energy 

Purchase Price ($/kWh)

0.1265$                       

0.1213$                       

0.1699$                       
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Appendix B.  

Figures 50, 51 and 52 display the Microsoft Excel tool calculated values, specific to the 

state of California (CA), for a 5kW, 6kW and 7kW PV system respectively. 

 
Figure 50: Microsoft Excel tool calculations for the CA – 5kW PV (Scenario 1 and 2). 

 
Figure 51: Microsoft Excel tool calculations for the CA – 6kW PV (Scenario 1 and 2). 

 
Figure 52: Microsoft Excel tool calculations for the CA – 7kW PV (Scenario 1 and 2). 
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Figures 53, 54, 55, 56, 57 and 58 display the Microsoft Excel tool calculated values, 

specific to the state of California (CA), for a 5kW PV + 3kW ES, 6kW PV + 3kW ES, 7kW PV 

+ 3kW ES, 5kW PV + 5kW ES, 6kW PV + 5kW ES, and 7kW PV + 5kW ES joint system 

respectively. 

 
Figure 53: Microsoft Excel tool calculations for the CA – 5kW PV + 3kW ES (Scenario 3). 

 
Figure 54: Microsoft Excel tool calculations for the CA – 6kW PV + 3kW ES (Scenario 3). 

 
Figure 55: Microsoft Excel tool calculations for the CA – 7kW PV + 3kW ES (Scenario 3). 
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Figure 56: Microsoft Excel tool calculations for the CA – 5kW PV + 5kW ES (Scenario 3). 

 
Figure 57: Microsoft Excel tool calculations for the CA – 6kW PV + 6kW ES (Scenario 3). 

 
Figure 58: Microsoft Excel tool calculations for the CA – 7kW PV + 5kW ES (Scenario 3). 
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Appendix C. 

Figures 59, 60 and 61 display the Microsoft Excel tool calculated values, specific to the 

state of Florida (FL), for a 5kW, 6kW and 7kW PV system respectively. 

 
Figure 59: Microsoft Excel tool calculations for the TX – 5kW PV (Scenario 1 and 2). 

 
Figure 60: Microsoft Excel tool calculations for the TX – 6kW PV (Scenario 1 and 2). 

 
Figure 61: Microsoft Excel tool calculations for the TX – 7kW PV (Scenario 1 and 2). 



88 
 

Figures 62, 63, 64, 65, 66 and 67 display the Microsoft Excel tool calculated values, 

specific to the state of Florida (FL), for a 5kW PV + 3kW ES, 6kW PV + 3kW ES, 7kW PV + 

3kW ES, 5kW PV + 5kW ES, 6kW PV + 5kW ES, and 7kW PV + 5kW ES joint system 

respectively. 

 
Figure 62: Microsoft Excel tool calculations for the TX – 5kW PV + 3kW ES (Scenario 3). 

 
Figure 63: Microsoft Excel tool calculations for the TX – 6kW PV + 3kW ES (Scenario 3). 

 
Figure 64: Microsoft Excel tool calculations for the TX – 7kW PV + 3kW ES (Scenario 3). 
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Figure 65: Microsoft Excel tool calculations for the TX – 5kW PV + 5kW ES (Scenario 3). 

 
Figure 66: Microsoft Excel tool calculations for the TX – 6kW PV + 5kW ES (Scenario 3). 

 
Figure 67: Microsoft Excel tool calculations for the TX – 7kW PV + 5kW ES (Scenario 3). 
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