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I. Abstract 
 
One of the important policies aimed at diversifying the energy resource mix, stimulating local economic 

growth, and encouraging private investment in solar energy is Net Energy Metering (NEM). Under 

current NEM policies, participating customers generating electricity to serve their load can receive a 

financial credit for any surplus energy that they feed back to their utility’s grid. Unfortunately, several 

studies have shown that NEM policies are regressive onto low-income, disadvantaged communities as 

the revenue loss for utilities causes them to raise electricity rates in order to recover their costs. To 

quantify how NEM schema can potentially change the grid power flow and lead to variance in grid 

congestion, Locational Marginal Price, and utility’s avoided cost, we conducted an optimal power flow 

analysis in a synthetic IEEE 30-bus grid under 192 scenarios for three States (CA, FL, & MA). We used 

NREL’s System Advisor Model (SAM) to create synthetic data of our transmission grid using both the 

electricity load of a combination of residential and commercial buildings within our 30-bus system, and 

the behind-the-meter solar PV production generated using PVWatts & PySAM tools. We evaluated 

NEM policies by performing a cost-benefit analysis from the perspective of the NEM customers, non-

NEM customers and the utilities, to demonstrate how NEM policies result in a net cost. We proposed 

several recommendations that can be incorporated into future NEM tariffs that will make them more 

equitable for the non-NEM ratepayers.   
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II. Executive Summary 
 

Solar energy is a zero-emission renewable energy resource that has had a strong impact with 

helping States decarbonize the power sector and achieving their renewable portfolio standard (RPS) 

goals. One important solar policy aimed at diversifying the energy resource mix, stimulating local 

economic growth, and encouraging private investment in solar energy is net energy metering (NEM). 

NEM allows customers to receive financial credit for surplus electricity that they supply to the grid from 

their own solar photovoltaic (PV) panels.  

 There are several benefits for promoting the installation of behind-the-meter rooftop solar panels 

on customers’ residential or commercial buildings. The main reasons for customers to do so are lowering 

their electric utility bills, increasing the property value, and attaining the environmental benefits of 

reducing greenhouse gas (GHG) emissions. For these reasons NEM has become popular and has 

positively contributed to the growth of the solar industry in United States.  

Despite these benefits, there is a growing controversy surrounding how current NEM policies are 

over-compensating the surplus energy that is generated from behind-the-meter rooftop solar panels. The 

current NEM policies require the utilities to pay the NEM customers at or near the full retail electricity 

rate for their surplus electricity. As more customers install more behind-the-meter solar panels, they 

reduce the revenue that the utilities were previously earning.  The utilities are not only losing revenue 

from the reduced volume of electricity being sold to the NEM customer, but also  because they are 

required to compensate the NEM customer for their surplus energy they export to the grid at or near the 

full retail electricity rate. Due to the utilities’ revenue loss, and the fact that the utilities will still have 

“fixed” costs related to the grid infrastructure that they need to recover, this leads to what is known as 

the “death spiral” [1]. To avoid this death spiral problem, utilities are forced to raise electricity rates onto 

all ratepayers to recover their costs. With electricity prices being raised higher, this will motivate more 

customers to install solar PVs to lower their utility bills, and the cycle continues. The increased electricity 

rates disproportionally and negatively affects low-income ratepayers because their electricity bills are a 

significantly higher percentage of their income, and they are less likely to be financial able to install 

solar panels on the building they reside. The motivation for our study is to demonstrate how current 

NEM policies result in a net cost to non-NEM ratepayers and that they are regressive towards low-

income, disadvantaged communities. Thus, the need for reforming current NEM policies that are more 

equitable for all ratepayers.  
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Our study consists of four main sections; first a literature review pertaining to current NEM 

policies, second a power flow analysis to demonstrate the grid impacts to the transmission system, third 

a financial analysis from the perspective of the NEM customers, non-NEM ratepayers, and utilities, and 

fourth a discussion on potential NEM reform options. Our study did not include solar plus storage 

scenarios, and the solar PV generation data was derived from synthetic data using the System Advisory 

Model (SAM) software from National Renewable Energy Laboratory (NREL). 

In order to evaluate NEM policies we performed a cost-benefit analysis from the perspective of 

the NEM customers, non-NEM ratepayers, and utilities, to determine if the NEM policies result in a 

cumulative net benefit or net cost. For our cost-benefit analysis we evaluated 15 different aspects related 

to energy generation, transmission, distribution, financial impacts, and societal impacts qualitatively. 

Within these categories, we evaluated seven of these aspects quantitatively which were: 1) avoided cost 

of energy generation, 2) avoided cost of burning fuel, 3) relieving grid congestion, 4) revenue loss for 

the utility, 5) electricity bill savings, 6) purchasing/leasing the solar panels, and 7) the NEM surplus 

compensation rate. The results of our power flow analysis demonstrated how behind-the-meter NEM 

customers can help lower the utilities’ dispatchment costs, relieve grid congestion, and can potentially 

lower the locational marginal price. The first part of our financial analysis  display the problems with 

NEM; utility revenue loss due to NEM, overcompensation of NEM customers at the full retail electricity 

rate is over subsidizing their solar energy, and quantify the rate increase the non-NEM ratepayers will 

experience as a consequence of NEM. The second portion of our financial analysis demonstrates options 

that can be used to make NEM more equitable. Specifically, we quantified how time-of-use rates, lower 

NEM compensation surplus rates, and fixed non-bypassable charges are options that can be applied to 

NEM customers to reduce the cost shift burden onto the other non-NEM ratepayers.  

The reforms we discuss in this report will not solely fix NEM policies on their own, however, 

we advise that a combination of these reforms to be incorporated into future NEM successor tariffs to 

mitigate the cost-shift burden that current NEM policies impose on low-income, disadvantaged 

communities. The recommendations were: reducing the surplus compensation rate, using a time-of-use 

rate, increasing fixed non-bypassable charges onto NEM customers, a transitional NEM credit system, 

and additional government subsidies. By implementing our proposed reforms, legislators, regulators, 

and utilities can implement NEM tariff successors that are more equitable while still encouraging behind-

the-meter solar PV adoption.   
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III. Introduction to NEM Policies  
 

Electricity generation has been a particular target for state policymakers who are concerned with 

climate change. Electricity generation is a major source of GHG emissions, accounting for 30% of total 

U.S. GHG emissions in 2014 [2]. Given that States have authority over electric utilities, they are striving 

to create policies that can help utilities transition towards cleaner electricity generation. Most Americans 

are served by investor-owned utilities (IOUs). All these utilities are regulated by state Public Utility 

Commissions (PUCs). The problem is that these IOUs are having their traditional business models 

shaken up by distributed energy resources (DERs). The Lawrence Berkeley National Laboratory defines 

DERs as "clean and renewable distributed generation systems (such as high-efficiency combined heat 

and power and solar PV systems), distributed storage, demand response and energy efficiency" [3]. 

Solar PV has become cost-competitive with other fossil fuel generation resources due to its 

advantage of having essentially zero marginal cost per unit of electricity produced. Although they have 

a high up-front cost, “the costs of residential solar PV panels are expected to decline by 17% in the next 

five years, [4]. However, they are reliant on the availability of the sunlight (irradiance) which is not 

constant, being an intermittent source of power as it is diminished by factors such as weather and angle 

of the sun in the sky.  

The proliferation of DERs has been driven largely by State-level electricity regulations in the 

form of setting rates, issuing orders, providing incentives for implementing DERs. Net Energy Metering 

(NEM) is a key policy affecting rooftop solar PV. NEM is essentially an alternate electricity tariff billing 

mechanism that incentivizes the installation of distributed renewable resources. Tariffs are a collection 

of electricity rates and other charges, which are different from electricity rates that only indicate how 

much the utility company charges per unit of electricity consumed. NEM participants generating their 

own electricity ("customer-generators"), to serve their load receive a financial credit for the surplus 

energy that they supply to the distribution grid [5]. After completion of a predetermined billing period, 

all the surplus electricity is compensated at a rate fair rate by the utility. This payment is known as net 

surplus compensation. An example of how NEM works is if a residential customer has a solar PV system 

on their roof, they may generate more electricity than they consume during daylight hours. If the home 

is net-metered, the electricity meter will run backwards to provide a credit against what electricity is 

consumed at night or other periods when the home's electricity use exceeds the system's output. Thus, 

NEM customers are only billed for their "net" energy use. On average, only 20-40% of a solar energy 

system’s output ever goes into the grid, and this exported solar electricity serves nearby customers’ loads 
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[6]. Although installing a rooftop solar PV system carries a high upfront cost, the benefits of reduced 

electricity expenditure by virtue of excess generation supplied to the grid can significantly offset those 

costs. 

As a particularly important policy designed to foster private investment in behind-the-meter 

(BTM) solar, NEM programs have been introduced and applied in different counties around the world. 

Table 1 briefly introducing the stage of implementation, settings of prior rules, as well as socioeconomic 

characters of NEM designs in some of the countries. 
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Table 1: Summary of International NEM Policies. 
Country Start year Capacity limit Compensation Comment 
Canada 2016 Varies by State[7]: 

Nunavut: 
< 10kW[8]; Ontario: 

< 500 kW; 
Saskatchewan: 

< 100kW 

Electric credits to 
use later; cash 

compensation at 
retail rate; cash 
compensation at 
preset constant 

rate[9]. 

Canada’s NEM scheme is not generous 
enough overall: Prince Edward Island does 

not allow[10] excess compensation if 
customers store more electricity on the grid 

than extracted from the grid; Saskatchewan’s 
utility only allows CA$2000 compensation 

per project and project applications will only 
be accepted until a 16MW cumulative 

capacity. 
Netherland 2004 Only for small 

connection < 3000 
kWh/yr in 2004; extend 
to 5000 kWh/yr in 2011; 
removed the constraint 

in 2014[11] 

Cash paid at retail 
rate before 2023; 
9% reduction per 
year from 2023 to 

2030, till 0 
compensation on 
excess electricity 
feed in 2030[12]. 

Netherland successfully welcomed a large 
influx of rooftop solar projects since NEM 

adoption and has contributed to 80% of 
newly installed capacity by 2016[13]. But 

the government is now reducing NEM 
returns to prompt self-consumption rate of 
home solar systems, and facilitate behind-
the-meter battery storage installation[12]. 

Greece 2014~2015; 
Extended to 

virtual 
NEM in 
2017[14] 

< 10 kW, and only for 
PV installation 

Cash paid at retail 
price; but the 
Greek energy 

ministry is 
considering 
evolving to 

compensation at 
wholesale electric 

market price. 

The existing incentives in Greece have not 
been successful despite generous 

compensation. This is mostly due to Greek 
government’s subsidize deficit leading to 
tariff payment delay up to 7 months. Both 
residential installers and developers have 

little confidence in constructing and 
investing[15]. 

Slovenia 2015~2016; 
Updated in 

2019 

< 11 kW small business 
or households 

Electric credits; do 
not allow 

remuneration on 
excess electricity 
feedback before 

2019[16]; 2019’s 
new regulation 

allow 
compensation with 

retail price[17]. 

Slovenia has seen spiked solar installation 
after 2016 and has proved a great success 
adopting NEM[18]. The government was 

driven to revise the schema to extend NEM 
benefits and attract more rooftop solar 
capacity in 2019. The new design also 

enabled virtual NEM and community shared 
NEM to include more self-consumers. 

India 2013 Policies vary a lot by 
State, but capacity is 
generally limited at 
30%~40%  of the 

distribution transformer 
capacity; This was 

changed to < 10 kW 
generators in 2020[19] 

Cash compensation 
on retail price. 

India’s NEM design is overall restrictive; the 
average grid connection period is long, and 

process transparency is lacked[20]. 
However, instead of revising current designs 

to attract more installation to fulfill the 
county’s rooftop solar target of 40GW by 

2022, the government is starting to consider 
reducing NEM scope in response to the 

higher power price and falling PV cost[21]. 
Thailand 2019; will 

remain 
until 2037 

Solar systems < 10 kW Cash compensation 
but on only half of 
the current retail 
market electric 

price[22]. 

Thailand’s NEM program is still in a 
preliminary stage, but the country’s 

abundant solar resource combined with 
falling PV system costs can possibly be 

taken advantage of by NEM participants to 
earn revenue. 
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In the United States, NEM has been widely implemented as a state-level “customer-sited 

distributed generator (DG) compensation mechanism” since 1983. As of January 2021, 41 States plus 

Washington, D.C., American Samoa, U.S. Virgin Islands, and Puerto Rico had net energy metering rules 

in place. Additionally, some utilities have voluntarily offered NEM arrangements to customers in the 

States that do not have NEM policies as well, [23]. In these States, NEM programs are available for both 

residential and commercial customers, however, most have limitations on the size of the megawatt (MW) 

nameplate capacity for participating in the NEM program. 
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IV. Literature review 
 

Our literature review is divided into three sections: 1). the benefits of NEM policies, 2). the 

problems with NEM policies, and 3). the barriers low-income disadvantaged communities face 

regarding adoption of solar panels. Table 2 presents a summary of our literature review regarding the 

NEM policies in the States of California (CA), Florida (FL), and Massachusetts (MA), which we 

specifically focused on for our models in the methodology section of the report.  

Table 2. NEM Policies for CA, FL, & MA 

State California  Florida Massachusetts 

Electric Utility 
Company 

Southern 
California 

Edison 

Pacific Gas 
and Electric 

San Diego 
Gas & 

Electric 
SMUD Florida Light 

and Power      Eversource 

NEM 
Legislation AB 327 AB 327 AB 327 AB 327 H.B. 7135 

220 CMR, S.B. 
1979, & 

H.B.4857 

PV System 
Capacity Limit < 1 MW  < 1 MW   < 1 MW  < 1 MW  < 2 MW  < 2 MW 

NEM Program 
Capacity Limit none none none none none 7% of load 

Electricity Rate 
Design TOU TOU TOU TOU Flat Flat 

Net Surplus 
Compensation 
Rate ($/kWh) 

$0.02 - 
$0.03/kWh 

$0.02 - 
$0.03/kWh 

$0.02 - 
$0.03/kWh 

Full retail 
rate Full retail rate Full retail rate 

Interconnection 
Fee ($) (one 

time) 

$75 for 
projects < 1 

MW 
$145 $132 $127 

$0 for projects 
<10 kW.            
$400 for 
projects > 10 
kW. 

$0 for projects 
<25 kW.                    
$4.5 per kW for 
projects > 25 
kW. 

  
A. Reasons for Promoting NEM Policies 

 
NEM has been a successful policy for fostering private investment of BTM solar photovoltaic 

(PV) systems throughout the United States as well as globally. The goal of these NEM policies has been 

to promote the installation of solar panels onto electricity customers’ residential and commercial 

buildings. The political motivation for NEM policies is to reduce GHG emissions by promoting clean 
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energy rather than traditional fossil fuel thermal plants and to help alleviate grid congestion. In this 

section we investigate what those benefits are and how NEM has promoted them from the perspective 

of the NEM customers, non-NEM customers, and the electric utility companies.  

 

1. Benefits to NEM Customers 

 

The main benefit of NEM to the NEM customers is that it significantly reduces their energy bills. 

This is achieved through two mechanisms: self -generation and financial compensation of excess energy. 

Since the customer’s solar panels are directly onsite and providing power for their building’s energy 

demand, this reduces the amount of energy they need to import from the grid. By reducing their imports 

from the grid, it reduces the amount of energy the utility company must provide for them, and thus 

reduces their bills. However, energy savings are not always enough to payback the high capital costs of 

installing the solar systems. For this reason, NEM policies were created to provide an alternate rate 

structure in which the utility has to compensate for excess solar energy produced by the customer’s solar 

panels at the retail electricity rate. The utilities provide this credit either on a month or annual basis.  

The second benefit of NEM to the NEM customers is that installing solar panels on the building 

are viewed as upgrades to the building, such as a renovated kitchen or a finished basement. The benefit 

of this valuation is that the solar energy system being installed can increase the building’s 

value. According to a research, solar on average increases home value by about $15,000. It is important 

to note that important factors such as electricity rate and system sizes can also affect that premium. Solar 

homes also usually have a higher resale value than homes without PV, [28]. 

 

2. Benefits to Economy 

 

The main benefit of NEM policies to the overall economy is that this financial incentive has been 

effective at making BTM solar more affordable for a more people. Due to economies of scale, as more 

people purchase solar panels the costs of producing solar PV modules has decreased. According to 

NREL’s cost benchmarking the costs of solar PV modules have declined by 64% over the past decade, 

[29]. U.S. solar installations have increased over 35 times since 2008 according to a study conducted by 

DOE [28]. Additionally, an IEA’s 2020 report forecasts that NEM policies will contribute to expected 

250% increase of additional residential solar PV capacity by 2024 [30]. 
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The second benefit of NEM policies to the economy has been their ability to create local jobs.  

Jobs in the solar industry has grown 167% since 2010, adding 156,000 jobs. In just the five years between 

2014 to 2019, the growth in employment in solar has been almost five times that of the US economy 

growth [31]. The success in generating can also largely be attributed to diversity in positions within this 

industry. Jobs vary from designing, manufacturing, sales, installation, to even maintenance within the 

United States, [32]. A study prepared for Maryland’s PSC forecasts that “about 2.4 GW of BTM solar 

will be installed between 2019 and 2028, which will generate 22,563 job-years and over $1.34 billion in 

labor income”, [33]. For these reasons it is clear that NEM is a foundational policy for supporting the 

growth of the solar industry.  

 

3. Benefits to Utilities 

 

The first benefit of NEM policies to the electric utility companies is the avoided energy costs. 

For BTM solar, the customer generation reduces the electricity amount that utilities need to produce or 

procure from spot market for meeting customer load. The result of reduced customer demand is that 

utilities avoid the need to run their power plants. This is especially helpful if BTM solar reduces peak 

demand, to help them avoid running their most expensive generators. Figure 1 demonstrates how by 

reducing the amount of electricity needing to be purchased, reduces the market clearing price that all 

utilities have to pay for the power. A report by Synapse Economics quantified these savings due to BTM 

solar in ISO-NE as they calculated that, “from 2014 to 2019, small-scale solar in New England saved 

utilities and their customers more than $1.1 billion”, [34].  
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Figure 1. Economic Effect of Avoided Costs Benefit. 

 
Source: [30] 

 
The second benefit of NEM policies to the electric utility companies is that it can reduce the 

Locational Marginal Price (LMP). LMPs usually have three components: 1). System Marginal Price 

(incremental price for the system to dispatch one more unit of load, given current resource fleets), 2). 

Congestion component (representing price of congestion for binding transmission constraints) and 3). 

Marginal loss component (additional physical losses incurred from electric power flowing on 

transmission line). Combining these all, LMPs are important economic signals of current operation and 

situation of bulk grid system given the current dispatch. BTM solar (solar and win in general) essentially 

produces a “dampening effect” on the LMPs, because of it produces energy from the sun for free with a 

marginal cost of zero. Therefore, per market clearing rule, this large amount of free generating resources 

will always be called and dispatched first. With less load remained to be met using expensive natural gas 

or coal generators, overall clearing price in the system is shifted toward the lower-cost resources [33]. 

As a result of the market price for energy decreasing over all for a LMP, this reduces the price of 

purchasing electricity which is a benefit as a reduced cost.  

The third benefit is that in modeling the dispatchment of BTM solar, its generation is usually 

directly reflected in the value of net load, i.e., total loads minus available solar generation, instead of 

adding those to generation fleet for calling. As there are increasing load requirement from buildings, this 

can potentially make transmission line upgrading work less emergent and also help relieve grid 

congestion. Several studies have demonstrated that another benefit of NEM is that it can reduce the need 

for new transmission infrastructure. For example, in the 2017 to 2018 planning process for the California 
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Independent System Operator (CAISO), the CAISO was able to avoid US$2.6 billion in new 

transmission spending. The changes were "mainly due to changes in local area load forecasts driven by 

energy efficiency programs and increasing levels of residential, rooftop solar generation” [35]. 

Additionally, a study from Daymark Energy Advisors found that the avoided transmission cost 

component attributable to BTM solar additions range from $0.001/kWh in 2019 to $0.005/kWh in 2028. 

Avoided transmission charges ranges from $0.0011/kWh in 2019 to $0.0020/kWh in 2028 [33]. 

The fourth benefit is BTM solar ability to alleviate distribution capacity needs. Residential 

household load growth and spiked demand in peak time have increasingly asked for substation expansion 

for safely accommodating electricity flow, which is very costly. However, similar to the need of upgrades 

or even rebuilds at transmission grid, such requirement at distribution level can also potentially be 

deferred with more distributed generation like BTM solar installed at each household. When enough 

amount of solar capacity is aggregated to the system, the need for upgrades can even be eliminated. 

Typical circuit improvements such as substation transformer replacements or distribution line rebuilds 

that might be avoided by the installation of solar can vary from “several hundred thousand dollars to a 

few million dollars” [33]. Further, placing solar power at the destination of electricity flow, i.e., 

household buildings and offsetting amount of electricity the utilities need to call can possibly reduce the 

power loss incurred during transmission and distribution. Daymark also estimated that the potential 

benefits from reduced distribution system losses “can have a value of up to $0.006 per kWh of solar 

produced”, [33]. Depending on the location of distribution systems, other potential benefits or costs 

associated with infrastructure investments or line maintenance can also be included. And this can lead 

to much more benefit achieved at one node in the circuit or less savings from BTM solar at the point of 

another feeder.  

The fifth benefit to utilities is reduced fuel price uncertainty. Natural gas and coal are the primary 

fossil fuel resources used for electricity production and are sold to the utilities through the commodities 

markets. These are not fixed prices and adjust constantly due to global supply and demand.  

Consequently, the prices of these fuels experience significant volatility. In contrast solar is provided for 

free from the sun, but the cost of the solar PV modules is a high upfront capital cost. These capital costs 

can be recovered over the 25-year lifespan of the solar panels through producing electricity and selling 

it above solar’s marginal price of zero dollars per kilowatt. There is not yet a recognized method to 

quantify hedge value of the added BTM capacity into a utility’s generating fleet but is a qualitative 

benefit.  
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4. Benefits to Environment 
 

The first benefit of NEM policies to the environment is the help reduce GHG and other criteria 

pollutant emissions. This is achieved by reducing the amount of electricity generated from utilities using 

fossil fuels. For example, a report from Synapse Economics calculated that that “BTM solar avoided 4.6 

million metric tons of climate-damaging carbon dioxide emissions in 2014 through 2019 in the 6 States 

within the ISO-NE area” [34]. This is a significant benefit because criteria pollutants proven to have 

negative impacts on human health. Additionally, GHG emissions’ ability to absorb infrared radiation, 

thereby trapping heat in the atmosphere are responsible for the greenhouse effect, which ultimately leads 

to global warming. Synapse Economics report also calculated that BTM solar contributed to “$87 million 

in public health benefits in (equal to 1.0 cents per kWh) and BTM solar provided $515 million dollars 

in climate benefits in 2014–2019” [34]. Similarly, Daymark used US EPA Co-Benefits Risk Assessment 

(“COBRA”) tool to evaluate the potential health benefits from the emission reductions associated with 

increased BTM solar installations for Maryland. For Maryland, the health benefits ranged from $9 to 

$32 million dollars (2010 dollar valuation), or $0.002 to $0.006/kWh, with mortality reductions 

estimated to range from 1 – 4 people [33]. As a result, NEM policies have positively benefited the 

environment and health.  

The second environmental benefit from NEM policies is that they reduce the land impacts.  

Even if the utility generates electricity from utility-scale solar and wind facilities, there are still line 

losses due to the energy being transmitted over long distances, so generating at the local distribution 

level is more efficient. Another environmental benefit of BTM solar panels is that they do not disturb as 

much land (in terms of space) as utility-scale solar and wind facilities since they can be placed on the 

buildings’ roof. NEM accesses the greatest benefits of distributed onsite generation  without its most 

significant environmental impacts [32]. 

 
B. Why is NEM a Problem? 

There are several problems associated with the current structure of NEM and it is a policy that 

has been severely criticized as being regressive by utilities and advocacy groups. There are speculations 

about electricity price increases over the coming decade to infrastructure upgrades and replacements, 

while solar PV prices are expected to drop. For the same reasons economists and researchers predict that 

these trends are likely to lead to more property owners adopting solar PV systems [36]. Property owners 

can reduce their net purchases of electricity from the grid by adopting BTM PV; however, the costs 
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incurred by the utility companies do not decrease in proportion with the decrease in energy consumed. 

This is because in addition to the fuel costs, generation capacity and other services, the utilities pay for 

transmission and distribution (T&D) infrastructure that BTM solar PV systems use also. The utility 

business model for recovering the fixed costs of the T&D is by the revenue earned from electricity rates 

over decades [36].  However, due to NEM policies, the utilities are losing revenue but are forced to pay 

for the same costs. In response to this, utilities have raised electricity rates to adjust for the reduced 

demand and viability of being able to recover their T&D costs and other services. When these rates 

increase, it incentivizes other electricity customers to adopt PVs to reduce their consumption from the 

grid and electricity bills. This positive feedback system leads to a "death spiral" for utilities in which 

demand declines while costs of maintaining the grid infrastructure do not [1]. 

The first negative externality with NEM tariffs is that they conflict with the traditional electric 

utility’s business model for recovering fixed costs, which is through the revenue from the quantity of 

electricity being sold to customers. Utilities have made money from producing their own electricity and 

charging consumers for generation, transmission, and distribution of that power. With BTM rooftop solar 

allowing customers to produce their own energy, the utility is losing revenue but continues to pay for 

the existing power plants, T&D, and other ancillary services that they previously built to serve those 

customers. The more consumers who decide to transition to producing some or all of their own 

electricity, the more difficult it is for utilities to remain profitable. 

The second negative externality with NEM tariffs is that the current surplus compensation rates 

that utilities pay are NEM customers is too high and are overcompensating for the value of their excess 

solar.  There is significant debate as to what should be an equitable surplus compensation rate and even 

if there should be one. Our report examines the equity implications of this issue and provides 

recommendations on what can be done to reform NEM policies in future successor tariffs with a surplus 

compensation rate that is the most equitable for the NEM customers, utilities, and non-NEM ratepayers 

who do not own solar PVs. The electric utility industry has generally pushed for below-retail 

compensation, arguing that NEM customers do not pay their share of fixed costs associated with 

maintaining the grid services they rely on, [37]. 

The third negative externality with NEM tariffs is that they are creating a cross subsidy that is 

negatively affecting other ratepayers. Customers with solar can offset a significant portion or even the 

entirety of their electricity consumption which cuts into the revenue earned by the Utilities. The Utilities 

then must raise electricity rates for all their customers, even the ones who do not own solar PVs. Since 
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the NEM customers have significantly reduced the quantity of electricity they consume the cost burden 

has begun to shift more heavily onto the ratepayers who do not own solar PVs. As States move into 

higher levels of behind-the-meter solar penetration the remaining ratepayers without solar PVs will be 

forced to pay higher electricity bills due to the increased revenue loss the utility companies will incur. 

To put this into perspective Energy and Environment, Economics (E3) consulting firm created a study 

for Sacramento Municipality Utility District (SMUD) that analyzed the impacts to ratepayers from the 

cost shift burden resulting from more ratepayers installing solar PVs and participating in NEM. The 

study found that for SMUD’s electricity ratepayers between from 2020 to 2025 there will be “$25 - $41 

million” of costs shifted onto non-solar ratepayers each year. On average that's “$26 - $45 added to each 

non-solar customer's bill every year”[34]. The report also emphasized that if changes are not made to 

current NEM tariffs, with increasing levels of BTM solar,  the cost shift burden will jump to “$92 - $94 

million by 2030, which adds $90 - $92 to non-solar customer's annual bill”[35]. Utilities operate under 

economies of scale by charging consumers rates that make up for fixed and variable costs of generation, 

transmission, and distribution. Traditionally they have recovered those costs by coupling them to the 

quantity of electricity sold to customers. But by crediting NEM customers at retail rates they are not only 

being paid for electricity generation but also the T&D infrastructure which they do not own. Thus, non-

NEM customers are subsidizing NEM customers’ use of the electricity network. 

A fourth negative externality with NEM tariffs is that they are regressive towards low-income 

ratepayers in disadvantaged communities. Several electric utilities like San Diego Gas and Electric 

(SDG&E) have reported that most customers taking advantage of the NEM programs are wealthier 

customers who are more able to afford the up-front costs of solar panel installation. More specifically, 

SDG&E notes that residential distributed solar power is installed primarily by customers who own a 

home, can afford the investment, and/or have a credit rating sufficient to qualify for a solar lease. Having 

assumed that the program’s costs exceed its benefits, SDG&E and SCE conclude that fewer wealthy 

customers are left to pay a subsidy for local renewable energy enjoyed primarily by richer customers 

[32]. The US Census Bureau reported that 70% of low-income families do not own a home and live in 

either, rentals, apartments, multifamily housing, or mobile homes. Since they are not property owners, 

they legally cannot install solar PVs to provide their own power. Moreover a 2016 report by the 

American Council for an Energy-Efficient Economy shows that low-income minority households live 

in older buildings that are less efficient. Consequently, they are paying more per square foot on energy 

costs compared to higher-income white households [38].  
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C. Barriers for Low-Income Groups Adopting Solar (Equity Concerns) 

 
1. Economic Barriers: Customers in disadvantaged communities, particularly those with lower 

incomes, often have difficulty accessing the capital or credit necessary for the upfront costs of 

purchasing a renewable DG system, or do not have adequate credit scores to qualify for a power 

purchase agreement (PPA) or lease. 

2. Property Ownership Barriers: There are higher rates of rental, and ownership, in multifamily 

housing among many of the customers that live in disadvantaged communities. 

3. Property Structure Barriers: There are often structural barriers to adoption of renewable DG 

in the housing stock in disadvantaged communities. Aging housing stock is likely to have more 

roof quality issues, and low-income residents are less likely to have the funding to make upgrades 

to roofs that would be necessary to host a renewable DG system. 

4. Marketing, Outreach, and Linguistic barriers: There is a higher prevalence of linguistic 

isolation, low education, and high unemployment in disadvantaged communities, and many low-

income customers have been victim to predatory lending arrangements in the past. All of which 

make marketing renewable DG adoption programs more challenging in disadvantaged 

communities. 
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V. Methodology  
 

A. Optimal Power Flow analysis 
 

Since first introduced in 1962, OPF analysis has been widely used in power system operation 

and planning, due to its capability of effectively determining the least control movements to meet 

economic and security goals of an electric system. It is thus also employed by utilities to design and 

compare rate structures which are incentive compatible to both the utility and customers. Rate structure 

update considering potential power flow in the transmission system also efficiently reflects the true cost 

for customers to receive electric service. Therefore, to quantify how net metering schema can potentially 

change the power flow in the system and lead to variance in grid congestion, LMP, and utility’s avoided 

cost, an OPF analysis in a synthetic transmission grid is conducted.  

In a standard power flow problem, the OPF analysis reduces directly to solving a series equation 

involving bus voltages and line flows. While in our analysis, OPF is associated with the constrained 

economic dispatch to solve for optimal generator production and branch flows subjecting to transmission 

line capacity constraints, generation cost characteristics, nodal supply-demand balances, etc. Several 

steps are involved to conduct such analysis: 

 
1. Simulate Solar Generation and Household Load Profile.  

 
Before estimating power flows in the transmission grid, we first need to simulate generation from 

each resident’s rooftop solar system and corresponding building load at specific hour in a day of a month. 

Here, the PySAM package developed by NREL built on Python is adopted. This package is a wrapper 

for NREL’s System Advisor Model (SAM) software, which is widely used in the industry to simulate 

different scenarios of renewable energy.  Major PySAM modules used in our model include: 1). 

Pvwattsv7 – PVWatts photovoltaic system simulation model; 2). Belpe – Electric load calculator for 

residential buildings; and 3). Grid – Renewable interconnection and curtailment model.  

For the Pvwattsv7 module, we used the customized inputs of solar resource data and system 

capacity to differentiate generation profile from various size of rooftop system and in three states – 

California, Florida, and Massachusetts. Other parameters including analysis lifetime, solar module type, 

DC-AC ratio, etc. can also be modified to model the solar shape. On the other side, the demand-side 

simulation is less flexible. Since the Belpe module only supports load simulation for residential building, 

we created several groups of residential building with different size, number of residents and floor area 
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to simulate their individual load profiles. While for commercial building, a same default load profile is 

adopted.  

 
Table 3: Monthly Load Summary for the Defaulted Commercial Building 

 
 

In either case, after simulation, the algorithm will return two lists of hourly solar generation and 

electric load. These data are based on one building, and each contains 8670 elements available for slicing. 

Later, depending on the value of net solar generation at a specific moment, these buildings will become 

either generators or loads in the dispatchment model.  

  
2. Set up Nodal Generation Fleet and Load Centers 

 
We did not have access to real-word transmission-level grid data, therefore, we used the IEEE’s 

30-bus test case as our hypothetical transmission grid [39]. A bus (also called a node) in a power system 

is defined as the vertical line at which the several components of the power system like generators, loads, 

and feeders, etc., are connected. The buses in a power system are associated with four quantities: the 

magnitude of the voltage, the phase angle of the voltage, active or true power and the reactive power 

[40]. This test case is a simple approximation of the U.S. electric power transmission system in 1961, 

containing 30 buses and 6 large generators. For our analysis we have assigned 300 buildings in each bus. 

Although we could not integrate the true variability and complexity of real-world data into the OPF 
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analysis, the synthetic electric system enabled us to apply the algorithm on multiple states, without being 

constrained from grid data availability. The transmission line reactance and capacity limit data can be 

found in Appendix A. 

In building our customized load community in this network, we categorize the 30 buses into four 

areas: grey, orange, red, and green. The grey area is what we have assigned as a downtown area which 

has a predominantly commercial buildings but is densely packed and often smaller sized buildings on 

average. The orange area is also predominately commercial buildings but since it is more spread out 

there is more housing and we commercial buildings are the largest here on average. The red area is 

representative of being more suburban zone of the city with a few commercial. Finally, the green area is 

representative of the rural outskirts of the city which is predominantly residential buildings with one 

small commercial building. This is shown in Figure 2. 

 
Figure 2. Diagram of the Hypothetical 30 Bus System

 
 

As shown in Figure 3, the system has 6 large-capacity generators at buses 1, 2, 13, 22, 23, and 

27. We determined the nameplate capacity of these generators based on the current electricity generation 

mix at each researched state. To make the grid design more reflective to real-word transmission grid, we 

assume there will be 20% reserve margin provided by natural gas generators at each city. To diversify 

nodal generator fleets, we also decompose the 6 large-capacity generators to a mix of intermittent 
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renewable generators and flexible generation. All zero-carbon resources including hydroelectricity, 

nuclear power, wind and solar energy are assumed to have a marginal cost at $0/kWh, while the price of 

natural gas, oil and coal generators is set as 0.06 $/kWh, 0.16 $/kWh, and 0.13 $/kWh, respectively. The 

detailed composition of generators in each state can be found in Appendix B.  

We assume that there are 300 buildings within a bus for each of the 30 buses in the grid. The 300 

buildings are a mix of different residential / commercial buildings. For our model we based the rooftop 

solar PV capacity off the building’s square footage (sq ft). Also, for model simplicity, we also assume 

in each category of area, residential houses and commercial buildings will have same load and generation 

parameters. Our key assumptions are listed in Table 1. With all these simulation parameters available, 

we then used the algorithm built on PySAM to simulate solar generation and household load profile for 

each building at 30 nodes during 8670 hours in a year.  

Table 4: Building Characteristics, Building Type Mix and Bus Parameters 

 

For our base scenario (called w/o solar scenario), the simulated household load data can already 

be plugged into the optimization problem to solve for optimal power flows. Since we aim for hourly 

economic dispatchment, we decided to choose 4 representative hours in a year, index these hourly load 

data from the 8670-hour list, and conduct market clearing: Mar. 16th 7:00 AM, Mar. 16th 15:00 PM, Aug. 

16th 7:00 AM, and Aug. 16th 15:00 PM. These time slots, spanning from spring to summer, early morning 

to midafternoon, contain enough information to demonstrate flow variances caused by seasons and times 

in a day.  

However, when rooftop PV systems are involved, depending on the size of its hourly solar 

generation, a building can have its corresponding load requirement significantly reduced, leading to 

changes in bus-level aggregate load profile. Further, when sun shines brightly at some point and 

generates more energy than needed, a building can even shift from a load center to a dispatchable 
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generator, thus also altering the generating resources composition in the grid. In our analysis, such 

resource variations are modeled under two modes of net energy metering schema: 

- If households are not allowed to feed excess solar generation back to grid (called w/o NM scenario), 

when net generation > 0, this part of energy will be curtailed. Therefore, raw generating resource 

data remain untouched, while hourly load requirement from these households decline to 0, which is 

directly reflected in the reduced bus-level load profile.  

- In contrast, when households can transmit electricity back to grid as a prosumer (called NM 

scenario), not only will its hourly load reduce to 0, but also will there be one more generator with 

capacity equals to the value of net generation in the grid. Here, we still assume these prosumers have 

a 0-marginal cost. After modifying generator and load dataset at each 30 buses, optimal 

dispatchment schedule and power flow can be calculated.   

Besides choosing different time slots, we also designed multiple solar scenarios to reflect how 

nodal solar installation rate and system capacity can alter the grid generation fleet and load profile, 

therefore changing optimal power flow analysis results. We modeled variations of some buildings having 

solar PV installed and others did not through four solar PV penetration scenarios: C1, C2, C3, and C4. 

Solar penetration is the total installed PV capacity on the grid, usually a percentage of total grid load. In 

C1 10% of buildings in a bus have solar PVs, in C2 40% of buildings in a bus have solar PVs, in C3 

70% of buildings in a bus have solar PVs, and in C4 100% of buildings in a bus have solar PVs, as shown 

in Table 2.  

 Table 5: Assumptions of PV Capacities and Solar Penetration 

 

By now, we have manipulated and prepared all data needed for the dispatchment model. The complete 

roadmap is shown in the below Figure 3.  
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Figure 3. Roadmap of the OPF analysis 

 
 

3. Solve for Optimal Power Flow 
 

For model simplicity, we used the convenient linear DC approximation to model the power flow 

procedure in our 30-bus transmission grid. Therefore, reactive power in each line is neglected. Resistive 

part of the impedance in any branch, which is much smaller than the reactive part, is also omitted. All 

the voltages modules are also assumed to have magnitude equals to 1.0 per unit. We also ignore the 

modeling of distribution-level power flow between households or commercial buildings at each node. 

Since there are 300 building at each of the 30 bus, when there is a high rooftop PV installation rate, the 

uncertainty in solar power output can lead to rapid voltage change at the point of PV plant coupling and 

the distribution system [41]. This can have adverse effects on the whole community and damage utility’s 

ability to maintain power quality. A common solution to this is to add a capacitor bank in parallel to PV 

generators for mitigating voltage drop and compensating reactive power absorbed by the PV inverters 

[42]. However, for our analysis we neglected all the reactive power modeling and only consider DC 

power flow in the transmission line. Below is the formulation of this simplified OPF calculation: 
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in which, 

b = 1, 2, … 30 
i = 1, 2, … n (n varies by scenario) 
 
θb: voltage angles at bus b; 
gi: allocated generation of generator i; 
 
MCi: marginal cost of generator i ($/kWh); 
GMaxi: nameplate capacity of generator i (kW); 
Lb: total load at bus b (kW); 
G(b): list of generator IDs located at bus b; 
F(b): list of buses connected with bus b; 
xbb’: Reactance of transmission line between bus b and b’ (p.u.) 
LCapbb’: Transmission line capacity between bus b and b’ (kW) 

  
Here, we applied the Pyomo package to implement the above OPF analysis under different 

scenarios. Pyomo “is a Python-based open-source software package that supports a diverse set of 

optimization capabilities for formulating, solving, and analyzing optimization models.” It is broadly used 

in the industry to solve for variable-rich optimization problems in the electricity system. The procedure 

of algorithm implementation is shown below, if we were to obtain a feasible solution, the Pyomo 

algorithm will return total dispatchment cost for each scenario in different states, locational marginal 

prices at each 30 buses, and optimal flow in the grid. 

  



 24 

Figure 4. Composition of Pyomo optimization model 

 
 

B. Financial Analysis 
 

1. Costs and Benefits of NEM program 
 

Standard practice for quantifying the costs and benefits of a program (or policy), is to measure 

costs and benefits with the program in place and compare to outcomes that would have been expected in 

the program’s absence. Understanding NEM benefits and costs, therefore, begins with a clear 

understanding of the NEM mechanism, and a clear set of assumptions of what would happen in the 

absence of NEM or alternative NEM successors. We evaluate the costs and benefits of NEM from the 

perspective of NEM customers (NEM participants) and all other ratepayers (non-solar). The net cost of 

NEM to ratepayers is the sum of ratepayer costs (bill credits and incremental billing costs) and ratepayer 

benefits (avoided costs). Table 3 is a visual representation of the costs and benefits from each of the three 

perspectives and we will explain why these different values are a cost or benefit for our analysis.  
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Table 6: Value Addition by Net Energy Metering 

 
Source: [43] 
 

2. Effect to NEM Customers 
 
The two main costs to the NEM customers participating in the NEM programs are the costs of 

purchasing the equipment (solar panels and inverters), and interconnection fees. 

The NEM customers receive nine benefits in Table 3. In terms of the distribution, they receive 

the benefits of improved resiliency & reliability and avoided distribution capacity both financially and 

physically. The physical benefit is that the solar panels provide power for their self-consumption and the 

financial benefit is that with less additional wires and updates they help save their utility costs which 

reduces the charges the utility passes to them. Financially they also benefit from the reduce electricity 

bills by providing their own energy and through the NEM surplus compensation rate established by the 

utility company. In addition, they also receive five societal benefits of avoided criteria pollutants 

emissions, avoided carbon dioxide emissions, growth of solar jobs, water and land conservation from 



 26 

not developing power plants on natural lands, and lastly contribute to the growth of solar and renewable 

industry.   

3. Effect to Electric Utility Companies 
 
The four main costs to the utilities from the NEM program are due to the loss of revenue from 

their operations. The consequence of NEM participants buying or leasing the solar panels and 

generating their own electricity reduces the quantity of energy they buy from the utility company 

which is causing the revenue loss for them from reduced sales. In addition, the utilities are also 

obligated to pay the NEM customers for the surplus electricity at the surplus compensation rate.   

For the Utility, they receive nine benefits regarding their operations of energy generation, 

transmission and distribution. Firstly, the NEM customers supplying their own energy this is less 

energy they must generate. The majority of the time this benefit is outweighed by the reduced sales but 

during times of peak demand this is a big benefit for them as the utilities will not have to run their most 

expensive power plants. Similarly, they can also benefit from not using the fuel for thermal plants as 

the price experiences high volatility on the commodities markets. NEM can help with the utilities RPS 

compliance as it can help reduce the amount of energy generated by the power plants that generate 

GHG emissions. For transmission, the benefit for them is that reduced demand can alleviate the 

congestion on the lines. The other benefit from reduced demand is that this reduces the need for 

additional transmission lines being built in some cases. Another physical benefit is that with reducing 

the quantity of energy transmitted over longer distances reduces the line loses due to resistance along 

the lines. Then for distribution it reduces the need for the utility to build out the distribution system 

more which saves them the cost of doing so. Also having their customers generate some of their own 

power helps with grid resiliency. The utility also receives the same societal benefits as previously 

mentioned for the NEM customers.  

 
4. Effect to Non-NEM Ratepayers 

 
The non-NEM ratepayers receive the least amount of benefits overall with just two from the 

avoided distribution expansion costs and improved grid resilience.  

The non-NEM ratepayers also incur costs due to the benefits the NEM participants receive 

from financial savings as the utilities’ costs are now shifted from the NEM participants onto the non-

solar ratepayers. They also receive the same societal benefits as previously mentioned for both the 

NEM customers and utilities. 



 27 

 
C. Running the Simulation in SAM 

 
We chose to use System Advisor Model (SAM) software developed by NREL, since it is a free 

online performance and financial model. The user can provide inputs for SAM’s model which is capable 

of simulating estimates of the cost of energy for grid-connected power projects. Those estimates are 

based on SAM’s ability to provide detailed, time-based financial modeling across multiple market 

sectors. SAM also can include complex utility rates, combined with detailed performance modeling. 

For our analysis we specifically used SAM’s PVWatts model. PVWatts is a more advanced 

implementation of NREL's popular online photovoltaic calculator and creates models that are specific 

for residential or commercial buildings. It models a grid-connected photovoltaic system using a few 

basic inputs such as shading and snow coverage, to describe the system's nameplate capacity, array 

orientation and mounting type, and system losses. PVWatts makes internal assumptions about module 

and inverter characteristics for three types of modules.  

 
1. Structure of the Model 

 
For the financial analysis we used the same 30-bus system, four colored zones of grey, orange, 

red, & green, and the same mix of commercial and residential buildings that were used in the previous 

power flow analysis. We are using the same assumptions as shown in Tables 1 & 2. To demonstrate how 

differences in electricity rate structures affect NEM policies, we created eight distinct PV systems costs 

corresponding to the four residential and four commercial buildings previously mentioned in the power 

flow analysis. These values only correspond to the P1 values in Table 2’s PV capacity section. The PV 

capacities from P2, P3, and P4 were not needed to demonstrate the financial impacts from NEM policies. 

In this section we also model variations of percent of the buildings having solar PV installed through the 

same four solar PV penetration scenarios: C1(10%), C2 (40%), C3 (70%), & C4 (100%).   

To calculate the amount of electricity generated from solar PV for residential buildings we 

assumed that all houses in the grey area have 5kW of nameplate capacity, all the houses in the orange 

area have 7 kW of nameplate capacity, all the houses in the red area have 9 kW of nameplate capacity, 

and all the houses in the green area have 12 kW of nameplate capacity. Similarly, all the commercial 

buildings in the grey area have 20 kW of nameplate capacity, all the commercial buildings in the orange 

area have 300 kW of nameplate capacity, all the commercial buildings in the red area have 100 kW of 

nameplate capacity, and all the commercial buildings in the green area have 15 kW of nameplate 
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capacity.  By holding the amount of electricity being generated on the building itself constant, we can 

better explain the impacts of different solar penetration scenarios.  

The amount of rooftop PV capacity that a customer can install depends on their available rooftop. 

Customers with can install more panels if they have an unshaded, large rooftop than if they have small, 

unshaded roofs. Furthermore, location of the site and the weather can generate significantly different 

amounts of electricity for the same PV installation. To account for the fact that solar irradiance levels 

differ dramatically between locations and climate zones we picked three different locations: Oxnard, 

California, Orlando, Florida, and Boston, Massachusetts. This is not representative of all climate zones 

but gives a range of locations with high solar irradiance levels such as Oxnard, CA, middle solar 

irradiance levels such as Orlando, FL, and low solar irradiance levels such as Boston, MA. In this paper, 

we assume that all PV panels throughout the 30-bus system generate the same relative power, based on 

the State weather data from NREL (CA, FL or MA) we had input into SAM [44]. Thus, regardless of 

what area zone the buildings were within the 30-bus system they received the same amount of solar 

irradiance. We adjusted the solar irradiance to match historical data from 2018 for the three locations 

(CA, FL or MA).  

To analyze the differences between NEM programs we analyzed the NEM structures from three 

electric utility companies: Southern California Edison Inc. (SCE), Florida Power & Light (FPL), and 

Eversource in Massachusetts. Electricity rates are a financial mechanism for recovering the costs from 

the utility building, financing, maintaining, and operating power plants to generate electricity, then 

acquire the infrastructure to transmit that electricity through transmission lines, and finally distribute that 

electricity to the customers who demand it. Some utilities also include financial returns through their 

tariffs to compensate owners and shareholders. The rates of a regulated investor-owned utility company 

are set by a regulatory agency. For example, in California, utility rates are set by an independent 

commission called the California Public Utilities Commission (CPUC). Typically, the regulatory agency 

sets rates so that the utility can recover its expenses as well as make a specified rate-of-return on its 

capital investments. The revenue which the utility company can receive from its customers is determined 

by the regulatory agency and is termed the revenue requirement [45]. 

There are three general formats that electricity rates are structured by utilities: flat rate, tiered 

rate, and time varying rates/ time-of-use. The flat rate does not depend on when electricity is consumed 

and is a constant price for which electricity is sold at the same rate each hour of the day and during each 

day of the year. Tiered utility rates are a structure in which the more electricity you use, the higher your 
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rate gets. You are allowed a certain amount of power (kilowatt hours) in each tier [46]. For the TOU 

rate, SCE divided the year into two seasons (high-priced and low-priced), with multiple rate levels for 

each hour of the day in a given year. In each season, the TOU rate periods are defined differently for 

business and non-business days. The TOU rate has a time-varying and a fixed volumetric adder. The 

time-varying component is different for each TOU season and period and is derived from the load-

weighted average wholesale electricity price within each period [47].  

 
2. Describing the model 

 

a) 2.1 Residential - Independent Variables  

The first control variable we inputted into our model was the electricity loads for the four 

different types of residential houses. SAM provides pre-generated average electricity consumption for 1 

building such as building characteristics (sq ft, year built, & number of occupants), and a range of 

different electric appliances. We held the electricity consumption constant because we want to 

specifically analyze the electricity rates and solar PV production. Our four distinct residential houses we 

assumed that the homes had a square footage of 1,000, 1,500, 2,500, and 3,000 sq ft. We decided to use 

averages from EIA to account for the fact that these houses could be single story or multi-story in height 

[48]. For the small houses we established that the load is 10,829 kWh per year, which is a little over the 

national average for a 1,000 sq ft home. For the medium 1 houses (med 1) we established that the load 

is 13,537 kWh per year, which is the national average for a 1,500 sq ft home. For the medium 2 houses 

(med 2) we established that the load is 17,327 kWh per year, which is the national average for a 2,500 

sq ft home. For the large houses we established that the load is 21,658 kWh per year, which is the national 

average for a 3,000 sq ft home. These four houses and electricity loads were held constant for all 

scenarios regardless of location. 

The second control variable we inputted into our model was the solar PV array system design in 

terms of the orientation of the solar panels, system losses due to shading, AC degradation rate, and the 

nameplate capacity. The array type was fixed, 20 degrees tilt, azimuth 180, and ground cover at 0.4. The 

system losses due to shading were 3% for all locations. The annual AC degradation rate was 0.5% for 

all scenarios. The solar PV nameplate capacity for small size houses was a 5 kW, for med 1 size houses 

was a 7 kW, for med 2 size houses was a 9 kW, and for large size houses was a 12 kW. These were all 

averages for solar panels capacity sizes on houses with the corresponding square footage from [49] 
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The third control variable we inputted into our model was system costs which were based on the 

four house size categories: small, medium 1, medium 2, and large. The costs for installing a 5-kW system 

for a small house is $13,768. The costs for installing a 7 kW system for a medium 1 house is $19,276. 

The costs for installing a 9-kW system for a medium 2 house is $24,783. The costs for installing a 12-

kW system for the large houses is $33,044. Figure 5 shows the different components used to calculate 

the direct and indirect costs of installing the solar PV systems. 

 
Figure 5 Screenshot of Inputs for Calculating PV System Costs. 

 

The fourth control variable we inputted into our model was the financial parameters regarding 

the financing of the PV arrays. All solar PV arrays had a standard 25-year loan with a 5% interest rate, 

and WACC of 3.95%. We assumed an inflation rate of 3%, and a discount rate of 7%, [50]. Federal 

income tax rate of 15%, State income tax rate of 7%, sales rate of 7.25%, and property tax rate of 0%. 
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We assumed that there was a 26% Federal Investment tax credit for all scenarios since we are starting 

from year 2018.  

The fifth control variable we inputted into our model was the geographic location and the 

corresponding weather data. SAM provides the user with an option to select weather data for a specific 

area code, or location name. After telling SAM that information it will grab the historical weather data 

from the NSRDB database and apply it to the PVWatts simulation by calculating the average irradiance 

(kWh/m^2/day), average degree day and annual albedo. We decided to run scenarios in three States CA, 

FL, and MA. For California we used weather data from Oxnard, CA. For Florida we used weather data 

from Orlando FL. For Massachusetts we used weather data from Boston, MA.  

The sixth control variable we inputted into our model was which State incentives for behind-the-meter 

solar we would be applying. In the California scenarios we assumed no State incentive for solar because 

the California Solar Initiative ended in 2016, [51]. In the Florida scenarios we assumed that the customers 

of solar panels qualify for the Orlando Public Utilities Commission’s performance-based initiative of 

$0.05/ kWh product-based incentive throughout the 25-year lifespan, [52]. In the Massachusetts 

scenarios we assumed that the customers of solar panels qualify for the SMART program’s $0.3/ kWh 

product-based incentive for the 1st 10 years of the solar panel’s life, [53].   

The seventh control variable we inputted into our model was the electricity rates of the utility 

companies. SAM allows for the user to search for the electricity rate for a specific zip code and outputs 

the price of the rate for each hour of each day over a year through the OpenEI U.S. Utility Rate Database. 

The main characteristics of the rate are: the fixed monthly charge, a minimum Charge, the amount for 

the Compensation for excess generation, whether they roll over net excess compensation into future 

energy bills, the amount from the State incentive and escalation rate. Please see Figures 5 –9 in Appendix 

C for the specifics of these rates. For modeling the residential rates in CA we used SCE’s Time-of-use 

Tiered Domestic (NEM 2.0)/ TOU-D-A, then in the FL scenarios we used FPL’s RTR-1 Residential 

TOU Rate (RS-1 w/ TOU Rider), and for the MA scenarios we used Eversource’s Greater Boston 

Residential R-1 (A1).  

b) 2.2 Residential - Dependent Variables  

There were five dependent variables we analyzed for each house after inputting the previous 

control variables and running the simulations: 1). the solar PV generation, 2). net energy consumption, 
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3). savings of electricity bills, 4). revenue loss to the utility and 5). amount of GHG emissions reduced. 

The results of these are expressed as annual values in the results section of the report.  

c) 2.3 Commercial - Independent Variables  

The first control variable we inputted into our model was the electricity loads for the four 

different types of commercial buildings. We assumed that the commercial buildings were homogenous 

throughout the area zone they were in within our 30-bus system. Area grey represents the downtown of 

a city, so we assigned the commercial buildings there to represent a small office 4,000 sq ft and an annual 

electricity load of 46,477 kWh. Area orange represents the less dense sections of the downtown, so we 

assigned the commercial buildings there to represent a supermarket (such as a Walmart or Target) 45,000 

sq ft and an annual electricity load of 580,241 kWh. Area red represents a suburban zone, so we assigned 

the commercial buildings there to represent a retail store (such as a Macy’s or Kohl’s) 25,000 sq ft and 

an annual electricity load of 181,552 kWh. Area green represents the rural outskirts, so we assigned the 

commercial buildings there to represent a small general store 3,000 sq ft and an annual electricity load 

of 30,500 kWh. 

The second control variable we inputted into our model was the solar PV array system design in 

terms of the orientation of the solar panels, system losses due to shading, AC degradation rate, and the 

nameplate capacity. The array type was fixed, 20 degrees tilt, azimuth 180, and ground cover at 0.4. The 

system losses due to shading were 3% for all locations. The annual AC degradation rate was 0.5% for 

all scenarios. The solar PV nameplate capacity for small office (area grey) was 20 kW, for supermarket 

(area orange) was 300 kW, for retail store (area red) was 100 kW, and for small general store was 15 

kW. These were all averages for solar panels capacity sizes on commercial buildings with the 

corresponding square footage from, [49].   

The third control variable we inputted into our model was system costs which were based on the 

four house size categories: small office, supermarket, retail store, small general store. The costs for 

installing a 20-kW system for a small office is $34,800. The costs for installing a 300-kW system for a 

supermarket is $521,992. The costs for installing a 100-kW system for a retail store is $173,997. The 

costs for installing a 15-kW system for the small general store is $26,100. Figure 4 shows the different 

components used to calculate the direct and indirect costs of installing the solar PV systems. 

The fourth control variable we inputted into our model was the financial parameters regarding 

the financing of the PV arrays. All solar PV arrays had a standard 25-year loan with a 5% interest rate, 
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and WACC of 3.95%. We assumed a 3% inflation, with a 7% discount of 7% [50], Federal tax rate of 

15%, State income tax rate of 7%, sales rate of 7.25%, and property tax rate of 0%. Commercial buildings 

also qualify for the 5-year MACRs. The Modified Accelerated Cost Recovery System (MACRS), is a 

method of depreciation in which a business’ investments in certain tangible property are recovered, for 

tax purposes, over a specified time period through annual deductions [54] .We also assumed that there 

was a 26% Federal Investment tax credit for all scenarios since we are starting from year 2018. 

The fifth control variable we inputted into our model was whether the buildings were in CA, FL, 

or MA. For California we used weather data from Oxnard, CA. For Florida we used weather data from 

Orlando FL. For Massachusetts we used weather data from Boston, MA.  

The sixth control variable we inputted into our model was which State incentives for behind-the-

meter solar we would be applying. We used the same incentives mentioned in the residential portion of 

the model.   

The seventh control variable we inputted into our model was the electricity rates of the utility 

companies. For modeling the commercial rates in CA, we used SCE’s Time-of-Use - General Service - 

Large: TOU-8, Option A, then in the FL scenarios, we used FPL’s GSD-1, and for the MA scenarios, 

we used Eversource’s B2 - General.  

d) 2.4 Commercial – Dependent Variables 

There were five dependent variables we analyzed for each house after inputting the previous 

control variables and running the simulations: 1). the solar PV generation, 2). net energy consumption, 

3). savings of electricity bills, 4). revenue loss to the utility and 5). amount of GHG emissions reduced. 

The results of these are expressed as annual values in the results section of the report.  
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VI. Results 
 

A. OPF Results Under Different Solar Scenario  
 

Three primary indicators discussed in the OPF analysis are: utility’s total dispatchment cost; 

Locational Marginal Price (LMP) at each bus; and the average flow rate in each transmission line. Here, 

the dispatchment cost is defined as the total price paid to generators to dispatch electricity. This is not 

based on the marginal price in the market, but on cost incurred by the generation. The locational marginal 

in this case is defined as the value of electricity at a bus based on the technical parameters of the grid at 

the location, load on that bus and the generation. Lastly, the flow rate is defined as power flow on the 

line divided by line total transmitting capacity, which can be useful in demonstrating whether distributed 

solar resources are helpful in relieving grid congestion. In the following three sections, we will discuss 

the variation in each three indicators under different solar capacity and installation penetration scenarios, 

in California, Florida and Massachusetts.   

 
1. Total Dispatchment Cost  

 
Dispatchment cost is heavily dependent on the solar penetration but also the location and time of 

the day. Dispatchment cost is solely calculated based on the expense incurred by the generators to 

produce electricity and thus residential solar panels are assumed to have zero dispatchment cost. 

Depending on time of the day, residential solar has the potential to serve the complete load of the house 

and produce excess which can be metered to serve other loads on the bus. In the low penetration cases, 

there is a consistent reduction in dispatchment cost when projects also have solar net metering, as 

compared to the ones without net metering. With a high percentage of buildings having solar panels on 

their rooftop, it is possible to get a zero dispatchment cost for the whole bus. Some important points to 

note are: 

• Dispatchment cost depends on a particular location’s solar irradiation. The reduction in dispatchment 

cost in some states, say Massachusetts in this report, might not be as drastic as the reduction in 

California due to increased solar penetration in California. 

• Dispatchment cost is also a factor of time of the day and season. Time of the day is the primary driver 

for solar irradiation, so afternoon hours will produce much more electricity from the same plant as 

compared to morning hours. They are also impacted by seasons, with winter generation being lower 
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than summer. 

• As can be seen in the Figures 6, 7 and 8 below, dispatchment cost remains fairly constant in Florida 

and Massachusetts in March and also in an August morning but there is a large drop in the 

dispatchment cost during August afternoon, which is a proxy for summer months. 

• As opposed to the case in Florida and Massachusetts, California shows a significant drop in the 

dispatchment cost throughout the year, as seen in figure 1. The drop is most evident in the winter 

months, where even a low solar penetration helps bring the cost to zero. 

• The difference in results for net metering projects versus non-net-metering projects is largest during 

August afternoon in Massachusetts and Florida.  

• Another reason for this drastic variation by states in the drop is the generation mix. California has a 

large renewable penetration, which already reduces the average dispatchment cost in the state. This 

along with the high solar irradiance helps in bringing the dispatchment cost to zero. Massachusetts 

also has a large renewable energy footprint but a lower solar penetration. Florida on the other hand 

has very low renewable capacity, which makes the energy cost much higher than the other two states. 

Due to this reason, even a large solar penetration does not reduce the dispatchment cost as much as 

California. 

 
Figure 6: Dispatchment cost California 

 
 

Figure 7: Dispatchment cost Florida 
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Figure 8: Dispatchment cost Massachusetts 

 
 

Below is a summary table of utility’s avoided cost. Here, the avoided cost is simply defined as 

the prevented dispatchment cost for utility because of distributed solar generators. All results here are 

derived under the low installed capacity scenario (C1). We can see as solar penetration level increase 

from P1 to P4, the difference in avoided cost between NEM and w/o NEM design is relatively constant 

in CA and MA, but more significant in FL, which exemplifies the effective role of DGs in FL in meeting 

nodal load consumption using excess generation from buildings with solar installed. Besides, the overall 

avoided cost is highest in FL and CA. The former state, FL, may be using DGs to prevent calling for 
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expensive marginal coal generators, while the latter, CA, may leverage redundant solar power to reduce 

generation from marginal natural gas generators, both significantly reduced the dispatchment costs. 

 
Table 7: Avoided Cost Under with and w/o NEM Design in each State 

 

2. Average Power Flow in the Transmission Line  
 

The average power flow in transmission lines is usually alleviated by introduction of new solar 

generators. This is true for most cases but there are a few outliers: when system has the highest 

penetration rate combined with largest installed capacity, the previously uncongested lines can now 

become more congested, i.e., flow rates may actually increase as the system have abundant excess 

generation to transmit back to grid. This in part shows that there exists a threshold after which keep 

installing distributed generators can become a burden of bulk grid instead of help relieving congestion 

and delay grid upgrades. Nevertheless, though there was not a consistent trend of net metering further 

reducing line flow, many scenarios did show that net -metering can make a noticeable difference.  

 

Some State specific trends are: 

• In California, almost every case with BTM solar penetration had a lower power flow along the 

transmission line than without solar. Generally, the more plant capacity and solar penetration, 

the higher was the reduction in flow. The reduction was most prominent in afternoons, 

especially during winter months. 

• Similar to California, in Florida the congestion on the line reduced with increasing BTM solar 

penetration and increased plant capacity. In most cases, the reduction was greater with net-

with NEM (m$) w/o NEM (m$)
P1 56.433 47.546
P2 120.073 103.779
P3 184.198 162.093
P4 226.848 214.117
P1 46.336 39.500
P2 97.261 85.884
P3 150.397 133.442
P4 199.139 178.256
P1 61.391 48.963
P2 118.665 104.895
P3 176.203 160.547
P4 230.433 210.772

FL

State
Solar Penetration 

Scenario
Annual avoided cost

CA

MA
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metering but there were a few outliers, such as the high penetration during summer afternoon 

and medium penetration during summer mornings. Generally, net metering was helpful in 

reducing transmission line congestion. 

• In Massachusetts, the congestion was generally lower with solar PV although this was not as 

pronounced in the lower solar penetration scenarios. The effect was most evident in summer 

afternoons, with huge reductions in line flow. There was not a consistent trend of lower flow 

with net metering, but a clear exception was summer afternoon, where high penetration 

increased the flow with net metering. 

• Overall, average flow rate is highest in Massachusetts, especially in summer peak time. This is 

reasonable in that sun shines less brightly in Massachusetts, and the solar generation can only 

meet small proportion of the total load consumption at each node. 

Figures 9, 10 and 11 below show the variation in the percentage utilization of the transmission grid 

while adding solar net metering for California, Florida and Massachusetts respectively. 

 
Figure 9: Percentage of Transmission Grid Utilization California 

 
 

Figure 10: Percentage of Transmission Grid Utilization Florida 
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Figure 11: Percentage of Transmission Grid Utilization Massachusetts 

 
 

3. Locational Marginal Price at each Bus 
 

Like the other two parameters, solar projects consistently reduce the locational marginal price at 

the bus in every state, especially as solar penetration level increase. It’s worth noticing that though LMP 

only indirectly related to residential electricity rate, the decrease in LMP values under net metering 

schema probably signal decreasing electricity cost especially for non-participant rate payers. Besides, 

some other overall trends are: 

 

• California shows a large drop in LMP with solar projects in almost all scenarios. There is some 

variation in the values with and without net metering, mostly in afternoons but in most high 

penetration and high irradiation scenario, the LMP is already 0.  

• Florida exhibits a relatively smaller difference between NEM and w/o NEM design and does not 

have a noticeable drop in LMP in most seasons, but there is a large drop in LMP during summer 

afternoons, when penetration in considerably higher. 

• Massachusetts exhibits a very similar result to Florida, with negligible differences throughout the 

year, and large drops in summer afternoon. There is not any large noticeable difference between 

cases NEM and w/o NEM design, so whether or not allowing excess generation back to grid doesn’t 

really influence the type of marginal generator in Massachusetts. 

• Similar to the trend in dispatchment cost plots, Florida and Massachusetts all have higher LMP 

compared to CA, and even under highest penetration largest capacity scenario, the LMP at MA grid 

is still larger than 0, due to its less abundant solar resources compared to FL and CA. 

Figures 12, 13 and 14 below show the LMP with under with NEM and w/o NEM design with regard 

to various solar penetration and capacity scenarios. 
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Figure 12: LMP California 

 
 
 

Figure 13: LMP Florida 
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Figure 14: LMP Massachusetts 

 
 

 
B. Financial Analysis 

 
The results from our simulations demonstrate how behind-the-meter solar PVs can provide a 

significant amount of electricity required to meet the annual energy demand for residential and 

commercial buildings. The cumulative annual electricity produced from BTM solar PV throughout all 

buildings in our 30-bus system are shown in Figures 15, 16, & 17. Given that California had the highest 

level of solar irradiance, the solar PVs generated the most electricity there, followed by Florida and 

Massachusetts. In the first solar penetration scenario of 10% of buildings having solar, BTM solar can 

supply 7.7% of the total annual energy consumption on average for all three States. In the second solar 

penetration scenario of 40% of buildings having solar, BTM solar can supply 21% of the total annual 

energy consumption on average for all three States. In the third solar penetration scenario of 70% of 

buildings having solar, BTM solar can supply 36% of the total annual energy consumption on average 

for all three States. In the fourth solar penetration scenario of 100% of buildings having solar, BTM solar 

can supply approximately 50% of the total annual energy consumption on average for all three States. It 

is very unrealistic to expect that up to 70 -100% of buildings installing solar due to design variations and 

shading. However, NREL’s 2018 study determined that 57% of all residential single-family homes in 

the United States are suitable for solar PV installation [55]. Therefore, State regulators should aim to 
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anticipate that BTM solar PVs can provide approximately 20% - 25% of the energy demand for 

consumption by residential and commercial buildings. 

 
Figure 15. Annual Electricity Generation of Solar PVs in CA

 
 

Figure 16. Annual Electricity Generation of Solar PVs in FL 
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Figure 17. Annual Electricity Generation of Solar PVs in MA 

 
 

We previously mentioned how the main benefit to NEM customers is energy bill savings and 

that the cost of this benefit is substantial revenue loss for the electric utility companies. However, we 

noticed that this revenue loss for utilities was not equally proportional to the quantity of electricity 

generated by BTM solar panels in each State. Figure 18 shows how the percent of the utility’s revenue 

reduced by solar penetration scenarios in each state is not proportional to the energy production from 

BTM solar. We would expect Massachusetts to affect the utility less because they generate significant 

less solar than CA and FL due to their more northern latitude receiving less solar irradiance. Interestingly 

we observed the opposite, which prompted our curiosity as to why. Our hypothesis was that it was due 

to the surplus compensation rate. To test this theory we ran all the houses in each State first under 

Eversource’s full compensation with a flat rate and then SCE’s $0.03/kWh with their TOU rate. Figure 

19 and Table 8 display the results of our analysis. Our hypothesis was correct as the flat rate plus full 

surplus compensation cut into the utility’s revenue by 11.2% - 12.4% more than SCE’s TOU rate. 

Therefore, this is evidence to support our recommendation that future NEM successor tariffs should have 

a TOU rate with a reduced surplus compensation rate to make it more equitable for utilities and non-

NEM ratepayers.   
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Figure 18. Percent Utility Revenue Reduced by Solar Penetration Scenarios in each State 

 
 

Figure 19. Average Electricity Bill Savings Flat vs TOU Rate 
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Table 8.  Difference Between Flat & TOU Rates’ Percent Reduction of Electricity Bill 
Difference Between Flat and TOU Rates’ Percent Reduction of Energy Bill 

CA  11.2% 
FL  12.4% 
MA  12.2% 

 
NEM programs were designed to incentivize customers to install solar PVs on their rooftops, by 

awarding them a surplus compensation rate for their surplus electricity. These awards have helped NEM 

customer payback the cost of purchasing the solar panels.  However, our analysis shows that current 

NEM programs surplus compensation rates are overcompensating NEM customers. To demonstrate this, 

we analyzed the number of years required to pay back the costs of financing a 7-kW solar array for our 

Medium 1 house in Massachusetts. Our goal is to observe which electricity rate structure most closely 

allows the NEM customer to be able to pay back the debt they incurred from financing the solar array 

within the 25 year lifetime of the solar panels. According to Sunrun, a standard BTM solar panel array 

has 25-year warranty period at 0.5% degradation [56].  Table 9 shows how in our first scenario with zero 

compensation, the discounted payback period is 34 years on average, which is beyond the standard 

lifetime of the solar panel’s life. This is not fair to the NEM customer and evidence for why we support 

the need for partial compensation of the surplus electricity. In our second scenario with full retail price 

compensation, the discounted payback period is only 9 years on average, which means this is extremely 

overcompensating the NEM customer as they receive 16 years of pure subsidies before their system 

reaches the end of life. In our third scenario with SCE’s TOU, $10 monthly fixed charge and only 

$0.03/kWh compensation, the discounted payback period is 22 years on average, which is more equitable 

as it is the closest to our 25-year payback goal. Figures 20, 21, & 22 show the after-tax cash flow for 

these scenarios. As a result, this is further evidence to support switching NEM customer to TOU rates 

and lowering the surplus compensation rate they receive for their excess solar.  
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Table 9.  Scenario Analysis of how NEM Compensation Rate Effects the Payback Period 
Scenario Analysis of how NEM Compensation Rate Effects the Payback Period 

  
w/o NEM NEM full retail Price 

NEM with TOU & 
Monthly Fixed Charge 

of $10 

Rate Greater Boston Residential 
R-1 (A1) 

Greater Boston Residential 
R-1 (A1) SCE NEM 2.0 

Surplus Compensation 
Rate $0.00 $0.24 $0.03 

Discounted Payback 
(Years) 34 9 22 

NPV $3,360 $15,435 $6,123 

 
Figure 20.  After-tax Cash Flow for no Compensation Scenario.  
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Figure 21. After-tax Cash Flow for Full Retail Price Compensation Scenario.  

 
 

Figure 22. After-tax Cash Flow for TOU + $0.03/kWh Compensation Scenario.  
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We evaluated the impact of NEM programs and policies onto the other non-NEM ratepayers by 

calculating the electricity rate increase the Utilities would have to impose in order to recover the revenue 

they lose to NEM customers. This was done by first calculating the net effect of NEM to the Utility 

companies. Although the utilities did benefit from the avoided cost of not burning natural gas and coal, 

the overall revenue loss resulted in a net cost for them for all NEM program scenarios. This net cost to 

the utilities will be imposed to the remaining electricity demand (non-NEM ratepayers) for each scenario. 

By dividing the net costs by the remaining electricity demand not met through BTM solar, yields the rate 

increase needed to cover the costs from the revenue loss as shown in Table 10. Figure 23 provides a 

visual representation of the results from these calculations.  

 
Table 10. Amount Added to Existing Electricity Rate to Recover the Revenue Loss 

How Much will be Added to Existing Electricity Rate 

Solar 
Penetration 

Scenario 
CA ($/kWh) FL ($/kWh) MA 

($/kWh) 

10% $0.0084 $0.0018 $0.0148 
40% $0.0314 $0.0097 $0.0536 
70% $0.0705 $0.0226 $0.1167 
100% $0.1315 $0.0438 $0.1991 
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Figure 23.  Annual Rate Increase to Non-NEM Ratepayers by Solar Penetration Scenarios 

 
 

To provide an example of quantifying the electricity bill increase for the non-NEM customers 

due to utility revenue loss, we multiplied the residential building consumptions from the methodology 

section by the rate increase values from Table 10. The results of the calculations for the annual values 

are in Table 11, and the monthly values are in Table 12. Even though the rate increase is on average less 

than 1 cent for the 10% solar penetration scenario, you can see how it can add and additional hundred(s) 

dollars per year to the other non-NEM ratepayers in California and Massachusetts.  
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Table 11. Annual Non-NEM Electricity Bill Increase due to Utility Revenue Loss 
Annual Non-NEM Electricity Bill Increase due to Utility Revenue Loss 

Solar Penetration Scenario 10% 40% 70% 100% 
CA Small $90.75 $339.91 $763.54 $1,424.09 
CA med 1 $113.44 $424.91 $954.48 $1,780.21 
CA med 2 $145.21 $543.88 $1,221.70 $2,278.63 
CA Large $181.51 $679.86 $1,527.15 $2,848.32 
FL Small $19.64 $104.93 $244.67 $474.67 
FL med 1 $24.55 $131.17 $305.86 $593.37 
FL med 2 $31.43 $167.89 $391.49 $759.50 
FL Large $39.28 $209.86 $489.37 $949.39 
MA Small $160.78 $579.98 $1,264.00 $2,156.07 
MA med 1 $200.99 $725.02 $1,580.09 $2,695.24 
MA med 2 $257.26 $928.01 $2,022.47 $3,449.83 
MA Large $321.58 $1,160.02 $2,528.12 $4,312.34 

 
Table 12. Monthly Non-NEM Electricity Bill Increase due to Utility Revenue Loss 

Monthly Non-NEM Electricity Bill Increase due to Utility Revenue Loss 
Solar Penetration Scenario 10% 40% 70% 100% 

CA Small $7.56 $28.33 $63.63 $118.67 
CA med 1 $9.45 $35.41 $79.54 $148.35 
CA med 2 $12.10 $45.32 $101.81 $189.89 
CA Large $15.13 $56.65 $127.26 $237.36 
FL Small $1.64 $8.74 $20.39 $39.56 
FL med 1 $2.05 $10.93 $25.49 $49.45 
FL med 2 $2.62 $13.99 $32.62 $63.29 
FL Large $3.27 $17.49 $40.78 $79.12 
MA Small $13.40 $48.33 $105.33 $179.67 
MA med 1 $16.75 $60.42 $131.67 $224.60 
MA med 2 $21.44 $77.33 $168.54 $287.49 
MA Large $26.80 $96.67 $210.68 $359.36 

 
In order to quantify the cumulative annual net costs, the non-NEM ratepayers would be receiving 

from the different solar penetration scenarios we multiplied the remaining electricity demand that was 

not met by BTM solar by the amount added to existing electricity rate to recover the revenue loss from 

Table 5. The results are displayed in Table 13.  
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Table 13. Annual Net Cost for Non-NEM Ratepayers (Cumulative). 
Annual Net Cost for Non-NEM Ratepayers (Cumulative) 

Solar 
Penetration 

Scenario 
CA $ FL $ MA $ 

10% $2,290.20 $496.68 $4,118.27 

40% $10,886.19 $3,377.16 $19,444.59 
70% $38,693.67 $12,549.44 $70,667.38 
100% $4,974,861.47 $1,692,139.53 $8,917,488.16 

 
Behind-the-meter solar provides several environmental benefits to the ratepayers but do not 

necessarily have specific market valuation of them. With BTM solar providing electricity, this will 

decrease the amount of time thermal power plant will be operating. One of the environmental effects of 

that is this reduces the amount of water consumed and GHG emissions released from these thermal 

power plants. In E3’s September 2020 study that was prepared for Sacramento Municipality Utility 

District (SMUD), provided monetary estimates of these environmental benefits in $/kWh values as 

shown in Table 14. The value of carbon and criteria pollutants reduction were derived by the utilities 

cost for complying with the California Air Resources Board’s (CARB) cap and trade program that 

electric utilities participate in. The valuation of water is an estimate of the direct costs of capturing and 

storing more water for the purpose of power generation. These are not necessarily a “social cost” of 

water but a market price for delivering and using water to produce power in thermal plants. Similarly, 

the Solar Energy Industries Association estimates that utility scale solar has a five-to-ten-acre impact per 

MW capacity [57]. For these reasons E3 was able to determine an average valuation of the avoided cost 

of transforming land in California into a utility scale solar facility. We want to note that these valuations 

for the environmental benefits are specific to California only and are not applicable to other States as the 

valuation of these criteria are different there.  

 
Table 14. Environmental Benefits Valuations 

Values from E3's 2019 Report (CA specific) 
Value of Carbon Reduction ($/ 

kWh) 

Value of Criteria 
Pollutants Reduction 

($/kWh) 

Value of Water 
($/kWh) 

Value of Land 
($/kWh) 

$0.007 $0.008 $0.001 $0.004 
 

With these values from Table 14 we were able to analyze the benefits that ratepayers would 

receive from the behind-the-meter solar generation from NEM customers. By summing the $/kWh 
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benefit of each environmental category we calculated a cumulative environmental benefit rate of 

$0.0202/kWh. After subtracting this from the average rate increase value previously calculated in Table 

10 for California, we now had a new California specific rate increase as illustrated by Figure 24. 

Remarkably in the 10% BTM solar penetration scenario for CA the environmental benefit estimates are 

larger than the cost of the utility companies rate increase. Thus, there is a net benefit to the CA ratepayers 

when 10% of the buildings have solar on them. However, as for the other solar penetration scenarios the 

non-NEM ratepayers still incur a net cost but are smaller than when the environmental benefits are not 

considered. As a result, when environmental benefits are considered in this hypothetical, we have 

demonstrated that it is a net benefit to ratepayers in the 10% scenario and reduced net costs to them in 

the other solar penetration scenarios. 

 
Figure 24. CA Rate Increase with Environmental Benefits Considered. 

 
 

In order the evaluate how fixed charges affect NEM programs we modeled the medium 1 house 

from the California scenario, with the same TOU rate by SCE but with different adjusted monthly fixed 

charges. In the first scenario with $0 monthly fixed charge the NEM customer reduced their original 

electricity bill by 72.45%, which is $2,596 of savings per year. As you can see in Table 15, the higher 

the monthly fixed charge amount, the less the NEM customer reduces their electricity bill by. For each 

scenario they maintain the same amount of savings of $2,596 of savings per year, which reflects the 

reduced volume of electricity demanded from the utility. However, since the fixed charge is non-
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bypassable and decoupled from the volume of electricity sold, the fixed charge helps the utility mitigate 

the revenue loss from the NEM customer consuming less electricity. As shown in the last column of 

Table 15 below, an additional $10 fixed charges to the NEM customer can mitigate ~2% of the revenue 

loss but a larger $50 fixed charge to the NEM customer can mitigate over ~10% of the revenue loss. 

Why this is an equitable solution is that this keeps the grid services costs with a NEM customer. A 

customer who can purchase a solar panel obviously has higher income than disadvantaged low-income 

customers. So by keeping 2-10% of the utility’s costs onto the NEM customer it can reduce 2-10% of 

the cost shift that would be transferred to disadvantaged low-income customers. This would be more 

equitable option to include in future NEM successor tariffs as it can potentially reduce the electricity rate 

increase onto the non-NEM ratepayers. As a result, fixed charges can be a progressive tool to use in 

future NEM programs that will make them less regressive towards non-NEM ratepayers.  

 
 

Table 15. Analysis of Fixed Charges’ Effect NEM Customer’s Electricity Bill Savings 
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VII. Recommendations 
 

In this section we present several proposals from recent studies on what they recommend new 

NEM policies and programs implement to make them less regressive onto the non-NEM ratepayers. 

None of these will eliminate the cost burden onto the utilities and non-NEM ratepayers by themselves, 

but if implemented they can mitigate the cost shift burden and make NEM more progressive rather than 

regressive from an environmental justice perspective.  

 
A. Net Billing Rather Than Annual Net Metering 

 
In a 2021 study by E3 on successor tariff options that are compliant with AB 327, they proposed 

to the CPUC that the excess generation that is not consumed onsite be valued at system, time-

differentiated avoided costs, using a “net billing” approach. Net Billing is different from current NEM 

financing options as the value of the solar energy exports will be compensated at the utility companies’ 

avoided costs. Generally, the avoided costs will be less than the full retail rate customers pay to their 

load serving entity for grid consumption. This is distinct from NEM, which provides bill credits at the 

retail rate for generation exported to the grid.  The primary benefit of disassociating the compensation 

of the exports from current retail rates is that net billing is more objective and transparent method, 

unaffected by the structure of the retail rate. Participating customers retain the ability to earn bill savings 

at the full retail rate for the remaining solar output, which is consumed onsite, [58]. Overall, net billing 

represents an improvement in economic efficiency compared to current NEM programs. 

  
B. Network Use Charges to NEM Participants 

 
Several electric utility companies have voiced their opinion on how to make more effective 

progress on correcting the misalignment between the cost and compensation rate. One such proposed 

option is to bill the customer-generators on a separately designed rate exclusive for their onsite renewable 

generation. For example, SDG&E, recently asked state regulators at the CPUC to allow them to 

“unbundle” electricity charges to NEM customers and non-NEM customers. They are essentially aiming 

to split the cost of generating electricity from transmission and distribution of energy for the NEM 

customers. This would be accomplished through their proposed monthly “network use charge or grid 

access charge”. This separate charge is a fee for the NEM customer to be connected to the energy grid 
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to send their excess electricity back to the grid through SDG&E’s distribution lines. Their main argument 

for this option is that this will more equitably reflect their fair share for the service of being able to export 

their excess electricity to the grid, [32]. 

 

C. Income-based Fixed Charges  
 

The adoption of solar PV and their subsequent effect on electricity rates are highly dependent on 

the NEM tariff structure. Tariffs contain a fixed charge for connecting to the grid, typically known as a 

connection charge, (also referred to as “grid access charges” or “non-bypassable fees”), which makes 

them fixed charges as they are independent of the amount of electricity consumed. On top of the 

connection charge, tariffs also contain a variable charge that increases with consumption. When 

residential households adopt PV, only the variable component of their electricity bill decreases. 

Traditionally these have been small as most of the costs are coupled within the volumetric portion of the 

utility bill. Therefore there is a strong potential to create a more equitable NEM successor tariff by 

increasing the fixed charges.  
In a 2021 study by Energy Institute at UC Berkeley’s Haas School of Business on redesigning 

electricity rates for a more equitable energy transition, they have proposed reforming NEM programs by 

implementing an income-based fixed charge. There is a lot of flexibility on how to structure this in a fair 

way. One of the desirable attributes of fixed charges is that they allow the utility to recover the revenue 

lost under current NEM programs with minimal to zero risk of customer departure, while enabling 

volumetric prices to reflect the utilities’ marginal cost. The need specifically for income-based fixed 

monthly charges is that if all customers are charged the same amount, it is highly regressive. For 

example, a $50 monthly fixed charge is significantly higher percentage of a NEM customer’s income if 

they make $40,000 per year compared to if a customer’s income is $100,000 per year. This is because 

electricity bills are a larger share of low-income household expenditures compared to higher income 

households. 

Their argument for supporting this option is that the entire electricity grid is essentially a public 

good that is shared amongst all the customers. They further explain three distinct equity criteria that 

economists often use to determine who should pay for a public good. The first is the ability to pay 

principle, as people with higher income or wealth should contribute more. Second is the benefits 

principle: those who benefit more from the public good should contribute more. And third is the 

responsibility principle: those who cause the need for the public good should contribute more [57]. As 
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illustrated in the results section, non-bypassable fixed charges can mitigate the utility companies’ 

revenue loss by 2-10% per NEM customer, which means that they will not have to increase the overall 

price of electricity by an additional 2-10% potentially. For these reasons we highly recommend that fixed 

charges be implemented as a tool in future NEM programs to make them less regressive to the non-NEM 

ratepayers.   

 
D. Phasing Current Customers off Original NEM Policies 

 
Another option for reforming NEM programs is to phase current NEM customers off them. 

Recently several States have reduced the value of the solar electricity exported to the grid from BTM 

customers. For example, in December 2015 the Public Utilities Commission in Nevada allowed the 

state’s largest utility, NV Energy, to decrease the value of exported solar credits by 75%, [60]. Under 

AB 405 Nevada has 4 NEM rate tiers, and as more customers participate in NEM the less the value of 

their exported solar credits will be worth, as shown in the Figure 25.  

 
Figure 25. Nevada NEM Tiers. 

 
Source: [60] 
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The consequence of this was that the state’s largest solar contractor, SolarCity, ceased in-state 

install operations, and competitor Sunrun dropped its local workforce by over 500 people, [61]. Another 

consequence of this action was customers who installed solar panels in Nevada were complaining that 

they would not have gone solar if they had known that their savings from going solar would be reduced 

that they would not have done it. Further research should be done to evaluate how reducing the value of 

the NEM customer’s savings will deter other ratepayers from installing solar panels on their buildings. 

As a result, it is worth noting that this option can have serious consequences onto the entire solar industry 

and that further studies should be done to analyze these impacts before deciding.  

In light of the consequences that occurred in Nevada E3 proposed in its 2021 study on successor 

tariff options, that are compliant with AB 327, that the CPUC implement a “Market Transition Credit” 

(MTC). This was created using the successor tariff public tool created by E3, [62]. The fundamental 

concept of the MTC is that as the costs of installing solar panels decline, this would allow for a gradual 

process or “glide path” for reducing the additional financial support provided to make such investments 

viable. The MTC would help the NEM customer payback the costs of installing the solar panels 

throughout the lifetime of the system’s life. The MTC structure also provides certainty for developers of 

customer-sited renewable generation systems by providing a clear and transparent value to plan around, 

including the timing of when this credit would be adjusted for later vintages. The MTC can be calibrated 

for different geographic, income-based, or other populations depending on policy goals, providing 

flexibility in determining the appropriate compensation to be awarded to different groups of customers 

with onsite renewable generation, [58]. Figures 26 & 27 provide visual representation of the MTC from 

E3’s report. Given that this was just proposed in January 2021, further research would need to be done 

with a more finalized structure of this proposal.  
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Figure 26. Illustration of the need for MTC from E3’s 2021 Report 

 
Source: [62] 

 
Figure 27. MTC Application from E3’s 2021 Report. 

 
Source: [62] 

 
 
 
 

E. Government Subsidies  
 

The last option from our literature review for reforming NEM programs is to have the State and 

federal government fund the revenue gap that is occurring to the utility companies under NEM programs. 
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The argument for this approach is that since the State governments created the RPS and are demanding 

that the utility companies need to switch to cleaner energy sources, therefore, they should fund a portion 

of the clean energy transition. Economists debate whether the best way to do this is through subsidies to 

the utilities or if the State governments should create another program such as California’s 

California Alternate Rates for Energy (CARE), [63]. However, the administrative pathway for 

successfully implementing this is by the customers providing accurate documentation of their incomes 

to be transparent to the utility company. This leads into a larger economic debate on what is a more 

equitable rate structure which is beyond the scope of this study.   
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VIII.   Conclusion 
 

Net energy metering has been successful at facilitating private investment and growth of the solar 

industry. Our analysis qualitatively and quantitatively demonstrated the benefits of financial savings, 

reduced grid congestion, and reduced GHG emissions that NEM policies provide to the NEM customers, 

utilities and non-NEM ratepayers. However, these benefits come at a cost of utilities losing revenue and 

shifting the costs onto the non-NEM ratepayers, resulting in net cost for both the utilities and non-NEM 

ratepayers in our cost-benefit analysis. We provided several recommendations on options that can be 

incorporated into future NEM successor tariffs which would make these policies less regressive and 

more equitable to the non-NEM ratepayers. The recommendations were: reducing the surplus 

compensation rate, using a time of use rate, increasing fixed non-bypassable charges onto NEM 

customers, a transitional NEM credit system, and additional government subsidies. We caution that any 

changes done to current NEM policies be implemented in phases, as gradual change is required to 

prevent detrimental damage to the solar industry. It is important that we decarbonize the power sector as 

quickly as possible, but let us remember to do so in a way that doesn’t negatively affect the most 

vulnerable members of our society.   
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X. Appendices 
A. Appendix A 

 
Table 1: Transmission Line Reactance and Capacity Limit 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
  

From To Reactance Flow Capacity From To Reactance Flow Capacity
1 2 0.06 131023.74 12 15 0.13 42996.18
1 3 0.17 70578.53 12 13 0.14 236485.18
2 4 0.17 35228.53 12 16 0.20 43988.18
2 6 0.18 62711.73 12 14 0.26 23044.68
2 5 0.20 61886.11 14 15 0.20 10000.00
3 4 0.04 31356.83 15 23 0.20 10000.00
4 6 0.04 129234.95 15 18 0.22 30467.91
4 12 0.26 126558.55 16 17 0.19 37526.92
5 7 0.12 14568.47 18 19 0.13 23995.26
6 8 0.04 63760.04 19 20 0.07 17515.91
6 28 0.06 115633.27 21 22 0.02 95871.01
6 7 0.08 44038.81 22 24 0.18 94370.94
6 9 0.21 59224.61 23 24 0.27 72089.12
6 10 0.56 41230.36 24 25 0.33 130677.81
8 28 0.20 22408.00 25 27 0.21 50441.45
9 10 0.11 94248.76 25 26 0.38 42824.03
9 11 0.21 25374.25 27 28 0.40 89694.94
10 21 0.07 76930.18 27 29 0.42 54692.83
10 17 0.08 31056.35 27 30 0.60 42562.45
10 22 0.15 53876.09 28 8 0.20 22408.00
10 20 0.21 11031.25 29 30 0.45 10000.00
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B. Appendix B 
 

Table 1: Assumed Generating Resources in CA 

 
 

Table 2: Assumed Generating Resources in FL 

 
 

Table 3: Assumed Generating Resources in MA 

 
 

  

GenID Capacity (kW) Bus Cost($/kwh) Source
g1 104195 1 0 Nonhydro RE
g2 73035.6 1 0.06 Natural Gas
g3 149384.62 13 0.06 Natural Gas
g4 50000 13 0 Nonhydro RE
g5 55296 2 0 Hydro
g6 11165.54 2 0.06 Natural Gas
g7 51494 23 0 Nuclear
g8 15000 23 0.06 Natural Gas
g9 199384.78 22 0.06 Natural Gas
g10 900 27 0.16 Petroleum
g11 10176.92 27 0.06 Natural Gas

GenID Capacity (kW) Bus Cost($/kwh) Source
g1 28035 1 0 Nonhydro RE
g2 197185.59 1 0.06 Natural Gas
g3 253385 13 0.06 Natural Gas
g4 60610 2 0.13 Coal
g5 24165.54 2 0.06 Natural Gas
g6 84936 23 0 Nuclear
g7 253384.78 22 0.06 Natural Gas
g8 658.8 27 0.16 Petroleum
g9 12176.92 27 0.06 Natural Gas

GenID Capacity (kW) Bus Cost($/kwh) Source
g1 28035 1 0 All RE
g2 197185.59 1 0.06 Natural Gas
g3 253385 13 0.06 Natural Gas
g4 48117.5 2 0 All RE
g5 36658.04 2 0.06 Natural Gas
g6 72443.5 23 0 All RE
g7 12492.5 23 0.06 Natural Gas
g8 253384.78 22 0.06 Natural Gas
g9 732 27 0.16 Petroleum
g10 12176.92 27 0.06 Natural Gas
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C. Appendix C 

 
 

Figure 1. Annual Electricity Generated by Solar PV Results 
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Figure 2. Avoided Electricity Costs Results 
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Figure 3. Annual Residential Net Consumption after PV Generation Results 

 
 

Figure 4. Rates for: Eversource - Greater Boston Residential R-1 (A1) 
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Figure 5. Time Schedule for: Eversource - Greater Boston Residential R-1 (A1) 

 
 

Figure 6. Rates for: FPL - RTR-1 Residential TOU Rate (RS-1 w/ TOU Rider) 
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Figure 7. Time Schedule for: FPL - RTR-1 Residential TOU Rate (RS-1 w/ TOU Rider) 

 
 

Figure 8. Rates for: SCE Time-of-use Tiered Domestic (NEM 2.0)/ TOU-D-A 
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Figure 9. Time Schedule for: SCE Time-of-use Tiered Domestic (NEM 2.0)/ TOU-D-A

 
 
 
 

 
 
 
 
 
 


	I. Abstract
	II. Executive Summary
	III. Introduction to NEM Policies
	IV. Literature review
	A. Reasons for Promoting NEM Policies
	1. Benefits to NEM Customers
	2. Benefits to Economy
	3. Benefits to Utilities
	4. Benefits to Environment

	B. Why is NEM a Problem?
	C. Barriers for Low-Income Groups Adopting Solar (Equity Concerns)

	V. Methodology
	A. Optimal Power Flow analysis
	1. Simulate Solar Generation and Household Load Profile.
	2. Set up Nodal Generation Fleet and Load Centers
	3. Solve for Optimal Power Flow

	B. Financial Analysis
	1. Costs and Benefits of NEM program
	2. Effect to NEM Customers
	3. Effect to Electric Utility Companies
	4. Effect to Non-NEM Ratepayers

	C. Running the Simulation in SAM
	1. Structure of the Model
	2. Describing the model
	a) 2.1 Residential - Independent Variables
	b) 2.2 Residential - Dependent Variables
	c) 2.3 Commercial - Independent Variables
	d) 2.4 Commercial – Dependent Variables



	VI.  Results
	A. OPF Results Under Different Solar Scenario
	1. Total Dispatchment Cost
	2. Average Power Flow in the Transmission Line
	3. Locational Marginal Price at each Bus

	B. Financial Analysis

	VII. Recommendations
	A. Net Billing Rather Than Annual Net Metering
	B. Network Use Charges to NEM Participants
	C. Income-based Fixed Charges
	D. Phasing Current Customers off Original NEM Policies
	E. Government Subsidies

	VIII.   Conclusion
	IX. References
	X. Appendices
	A. Appendix A
	B. Appendix B
	C. Appendix C


