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the contracted term, which is generally half of the system’s 
lifespan (3). In this arrangement, the developer sells all the 
generated power to the town at some predetermined rate 
that is lower than the price previously paid by the town (3). 
Alternatively, the town can become the owner and installer 
by contracting with a construction company, which requires 
upfront capital for construction (4). These options both have 
disadvantages, either financially (the upfront cost and/or 
revenue) or in the municipality’s control of the system. 
 Green bonds (issued by governments, multilateral 
development banks, and public and private municipalities) 
offer a solution to both problems by eliminating the need for 
upfront capital while still giving the issuer full control of the 
solar power system (5). Like conventional bonds, green bonds 
raise initial capital for the issuer, and in return, the issuer pays 
back fixed fractions of the principal and interest yearly over 
a specified period (5). These bonds are exclusively used to 
fund projects that work to better the environment (5). As an 
incentive for environmentally favorable projects, green bonds 
have a yield spread (modeled by taking the difference in yield 
to maturity) that is, on average, eight basis points lower than 
conventional bonds, which results in a 5% decrease in the 
borrowing costs to the issuer (5). Certain agencies will be 
commissioned to study the bond and certify its status as a 
green bond (5). Green bonds’ environmental focus makes 
them appealing to a new generation of investors interested 
in building sustainable investment portfolios, which widens 
the possible audience for the bonds and burnishes the public 
image of both investors and issuers (6).
 In terms of the scope of environmentally friendly projects 
green bonds can finance without burden on the installer, there 
are a few existing studies on the effectiveness of green bonds 
in facilitating the implementation of solar energy technology, 
possibly because there are many varying components within 
solar energy. Albeit limited, the available research, overall, 
suggests that green bonds are effective in financing solar 
energy projects since green bonds are specifically designed 
to be paid back with the revenue from energy generated, and 
more and more governmental incentives make this repayment 
possible (6). As solar energy generation matures, green bonds 
may increase by financing new investments in this renewable 
energy area (7). Hence, they will be even more effective in 
supporting future solar energy generation. Therefore, the 
present research aims to examine the use of green bonds to 
finance solar energy systems as an alternative to traditional 
upfront payment methods in New Jersey, making installation 
accessible for towns with limited financial resources.
 New Jersey’s strong solar incentives and high electricity 
costs make it an ideal focus for this research. However, the 
state has a higher price per watt for solar energy systems 
compared to the national average, making paying back its 
green bond potentially more difficult (4). We hypothesized 
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SUMMARY
Global reliance on extractive energy sources has many 
downsides, among which are inconsistent supply and 
consequent price volatility that distress companies 
and consumers. It is unclear if renewable energy offers 
stable and affordable solutions to extractive energy 
sources. The cost of solar energy generation has 
decreased sharply in recent years, prompting a surge 
of installations with a range of financing options. Even 
so, most existing options require upfront payment, 
making installation inaccessible for towns with 
limited financial resources. The primary objective of 
our research is to examine the use of green bonds to 
finance solar energy systems, as they eliminate the 
need for upfront capital and enable repayment through 
revenue generated over time. We hypothesized that if 
we modeled the usage of green bonds to finance the 
installation of a solar energy system in New Jersey, 
then the revenue generated over the system’s lifetime 
would be enough to repay the bond. After modeling 
the financial performance of a proposed solar energy-
producing carport in Madison, New Jersey, financed 
with green bonds, we found that revenue from solar 
energy systems successfully covered the annual 
green bond payments and enabled the installers to 
obtain over 50% of the income for themselves. Our 
research demonstrated green bonds as a promising 
option for New Jersey towns with limited financial 
resources seeking to install solar energy systems, 
thereby breaking down a financial barrier.

INTRODUCTION
 Solar energy is an emerging alternative to conventional 
extractive energy sources. In the 21st century, solar costs 
have gone down over 90% and are projected to further 
decrease by 25% by 2030 (1). With declining costs and 
government subsidies, using solar power as an alternative 
to traditional energy sources can not only reduce prices but 
potentially generate income for the installer, whether that be 
an individual, a business, a utility, or a town. Additionally, 
while the prices of fossil fuels fluctuate due to their status as 
a global commodity, the influence of geopolitical events and 
natural disasters, etc., solar energy eliminates that instability 
and provides a predictable, stable cost to customers because 
it relies on the abundant and free sunlight resource and 
involves predictable installation and operation costs (2).
 There are two main ways town officials can finance a 
solar energy system. The first way is called a power purchase 
agreement. This involves a town contracting with a developer 
to build and own an electricity system for the duration of 
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that if green bonds were utilized to finance the expenses 
of installing a solar energy system in New Jersey, then the 
revenue generated from selling the energy produced would 
be enough to repay the bond. To examine this hypothesis, we 
first investigated how solar carports generated revenue using 
a solar carport currently being implemented in Madison, New 
Jersey. After finding how to calculate gross revenue from solar 
power systems, we modeled the performance of two other 
proposed solar carport projects in Madison if financed with 
green bonds. We discovered that the total income generated 
during the lifetime of the carport would not only cover the cost 
of the green bond but also enable the installers to obtain over 
50% of the income for themselves. This promising finding 
could unlock a near-cost-free way to adopt solar energy 
solutions for New Jersey towns.  

RESULTS
 We performed a financial analysis to determine if solar 
energy systems could pay back the year-by-year debt service 
green bonds impose. This analysis included calculating 
building costs, yearly income from power generation, yearly 
income from Transition Renewable Energy Certificates 
(TRECs), and yearly debt service from the green bond. 
We chose these factors because they are the key financial 
components that influence the feasibility and sustainability 
of a solar energy project. There may also be costs not 
included in this analysis, such as administrative costs and 
legal and underwriting fees incurred during the green bond 
issuance process because they are variable and relatively 
inconsequential. To conduct this analysis, we used data from 
solar carport projects in Madison, New Jersey. 
 There are three proposed solar carport projects in 
Madison: Madison’s Recreational Center, Madison Community 
Pool, and Madison’s Department of Public Works. We first 
examined the carport at Madison’s Recreational Center to 
understand how gross revenue would be calculated. It had an 
estimated cost of $1.7 to $1.8 million as of 2023 (8). However, 
that cost is lowered by 30% to 40% because of aid supplied 
by the Federal Inflation Reduction Act (8). We conducted a 
worst-case scenario analysis by using the highest building 
cost estimate of $1.8 million and the least amount of aid 
provided by the Federal Inflation Reduction Act of 30%, 
which returned $1,260,000 as the initial capital outlay for the 
carport at Madison’s Recreational Center. We then calculated 
the gross revenue of energy sold to the grid over 30 years to 
be $1,972,206.25 (Table 1). Equation 1 and other equations 
used for the calculations are explained further in the Materials 
and Methods section.
 In New Jersey, builders of solar generation projects like 
these solar carports can also benefit from a state renewable 
energy certificate program now called Transition Renewable 
Energy Certificates (9). TRECs offer approximately $0.10 per 
kWh of energy produced for the first 15 years of the carport 
(9). Other states offer their own solar and renewable energy 
incentive programs that municipalities can use. We found that 
TRECs can potentially help the project generate an estimated 
$1,236,165 over 15 years using Equation 2 (Table 1). 
 Then, using the data and methods from the as-examined 
carport at Madison’s Recreational Center, we looked at 
Madison’s two additional proposed solar arrays to analyze 
their year-by-year outcome if green bonds were used to 
finance them (8). Using these two carports, we can answer 

our hypothesis of whether the carports’ gross revenue is able 
to pay back the debt of green bonds.
 We examined the additional site at the Madison Community 
Pool with a power generating capacity of 707,000 watts of 
direct current power (DC) (4, 10). We multiplied this power-
generating capacity by the estimate of $2.50 per watt to get 
a purchasing price of $1,767,500 for the carport at Madison’s 
Community Pool. As for the building cost, we estimated 
the worst-case scenario with minimum (30%) aid from the 
Inflation Reduction Act and arrived at $1,237,250. This cost 
is the principal of the green bond in our analysis. Accordingly, 
if financed with a green bond, the total debt for the carport at 
the Madison Community Pool would come to $1,753,459.98 
over 30 years, according to the calculation using Equation 3 
(Appendix A Table 1). 
 Then, we calculated the operating income for each year 
using Equations 1 and 2 and compared it with the yearly debt 
service (principal and interest) that must be paid. The gross 
revenue of energy sold would come out to $2,388,155.63 
over 30 years, while TRECs contributed $1,011,712.50 during 
the first 15 years (Appendix A Table 1). TRECs would 
have a significant positive impact on income in the first 15 
years (Figure 1). Even after the TRECs expire in year 16, 
the project would remain profitable for the remainder of its 
lifetime (Figure 1). This can be ascribed to the declining 
interest payment caused by decreasing principal outstanding 
and greater estimated revenue resulting from energy price 
inflation. Operating income increased every year except 
from years 9-10 because of inflation predictors, while debt 
service decreases every year because interest is taken from 
a smaller pool of principal as a fixed fraction of the principal is 

Table 1: Estimated income and outgo 30-year outlook for 
Madison Recreational Center solar carport. This table compiles 
the revenue and expenditure of the recreational center carport without 
the repayment of any debt securities. The expenditure includes the 
building cost and yearly maintenance costs. The revenue includes 
revenue from energy and TRECs. Every year is scaled by inflation 
predictions, and the energy revenue is affected by the deterioration 
rate of solar panels. 
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paid every year (Figure 1).
 Operating income had a somewhat linear increase (Figure 
2). This is because the deterioration rate of the solar panels, 
which negatively affects revenue from TRECs and energy, 
negates the growth from inflation, which positively affects the 
cost of maintenance and revenue from energy. The amount 
earned through the carport at Madison’s Community Pool and 
incentives would exceed the financing expenses, which include 
the principal as a fixed cost and interest and maintenance 
as variable costs, in year 9 (Figure 2). This breakeven point 
represents the point at which the accumulated revenue and 
the expenses are equal. By the end of the 30-year issuance 
period, the amount earned through the carport at Madison’s 
Community Pool would exceed financing expenses by 74% 
(Figure 2). 

 We found that green bonds can pay back solar energy 
systems in New Jersey with almost no cost for the installer. 
Through modeling the year-by-year financials of the proposed 
solar carport at Madison’s Community Pool if financed with 
green bonds, we found that 34% of the generated income 
during the carport’s lifetime would go to paying the principal 
of the green bond, 14% would be used to pay off the interest 
on the bond, and 52% would be the revenue gained by the 
installer (Table 1). 
 To compare the financial performance of different sites 
under similar conditions and validate the initial assumptions 
and calculations made for the first site, we then modeled the 
performance of the second additional site being considered 
at Madison’s Department of Public Works, which includes not 
only carports but also rooftop arrays, so the cost of building 

Figure 2: Breakeven analysis for Madison Community Pool solar carport. The line chart shows incomes and expenses fluctuate 
throughout 30 years, and the approximate time income and expenses break even for a potential solar carport at Madison’s Community Pool 
if financed with green bonds. Cumulative operating income (blue), comprising energy sold and income from TRECs cumulated year-by-year, 
along with financing expenses (red), which include the initial building cost and cumulative bond interest, is represented on the line chart.

Figure 1: Annual operating income and debt service for Madison Community Pool solar carport. The line graph compares the yearly 
income (blue) and debt service (red) of a potential solar carport at Madison’s Community Pool if financed with green bonds. Operating income 
includes annual energy sales and income from Transition Renewable Energy Certificates (TRECs), and debt service consists of principal and 
interest to be paid each year. The figure illustrates the two’s year-by-year values for comparison and the magnitude of the drop in operating 
income after TRECs end.
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is not as expensive for the energy produced (4). We found 
that the installer gains approximately 59% of the generated 
income as revenue (Appendix A Table 2). After building 
the breakeven analysis chart and annual operating income 
and debt service chart for Madison’s Department of Public 
Work’s proposed carport, we saw that the patterns in both the 
Department of Public Work’s and Madison Community Pool’s 
charts were almost identical (Appendix A Table 1, Table 
2). As a result, in a region with identical incentives, a single 
version of a chart suffices to estimate the financials of solar 
energy systems of varying costs.

DISCUSSION
 This simulation project aimed to understand the process of 
calculating the income and expenses of a solar energy system 
and the process of creating the repayment schedule for a 
green bond issuance. We hypothesized that if green bonds 
were utilized to finance the expenses of installing a solar 
energy system in New Jersey, then the revenue generated 
from selling the energy produced would be enough to repay 
the bond. Therefore, there should be no burden on taxpayers 
since the money does not come from the town budget. To 
test this hypothesis, we developed Equations 1 and 2 to 
calculate income from TRECs and energy, which constitutes 
the operating income from a carport. Then, we compared that 
income with the debt from the green bond, calculated with 
Equation 3. Through our analysis, we found that solar energy 
systems, financed using green bonds, can generate positive 
cash flow even in the case of a town that does not have the 
upfront capital to fund a solar project. Furthermore, green 
bonds would enable the installers to obtain over 50% of the 
income for themselves. Our analysis and visualizations can 
be used to estimate the financial performance of other solar 
energy systems financed with green bonds in New Jersey.
 Solar carports cost 30% to 40% more to install than 
ground-mounted solar panels (11). If a town already owns 
the carport property and could benefit from the main use 
as a carport as well as by the power generation of the solar 
panels, carport solar can be a good choice despite the added 
cost of building the overhead panels in the carport roof. We 
focus on carports in our research; other forms of solar, such 
as ground-mounted solar or rooftop solar, may yield different 
results. However, because an expensive form of solar power 
system like carports can repay their green bond in New 
Jersey, other forms of solar power systems may also have no 
problem doing so. Nevertheless, our research could benefit 
from experiments showing the distribution of revenue of other 
inexpensive solar panel arrangements like ground-mounted 
solar or rooftop solar financed by green bonds. By comparing 
financial outcomes, towns would be able to better discern the 
optimal arrangement for their situation. Our research could 
also benefit from more comparisons between alternative 
methods of financing solar power systems, like using a power 
purchase agreement or contracting with a construction 
company, which are unlike green bonds that require upfront 
costs and may generate greater revenue. These options 
present an appealing choice for towns with the financial 
means to pay the upfront cost. 
 We studied three carports in Madison, New Jersey. 
Madison has a municipal bond rating of AAA, which is the 
highest bond rating (12). Because high bond ratings allow 
municipalities to have slightly lower interest ratings, our method 

may not represent all towns in New Jersey, as approximately 
5% of New Jersey municipalities hold a AAA rating (12). Our 
current method also requires a 30-year commitment for the 
municipality to repay the bond. Such long-term debt securities 
may appear less appealing than short-term commitments 
like a power purchase agreement. In addition, more precise 
estimates of the cost of the three carports will not be available 
until the systems are bid on. New Jersey has a higher price per 
watt for solar energy systems compared to national averages, 
making paying back its green bond potentially more difficult 
(13). We cannot predict what the economic landscape will be 
like over the next 30 years, so the inflation percentage we 
used in our research is solely an estimate based on currently 
available information. A more complex analysis may consider 
more factors, such as the potential impact of macroeconomic 
events, changes in monetary policy, supply chain disruption, 
or geopolitical tensions that could significantly alter inflation 
rates. 
 To reap the economic benefits, it is essential to act 
when bond yields are lower, and incentives are still present. 
Undoubtedly, some statistics provided in this paper will change 
over time, but because of the credibility of their sources, 
these projections should provide a reliable estimate. Note 
that the issuance of municipal bonds may entail significant 
underwriting expenses, often making it uneconomical to issue 
bonds in small principal amounts (5). In states with insufficient 
incentives, debt service may exceed operating income until 
the breakeven point, so towns will have to cover that gap and 
expect to be paid back after the respective projects reach the 
breakeven point. Even in such a scenario, this system will 
almost always be cash flow positive at the end because we 
saw in our analysis that even without TRECs, the installer will 
still earn revenue unless there are major changes to inflation 
or the price of electricity, no aid from the Federal Inflation 
Reduction Act, or if the solar power system sustains damage. 
Further work may cover using green bonds to finance other 
forms of solar energy in other states or further study into 
incentives like TRECs on their effectiveness. Ultimately, 
our results suggest that green bonds are a viable financing 
option for communities in New Jersey seeking solar energy 
solutions without the restraining upfront cost. By increasing 
the accessibility of solar energy, green bonds have the 
potential to contribute significantly to the state’s sustainability 
goals.

MATERIALS AND METHODS
Madison Recreational Center preliminary investigation
 Originally, Madison, New Jersey, was considering plans 
to install three carports by collaborating with companies 
that develop, construct, and maintain them and to buy the 
solar energy generated at a low kWh rate (8). This had the 
possibility of creating very little income for Madison. However, 
the Federal Inflation Reduction Act, which would supply 30% 
to 40% of the initial cost of construction, made it possible for 
the borough to build one carport itself, so Madison decided to 
build one of the three planned carports, specifically the one at 
the Madison Recreational Center (8). 
 To see if solar energy systems can pay back their year-by-
year debt, we first calculated the gross revenue the system 
produces over its lifetime. We used the carport that is being 
built at the Madison Recreational Center to model how gross 
revenue from a solar power system is calculated. The gross 
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revenue, in this case, includes income generated by selling 
the electricity produced and the value of the certificates 
earned through the TREC program. 
 The cost to the borough of building the carport at the 
Madison Recreational Center is estimated to be between 
$1.7 and $1.8 million (8). The town can apply for funding 
through the Inflation Reduction Act, which will cover 30% 
to 40% of the initial cost through direct payments from the 
federal government (8). As for the attributes of the solar panel 
system, our analysis utilized estimates of a 30-year lifespan, 
a 0.5% annual deterioration rate, and $5,000 of maintenance 
costs per year (4). Inflation also needed to be considered in 
the economic analysis. While inflation was 6% in 2022, the 
U.S. Energy Information Administration predicts long-term 
residential energy inflation rates of 2.2% yearly until 2050 
(14). 
 We conducted a worst-case scenario analysis by using 
the highest building cost estimate of $1.8 million and the least 
amount of aid provided by the Federal Inflation Reduction Act 
of 30%. In our analysis, this gave $1,260,000 as the initial 
capital outlay for the carport at the Madison Recreational 
Center. To create a comparative cost distribution chart (Figure 
3), we also calculated the best-case scenario with 40% of aid 
and a $1.7 million installation, indicating a net capital outlay 
of $1,020,000. The analysis then averaged the worst and 
best cases to find the baseline case, which was $1,140,000 
in capital expenses. After considering the capital costs and 
maintenance, we calculated the revenue generated by the 
carport at Madison’s Recreational Center over its lifespan.
 The annual energy output of the carport is estimated to 
be 854,000 kWh, which has the capacity to power around 
80 homes (4). This energy would be transported to the local 
grid and sold to residents for $0.17 per kWh (4). Note that this 
$0.17 per kWh does not exactly reflect the cost of producing 
1 kWh of energy. Out of the total $0.17 per kWh, $0.11 will 
be used for the transmission, storage, and distribution of 
energy through Madison’s municipally owned electrical grid, 
which is a system of transmission lines, substations, and 
distribution lines that work to transport energy to customers 

(3, 15). Madison will fulfill a fraction of its electricity demand 
through this carport at Madison’s Recreational Center, but for 
remaining households, Madison buys energy from outside 
companies like PSE&G for $0.06 per kWh (4). The carport 
eliminates the need to buy energy from external suppliers 
for $0.06 per kWh. Actual savings will accrue when the 
generating cost of the solar energy is less than the $0.06 per 
kWh price of externally generated power. 
 Using these data, we developed Equation 1, which gives 
the estimated gross revenue of the energy sold to the grid 
over n years:

Ri represents the revenue generated from the operation of the 
carport in year i, where i is the number of years since the start 
of operation—for each year, the calculation is performed, and 
its result is added to the sum. O1 represents the estimated 
kWh of energy produced every year. P is the price per kWh. 
D is the deterioration rate. I represents the expected inflation 
rate.
 Because New Jersey also offers TRECs, which provide 
about $0.10 per kWh of energy produced for the first 15 years 
of the carport, we also created Equation 2 to calculate gross 
revenue from TRECs (9):

Ti represents the revenue generated by TRECs in year i. i is 
the number of years since the start of operation—for each 
year, the calculation is performed, and its result is added to 
the sum. $0.10 is the revenue brought in by the TRECs per 
kWh. O1 is the estimated kWh of energy produced every year. 
D represents the deterioration rate.

Madison Community Pool
 We further examined the feasibility of using green bonds 
to finance the two additional uncompleted carports. Knowing 
that the power generating capacity is 707,000 watts (DC) for 
the proposed carport at Madison’s Community Pool and using 
an estimated cost of $2.50 per watt (DC) of power for the 
construction, we obtained $1,767,500 as the estimated price 
of the solar array at the pool. Applying that purchasing price 
with the least amount of aid, 30%, from the Federal Inflation 
Reduction Act, we determined the remaining final cost for the 
borough and the principal of our green bond to be $1,237,250. 
 A serial bond is an issuance with multiple maturity dates. 
In this case, we assumed that an equal amount of the principal 
owed would come due in each of the 30 years. This means 
the yearly principal debt is $1,237,250 divided by 30, which 
is $41,241.67. Yearly interest debt is the unpaid remaining 
principal for the year multiplied by the corresponding interest 
rate (Appendix A Table 1). Yearly interest rates are taken 
from the yield curve on Tradeweb’s AAA Municipal Yield 
chart because Madison currently has a AAA bond rating (12). 
Principal debt plus debt from interest becomes the total debt 
from the green bond, which was calculated using Equation 3:

Figure 3: Installation cost distribution for Madison Recreational 
Center solar carport. Bar graph showing the range of potential 
purchasing prices for Madison’s recreational center carport. The 
worst case was based on the highest building cost estimate of $1.8M 
and the least amount of aid, 30%, from the Federal Inflation Reduction 
Act. The best-case scenario was calculated with a maximum of 40% 
aid and the lowest $1.7M installation cost. The baseline case was 
calculated by averaging the worst and best scenarios.
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 The debt from the green bond in year i is represented 
by Di. i is the number of years since the start of operation—
for each year, the calculation is performed, and its result is 
added to the sum. P represents the principal of the bond. Ri 
represents the interest rate for that year. 
 Then, we used Equation 1 and Equation 2 to calculate the 
gross revenue this solar array would generate over its lifetime 
using the same assumptions of a 30-year lifespan, 0.5% 
annual deterioration rate, $5,000 of maintenance costs per 
year, and energy inflation rates of 2.2% yearly until 2050 (4, 
14).

Madison Department of Public Works
 Proposed in 2022, the solar array planned to be built 
on Madison’s Department for Public Works provides an 
opportunity to turn the town recycling center and Department 
of Public Works building into renewable energy producers 
(10). We obtained the figures mentioned in the Results 
section from Appendix A using the same methods utilized for 
the carport at Madison’s Community Pool’s green bond. 
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APPENDIX

Table 1: Sample repayment schedule of the issuance of a green bond for the Madison Community Pool solar carport. The interest 
rates represent Tradeweb AAA Municipal Yield as of Monday, May 8, 2023. Interest paid per year is determined by multiplying the interest 
rate and the remaining principal. Total debt service is calculated by adding interest and principal. These figures will not be affected by inflation 
because the amount to be paid is fixed when the bond is issued.  
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Table 2: Sample repayment of a potential carport at Madison’s Department of Public Works if financed with green bonds. The 
interest rates represent Tradeweb AAA Municipal Yield as of Monday, May 8, 2023. Interest paid per year is determined by multiplying the 
interest rate and the remaining principal. Total debt service is calculated by adding interest and principal. This table provides a comparison 
with the schedule of the bond with a higher principal.


