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Abstract
We investigate the burgeoning trend of prosumers, who have transformed from traditional consumers into active renewable
energy producers. While prosumers help reduce greenhouse gas emissions and reliance on fossil fuels, they often remain
connected to the grid as a backup. This practice requires that utility companies reserve capacity, and conventional consumers
share these associated costs. We develop a stylized model to comprehensively assess the impact of prosumers. Our findings
demonstrate that, although prosumers contribute to diminishing nonrenewable energy consumption and offer potential cost
savings to utility firms, they simultaneously introduce negative externalities. Specifically, they inject uncertainty into the grid,
resulting in higher electricity prices and increased utility bills for regular consumers, even when fixed costs incurred by utility
firms are not considered. As the intermittency of prosumer energy generation increases, the socially optimal proportion
decreases while the self-selected equilibrium proportion of prosumers increases. Furthermore, we examine the potential
implications of a conventional linear incentive scheme for prosumers, exemplified by the 2023 U.S. federal tax credit for
solar panel installation costs. We find that such schemes may exacerbate social disparity. To address this issue, we propose
a reverse-linear subsidization approach, which paradoxically requires less funding to achieve equivalent prosumer adoption
rates and results in smaller social disparity.
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1 Introduction
Recent technology advancement empowers the end users to
transform themselves from passive consumers to active pro-
sumers, which is a hybrid of the terms producers and con-
sumers. Instead of consuming energy alone, prosumers can
also generate electricity on their own property through solar
panels, playing a key role in reducing greenhouse gas emis-
sions and lessening the reliance on fossil fuels.

To induce more prosumers, policymakers have adopted
various interventions. Starting in 2020, California is set to
become the first state in the United States to require all newly
built homes to install solar panels (Solar Eclipsed, 2018). Also,
the United States has provided a federal solar tax credit, about
30% of the solar panel installation cost, since 2005 (Devlin,
2023). Residential solar power generation is growing rapidly
worldwide. In 2017, rooftop solar installations, measured in
gigawatts of capacity, were nearly ten times what they were in
2010. According to the research report by CE Delft, a leading

energy consultancy company, it is estimated that nearly half of
European Union citizens could produce their own renewable
electricity by 2050 (Kampman et al., 2016).

One might naturally assume that renewable energy sources,
like solar power, would help reduce societal utility costs.
For example, the utility company may reduce fuel costs
and purchase costs from the utility spot market (Satchwell
et al., 2015). However, the situation in Germany may suggest
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otherwise. Hans-Josef Fell, who resides in an eco-friendly
home in Germany, played a pivotal role in transforming global
energy production. The solar panels he installed on his home
in the 1990s initiated a massive shift toward renewable energy
nationwide. By 2020, nearly half of Germany’s energy came
from renewable sources like solar and wind. This marked one
of the most dramatic energy transitions the world has wit-
nessed. Unfortunately, those who did not adopt renewable
solutions, such as installing solar panels, experienced a spike
in their electricity bills (NPR, 2020).

In late June 2021, the Pacific Northwest region of the
United States, including areas such as Oregon and Wash-
ington, as well as parts of British Columbia, experienced an
unprecedented heatwave that shattered temperature records.
Numerous residents reported experiencing notably elevated
utility bills during this time. During periods of extremely hot
summers or exceptionally cold winters, electricity consump-
tion increases sharply as people turn on air conditioners or
heaters to maintain a comfortable indoor environment. To
address this heightened demand, utility companies may use
outdated and environmentally harmful coal and oil power
plants. Some power facilities even maintain a dedicated team
to ensure power supply during these peak times. Consequently,
the cost of energy production can surge to four or five times
its regular rate on high-demand days compared to low-demand
days. This cost escalation can lead to a substantial increase in
electricity bills, placing a financial strain on households with
limited incomes as they contend with the elevated expenses of
cooling or heating their homes.

While it is evident that prosumers play a vital role in pro-
tecting the environment, there remains an “expense” related
to reserve capacity for prosumers (in addition to that of
upkeeping the electrical infrastructure) that is borne by the
nonprosumers. If a large number of regular consumers become
prosumers, the remaining conventional consumers may bear a
heavier burden of costs, even not counting the fixed costs of
maintaining the electrical grid. Such a scenario has manifested
in places like Germany, leading to escalated energy bills for
those not producing their own energy. In this paper, we focus
on the ramifications of an increasing prosumer population on
traditional consumers in conjunction with a popular financial
incentive to encourage more prosumers, such as a tax credit
for the solar panel installation cost.

We build a stylized model to study whether energy author-
ities should incentivize or impose charges on prosumers and
how to allocate the benefits of solar energy across the com-
munity equitably. Specifically, we focus on a utility company
serving both prosumers and traditional consumers. This firm
needs to decide on its internal generation capacity to main-
tain a regulated service level to satisfy market demand. Should
total energy demand surpass this limit, the company will still
meet the demand; however, any additional demand beyond its
established generation capacity will come at a higher cost.
This increase could be attributed to relying on less efficient
energy production methods or purchasing from pricier spot

markets. In the population, all consumers have heterogeneous
consumption demands, and prosumers can generate electric-
ity depending on their roof size and generation efficiency. The
utility company sets a price over time that divides the cost of
meeting energy needs across its consumer base, with an added
fixed profit margin as sanctioned by regulations.

We obtain a set of notable results. First, given the presence
of prosumers, we study the impact of their growing segments
and improved solar technology on society. We demonstrate
that an increase in the number of prosumers or improved con-
ditions for renewable energy production leads to a hike in
electricity prices even in the absence of fixed costs for the
utility firm. This is due to prosumers introducing increased
unpredictability into the electricity grid. Consequently, while
prosumers may benefit from reduced electricity expenses,
traditional consumers who are unable to become prosumers
might face escalated energy costs. It is worthwhile to note
that our findings hold without considering fixed costs, such
as grid maintenance, that a utility firm would have, irrespec-
tive of demand (e.g., Gautier et al., 2018; Mamaghani and
Çakanyildirim, 2024; Singh and Scheller-Wolf, 2022). This
distinction is crucial, as it highlights the need for policymak-
ers to account for additional factors other than fixed costs in
designing interventions.

Second, we study the prosumer size in equilibrium from
both social and individual perspectives, by taking into account
solar panel installation costs and the social/environmental
benefits of solar power generation. We characterize the con-
ditions under which policymakers may incentivize consumers
to adopt the prosumer role, beyond their own self-driven inter-
ests. These conditions underscore the contrast in different
perspectives between societal interests and individual con-
sumers’ self-interested motivations. Additionally, we establish
the conditions under which even if an increase in the number
of prosumers raises the electricity price, potentially leading to
a death spiral, the prosumer size in equilibrium remains stable.
This stability is also maintained when policymakers intro-
duce economic incentives to encourage greater solar panel
adoption.

Third, should policymakers aim to promote greater solar
panel adoption, we show that offering subsidies based on roof
size can achieve the desired prosumer level. A common pol-
icy, such as the federal tax credit for solar panel installation in
2023 in the United States (Department of Energy, 2023), can
effectively increase the number of prosumers. However, this
comes at the cost of equity, as it primarily benefits individuals
who may need less financial support. To address this fairness
issue, we suggest a feed-in tariff scheme in which the sub-
sidy for solar panels decreases as roof size increases and show
that a lesser financial burden is placed on regular consumers,
compared to the subsidy proportional to roof size. That is, our
proposed subsidy achieves the socially optimal number of pro-
sumers and mitigates unfairness concerns between prosumers
and consumers.
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Subsequently, we expand our base model into five exten-
sions. First, we investigate a complex yet more practical
scenario of net metering in which prosumers can sell their
excess energy back to the grid at a certain rate. Our findings
indicate that such a practice cannot simultaneously achieve
the socially optimal prosumer level and mitigate unfairness.
However, our proposed approach can achieve both objectives.
Second, we explore a situation in which the utility firm charges
contingent prices after all intermittencies have become real-
ized and demonstrate that the difference between the main
and alternative pricing mechanisms is reasonably small to pre-
serve the primary insights. Third, we incorporate a consumer
group referred to as green consumers, who may earn intangi-
ble benefits in addition to financial gain from renewable energy
generation. We find that unfairness among green consumers is
less than that among regular consumers, implying that unfair-
ness between consumers and prosumers is smaller with more
green consumers. Fourth, we take an egalitarian approach and
aim to achieve equity between the two consumer segments,
that is, prosumers and regular consumers, by maximizing their
minimum utility levels. We show that the egalitarian fairness
proportion behaves like socially optimal and self-interested
equilibrium proportions when renewable energy generation
efficiency and affordability improve. Nevertheless, as genera-
tion intermittency among prosumers increases, the egalitarian
fairness proportion increases like the self-interested equilib-
rium proportion, while the optimal proportion for the social
cost decreases contrastingly. Finally, we investigate indepen-
dent demand patterns of the roof size and illustrate that the
main result of prosumers’ negative externality on utility prices
from the base model remains unchanged.

2 Literature Review
Our study is related to the Operations Management (OM) liter-
ature on (i) environment and sustainability and (ii) renewable
energy, but it also deviates from the existing literature in some
essential aspects.

2.1 Environment and Sustainability
Researchers in OM have explored various environmental and
sustainability-related topics. In-depth reviews on these topics
can be found in Girotra and Netessine (2013) and Agrawal
et al. (2019). Generally, two approaches emerge: One focuses
on mitigating undesirable activities by firms (such as the use
of child labor or violations of environmental standards), while
the other encourages desirable activities, such as the adop-
tion of green technologies by firms or the purchase of electric
vehicles by consumers. The latter stream of literature aligns
with our research, since our primary research question is the
adoption of green technology, specifically rooftop solar pan-
els. For example, Cohen et al. (2016) uncover the importance
of demand uncertainty in designing consumer subsidies for
firms’ green technology. In a related vein, Krass et al. (2013)

study how regulators may use tax, subsidy, and rebate lev-
els to influence a firm’s choice in green technologies, and
Ma et al. (2019) study when to subsidize products and/or
service infrastructure for clean technology. Raz and Ovchin-
nikov (2015) study government interventions like subsidies (or
taxes) and rebates to encourage consumption of public inter-
est goods such as electric vehicles, where interventions do
not vary across consumers. Our study connects with research
on competition-induced operational uncertainty. Ovchinnikov
et al. (2023) show that inventory risk from competitive
uncertainty can paradoxically raise market prices. Similarly,
utilities facing intermittency from prosumers’ renewable gen-
eration experience analogous risks, highlighting how opera-
tional uncertainty broadly impacts market outcomes.

However, our approach differentiates itself by investigat-
ing the consumer’s decision, that is, whether to become a
prosumer rather than the firm’s decision. Furthermore, we
emphasize that the seemingly desirable choice of becoming
prosumers by installing solar panels may impose unintended
negative externalities on society. In light of this, we analyze
the trade-off associated with prosumers and propose a fair
mechanism to achieve a socially optimal level of technology
adoption.

2.2 Renewable Energy
This paper is also related to the literature on renewable energy.
The supply of electricity from these renewable sources is inter-
mittent due to weather conditions, air pollution, and other
determinants in the environmental conditions. Hu et al. (2015)
study the capacity investment problem of renewable energy
technology. They illustrate that data granularity is an important
decision factor, as the coarse data may not well reflect the inter-
mittency of the renewable generation. Alizamir et al. (2016)
study the optimal design of the feed-in-tariff (FIT) policies.
Under the FIT policy, governments purchase renewable energy
at tariffs that are set above the market price, aiming to fos-
ter learning and accelerate the diffusion of renewable energy.
The authors find that the current constant profitability mech-
anism is rarely optimal and propose some alternative ones to
improve the efficiency of the FIT policy. Aflaki and Netessine
(2017) examine the effect of carbon taxes on the cost and share
of renewable energy capacity in an energy portfolio. They
show that higher carbon prices may discourage investments
in renewable energy capacity. Al-Gwaiz et al. (2017) find that
the policy of economically curtailing the intermittent gen-
eration from renewable energy sources can intensify market
competition, reduce price volatility, and improve the system’s
overall efficiency. Kök et al. (2015) compare the flat pricing
and peak pricing on the investment levels of renewable and
conventional energy sources. They suggest that flat pricing can
lead to lower carbon emissions and a higher consumer surplus
than peak pricing. Considering a day-ahead electricity market
comprising both conventional and renewable firms, Sunar and
Birge (2019) show that imposing a penalty rate can result in
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larger renewable energy commitment in the day-ahead mar-
ket. Leveraging an infinite-horizon, continuous-time model,
Angelus (2021) characterizes the consumers’ optimal invest-
ment decisions for standalone small-scale renewable energy
sources. Interested readers in this topic should refer to Parker
et al. (2019) for comprehensive reviews regarding renewable
integration and other topics in the electric power industry.

It is worthwhile to point out that there are several studies
looking into solar energy in particular. In the nonresidential
solar energy market, companies often choose between direct
ownership and working with a service provider through third-
party ownership. Through an empirical study, Guajardo (2018)
shows that third-party ownership can outperform direct own-
ership by 4% in terms of production yield. To encourage
more adoption of renewable generation, policymakers often
provide financial incentives. Agrawal et al. (2022) focus on
the nonownership business models in the solar power market,
where a solar power company incurs the installation cost with
ownership, and the customer may pay either a fixed leasing
fee or per-unit price. The authors find that a higher investment
subsidy may backfire, leading to lower total adoption and gen-
eration. In contrast, Babich et al. (2020) compare the impacts
of the FIT policy and the tax-rebate policy on consumers’
adoption decisions. The authors characterize the conditions
that favor the FIT vs. the tax-rebate policy. However, both
papers do not consider fairness concerns arising for regular
consumers vs. prosumers.

A growing body of literature explores the relationship
between prosumer adoption and electricity prices. One stream
finds that increased penetration of prosumers can reduce prices
due to the near-zero marginal cost of renewables, which
displace costlier fossil fuel generators in the merit order
(Würzburg et al., 2013). Renewables also provide a hedg-
ing function against fossil fuel price volatility, contributing
to price stabilization (Navia Simon and Diaz Anadon, 2025).
In contrast, the other stream of literature emphasizes that
more prosumers raise the electricity price, creating fairness
concerns. It is often attributed to the reallocation of grid
maintenance cost (Cai et al., 2013; Costello and Hemphill,
2014; Kuznetsova and Anjos, 2020) and transmission and
distribution cost (Gautier et al., 2018). That is, the primary
driver of price hikes is the increased burdens of sharing
fixed costs among reduced consumers. Consequently, various
policy interventions were proposed to address fair distribu-
tion of fixed cost. Gautier et al. (2018) compare two pricing
mechanisms (net metering and net purchasing) as unfair-
ness mitigation measures with fixed cost. As consumers have
to use such mechanisms regularly, the actual performance
depends on the day-to-day realization of intermittency, which
is excluded. Singh and Scheller-Wolf (2022) explore the tariff
structure to minimize such fairness issues but abstract away
the utility firm’s capacity decision. They show that if every
consumer pays the uniform variable energy price irrespective
of their type but prosumers pay an additional fixed fee, society
can alleviate the unfairness between regular consumers and

prosumers. Mamaghani and Çakanyildirim (2024) propose a
similar mechanism, the buyback price and a subscription fee,
to mitigate the utility death spiral, where electricity prices
increase with more prosumers. However, the allocation of
fixed costs represents only one dimension of the trade-offs
introduced by prosumers. There is a trade-off regarding the
impact of prosumers on the electricity grid. On the one hand,
the increased adoption of prosumers can amplify demand
volatility due to the intermittency of renewable energy sources
(e.g., Cordera et al., 2023; Wu and Kapuscinski, 2013), cre-
ating risks for the grid, similar to the competition-induced
inventory risks discussed by Ovchinnikov et al. (2023). On the
other hand, prosumers’ energy generation helps reduce peak
demand, which enables utility firms to lower their capacity
costs. Satchwell et al. (2015) note that prosumers can reduce
generation costs because the utility firm can reduce fuel costs
and purchased power costs, and defer utility generation invest-
ments. This inherent trade-off makes it ambiguous whether
prosumers indeed increase the electricity price if fixed cost
factors are excluded.

Motivated by these papers, our study complements this
stream of literature by considering financial incentives for
installation and fairness simultaneously in distributed solar
power generation. We endogenize the utility firm’s operational
decisions in the absence of fixed costs and theoretically show
that the electricity price can rise even without fixed costs.
This finding underscores that, despite fair-sharing policies for
fixed costs, the utility firm may still increase prices as the pro-
portion of prosumers grows, which should be accounted for
when designing interventions. Our analysis provides critical
insights into the broader implications of prosumer adoption for
generation capacity, electricity pricing, and social fairness.

3 The Model
In this study, we consider a utility firm that provides electricity
to a group of consumers, a proportion of whom can gener-
ate electricity through their own renewable energy facilities.
We first describe the consumers and the electricity provider,
followed by their decision sequence.

3.1 Consumers
Traditionally, the centralized energy model is the norm in
which consumers can only purchase electricity from the grid.
However, due to the rise of renewable energy technology, con-
sumers installing solar panels on their rooftops can consume
the generated energy and may sell the rest back to the grid.
This type of consumer is commonly known as the prosumer,
who both consumes and produces energy. Without loss of
generality, we normalize the total market size to be a unit.

A prosumer’s generation output depends on various factors,
such as the size of solar panels and the amount of sunlight.
We first let a consumer’s roof size s be uniformly distributed
between 0 and 1, in which 0 reflects no physical space for solar
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panels (i.e., high-rise apartment building) and 1 reflects the
other extreme.1 Next, we model inherent intermittency from
environmental conditions, denoted as 𝜉. To capture this vari-
ability in the prosumer’s generation output parsimoniously, we
assume that the electricity output from a prosumer with the
roof size s is g = s ⋅ 𝜉. We assume that 𝜉 follows a uniform
distribution between 𝜇 − 𝜎 and 𝜇 + 𝜎, where 𝜎 represents the
amount of intermittency from weather and 𝜇 represents the
expected efficiency of a unit solar panel. Since the genera-
tion cannot be negative, we assume 𝜇 − 𝜎 > 0 henceforth.
This approach implies that consumers reside within close
proximity and share similar weather conditions. Although our
model does not fully incorporate multiple geographical areas
where weather is correlated, the model still provides valuable
insights. When there are multiple intermittencies with corre-
lation, the aggregated intermittency would matter to the utility
firm’s business decisions, such as capacity and pricing. Thus,
if we interpret the current 𝜎 as the aggregated intermittency,
our model approximately captures the impact of prosumers
across various geographical areas on the utility firm’s decision.

Regarding consumer demand, electricity consumption is
relatively stable compared to renewable energy generation. For
example, people still need to consume electricity on a rainy
day when solar panels hardly generate any electricity. To repre-
sent the relative stability of electricity consumption, we adopt
deterministic demand following the literature (e.g., Singh and
Scheller-Wolf, 2022). However, electricity consumption may
vary across consumers, depending on various factors such as
the house’s efficiency, heating technology, and overall energy
consumption patterns, as well as socioeconomic factors. To
capture such heterogeneity and ensure analytical tractability,
we assume that the electricity consumption is linearly increas-
ing in the roof size s with rate d (e.g., Singh and Scheller-Wolf,
2022). That is, our model is most valid when the roof size is
the primary factor for the electricity consumption. However,
if the consumption varies little across roof sizes or is random
and independent of roof size, our results may not hold. There-
fore, to verify the robustness of the results, we investigate two
scenarios: (1) The demand is deterministic but independent of
the roof size, and (2) the demand is random in Section 5.5.

We define 𝛾 as the proportion of prosumers. The remaining
proportion (1 − 𝛾) represents regular consumers who do not
have solar panels. Thus, the aggregated demand of both reg-
ular consumers and prosumers is a function of 𝛾 . We define
such aggregated demand that the utility firm should satisfy
as Du(𝛾), which can be interpreted as the net demand (total
demand minus prosumer’s generation) to the utility firm.

We first analyze the scenario where 𝛾 is exogenously given
in order to examine the interaction between prosumers and
the electricity price. Since the renewable energy generation
equipment is costly to install, we later introduce the fixed
and variable installation costs of solar panel systems, I0 and
I , respectively, to study the equilibrium outcomes based on
consumers’ endogenous decisions on becoming a prosumer or
not.

3.2 The Utility Firm
The utility firm has two sources of capacity, internal and exter-
nal, to serve consumer demand. In practice, there are multiple
internal generation facilities with varying flexibility. The util-
ity firm follows merit order dispatch rules to determine which
source to utilize. For example, it utilizes a low-cost but inflex-
ible source, such as nuclear power, first to satisfy the demand
and then gradually moves on to more expensive and flexible
sources, like natural gas. To focus on the uncertain demand
driven by prosumers, we assume that the firm utilizes the
inflexible source to satisfy the minimum demand and the fully
flexible source to serve the rest. Without loss of generality, we
normalize the minimum demand to zero.

We consider that the utility firm has two sources for elec-
tricity; (1) an internal and fully flexible generation capacity
and (2) a spot (wholesale) market. Let c and C denote the
unit costs for the internal and external sources, respectively.
While the spot market price is volatile, its expected price is
commonly assumed to be greater than the firm’s internal gen-
eration cost (e.g., Sunar and Swaminathan, 2021), leading to
c < C.

In one extreme case, the utility firm can serve the market
without any internal capacity. Nevertheless, utilities in a regu-
lated market are required to be vertically integrated, that is, to
own generation capacity (Environmental Protection Agency,
2025). Moreover, relying on a sole source would be more vul-
nerable for the reliable provision of electricity. Therefore, we
model that the firm has a predetermined service level, 𝛽, with
the internal capacity. We define Q(𝛾) as the internal and fully
flexible generation capacity for some 𝛾 . Then, the relation-
ship between 𝛽 and Q(𝛾) can be expressed as Prob(Du(𝛾) ≤

Q(𝛾)) = 𝛽. With its planned internal generation capacity Q(𝛾),
the total expected generation cost TC is as follows:

TC(Q(𝛾)) = c0 ⋅ Q(𝛾) + c ⋅ E[min{Du(𝛾), Q(𝛾)}]
+ C ⋅ E[(Du(𝛾) − Q(𝛾))+], (1)

where c0 is the unit capacity building cost and (⋅)+ =
max(⋅, 0). While 𝛽 is an exogenous parameter, 𝛾 depends on
other parameters like 𝜇, 𝜎, etc. As our research questions focus
more on characteristics about solar panels such as efficiency,
intermittency, and affordability than 𝛽, we use Q(𝛾) instead of
Q(𝛽, 𝛾(𝜇, 𝜎)) for ease of exposition. Also, if c0 is zero, TC in
(1) reflects the sum of all the variable costs.

In most parts of the United States, there is a single electric-
ity supplier in the local market. A regional government allows
the utility firm to be a monopoly in return for stable electricity
provision at a reasonable price. The firm can determine most
of its business decisions but is regulated for pricing. Public
utilities commissions in most U.S. states regulate electricity
prices. In Canada, electricity price is primarily under provin-
cial jurisdiction. For example, the Ontario Energy Board sets
the electricity rate annually (Ontario Energy Board, 2025). In
Mexico, the role of state companies is increasingly dominant
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(Barrera, 2025). Because the utility firm is a for-profit orga-
nization, these agencies regulate the utility price to enable the
firm to operate with some profit margin. We define m as a cer-
tain profit margin in addition to its cost. As a result, the price
can be expressed as follows:

p(𝛾) =
TC(Q(𝛾))
E[Du(𝛾)]

+ m. (2)

Without loss of generality, we assume that the utility firm’s
unit electricity price is set to break even, that is, m = 0.

3.3 Decision Sequence
It is often the case that consumers choose to install solar pan-
els when the potential economic benefit is sufficiently large
(Cohen, 2023). As the economic benefit is contingent on the
electricity price, consumers should anticipate how the utility
firm would operate in general and how the electricity price
would change in particular.

The electricity price results from the utility firm’s capac-
ity, costs, and overall demand. While utility firms regulated
by the local governments are typically required to report long-
term strategic plans, called Integrated Resource Plans (IRPs),
IRPs do not have detailed operations plans to achieve partic-
ular goals due to their strategic nature. In contrast, the utility
firms set up mid- to short-term detailed plans for operating
their power generation facilities. If the firm cannot set up its
plan properly, it will waste the internal generation resources or
rely heavily on the more expensive external market, increasing
the total expected cost. To avoid such unnecessary waste, the
firm should determine the internal capacity carefully so that its
proposed electricity price is approved by regulatory agencies
such as a state public utility commission. Thus, we incorporate
the firm’s internal capacity decision into the model (cf. Singh
and Scheller-Wolf, 2022; Sunar and Swaminathan, 2021).

To reflect the strategic decision of prosumers to install solar
panels and the operational-level decision by the utility firm of
setting up and adjusting capacity, we model that consumers
first determine whether to install the solar panels and become
prosumers, in anticipation of the electricity price. Next, given
the consumer market composition, that is, the proportion of the
prosumers (𝛾) and the anticipated demand pattern/distribution,
the utility firm sets up how much to generate (e.g., gigawatt
hours) using the internal facilities (Q) under the predetermined
portion (𝛽). Finally, the expected electricity price (p) is set to
give the firm a unit profit margin of m. Figure 1 illustrates the
sequence of events.

As the prosumers’ strategic decisions of installing solar
panels are more long-term than the utility firm’s capacity deci-
sion at the operational level, we first analyze the utility firm’s
decision with a given proportion of prosumers 𝛾 . Then, we
endogenize the consumers’ decisions to become a prosumer in
our model. For convenience, we summarize the notation used
in this study in Table EC.1 of the Appendix.

4 Analysis
We start our analysis by investigating how the price and
generation capacity are determined for a given fraction of pro-
sumers. In doing so, we focus on the case where the demand
is greater than the prosumer’s renewable generation in this
section, that is, d > 𝜇 + 𝜎, to provide clear insights. This is
rather innocuous as the ratio of small-scale solar photovoltaic
generation with respect to the use of electricity by residen-
tial customers is about 2.6%2 in 2022. Yet, we explore the rest
of the cases and verify that our main insights remain valid in
Section 5.1.

Based on the pricing mechanism, we derive two differ-
ent proportions of prosumers of interest: (1) The proportion
via consumers’ self-selection and (2) the proportion minimiz-
ing the total social cost. We conclude the section with two
intervention mechanisms to achieve the total cost-minimizing
proportion via self-selection.

4.1 Generation Capacity and Electricity Price
We use backward induction to derive the equilibrium out-
comes. Notice that the pricing decision in Stage 3 is governed
by (2). Anticipating this, the firm should set the internal capac-
ity to meet the service level constraint in Stage 2. While the
electricity consumption is assumed to be deterministic, the
electricity demand to the utility firm is random due to inter-
mittent generation of prosumers. Because of the installation
costs (fixed and variable), not all consumers find it beneficial
to be prosumers. A house with a larger roof size incurs less
average installation cost and finds it more economical to be a
prosumer compared to that with a smaller roof size.

As the consumer’s roof size is continuous, there is a thresh-
old roof size, saying ŝ such that those whose roof size is greater
than ŝ become prosumers. Since the roof size is assumed to
be uniformly distributed between 0 and 1, the portion of pro-
sumers is 1 − ŝ ≜ 𝛾 . We will formally prove this claim in
Lemma 2. As a result, the aggregate demand for the utility
firm can be expressed as follows:

Du(𝜉|𝛾) = ∫

1−𝛾

0
(d ⋅ s)ds +

∫

1

1−𝛾
(d ⋅ s − 𝜉 ⋅ s)ds

= 1
2

d − 1
2
𝜉(2𝛾 − 𝛾2). (3)

Since 𝜉 is a uniform random variable affecting the demand,
Du(𝜉|𝛾) is also a uniform random variable between Du(𝜇+𝜎|𝛾)
and Du(𝜇−𝜎|𝛾). Recall that the firm should achieve the service
level 𝛽 with its internal capacity, that is, P(Du(𝜉|𝛾) ≤ Q∗) = 𝛽.
Then,

Q∗ = 2E[Du(𝜉)] − (1 − 𝛽)Du(𝜇 − 𝜎) − 𝛽Du(𝜇 + 𝜎).

As the utility firm determines the price following (2), we
replace Q with Q∗ in (1), compute (2), and derive the following
proposition.
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Figure 1. Sequence of events.

PROPOSITION 1. For given 𝛽 and 𝛾 , the electricity price is

p(Q∗(𝛾), 𝛾)

= c0 + c +
(C − c)(1 − 𝛽)2 + c0(2𝛽 − 1)

d − 𝜇(2𝛾 − 𝛾2)
𝜎(2𝛾 − 𝛾2) (4)

= c0 + c +
√

3
(
(C − c) (1 − 𝛽)2 + c0 (2𝛽 − 1)

)
CVu, (5)

where E[Du] =
1

2
d − 1

2
𝜇(2𝛾 − 𝛾2), 𝜎Du

= 𝜎

2
√

3
(2𝛾 − 𝛾2), and

CVu = 𝜎Du

E[Du]
. Moreover,

(i) While the internal capacity decrease in 𝛾 and 𝜇, it
increases in 𝜎 if and only if 𝛽 >

1

2
.

(ii) The electricity price increases in 𝛾 , 𝜇, and 𝜎 regardless of
the capacity cost (c0) if 𝛽 >

1

2
.

All proofs throughout the paper are relegated to the Online
Appendix. Proposition 1(i) shows that if the required service
level using internal generation (𝛽) is high enough (𝛽 > 1∕2),
the firm should reduce its generation capability when there
are more prosumers (𝛾) or the prosumers’ mean energy gen-
eration output (𝜇) increases. The impact of intermittency (𝜎)
is less straightforward. When 𝛽 is high enough (𝛽 > 1∕2),
the firm should increase its internal generation capability as 𝜎
increases. Otherwise, the optimal internal capacity decreases
in 𝜎.

Despite lower capacity cost due to more prosumers, Propo-
sition 1(ii) implies that the electricity price still increases in 𝛾 ,
which leads to a negative externality for regular consumers.
This result suggests that even though the firm requires less
output when there are more prosumers, the electricity price
will actually be higher. This is because prosumers’ electricity
generation inherently has intermittency and burdens the utility
firm’s operations. To discuss the effect of 𝛾 more clearly, we
utilize (5). It is evident that E[Du] is decreasing in 𝛾 , but 𝜎Du

is increasing in 𝛾 . Therefore, the coefficient of variation (CVu)
becomes larger, leading to an increase in the price.3 In other
words, more prosumers will reduce the net demand for utility,
which brings down the utility firm’s internal generation capac-
ity in equilibrium. Because the utility firm is required to keep a
relatively high service level, it reduces the generation capacity

slower than the demand, suggesting that per unit price for inter-
nal generation capacity (Q∕E[Du]) increases. Moreover, in
case of high demand, the amount of electricity purchased from
the external source becomes greater (C ⋅ E[(Du − Q∗)+]). The
combination of these two effects drives the price up when fac-
ing a larger fraction of prosumers 𝛾 . The price will also become
higher despite more favorable conditions for renewable energy
generation, such as improved generation efficiency and more
sunlight, that is, a higher 𝜇. While a higher 𝜇 increases the
total renewable energy generation like a higher 𝛾 , it does not
affect 𝜎Du

but only reduces E[Du], increasing p(Q∗(𝛾), 𝛾).
There are divergent findings regarding the relationship

between the electricity price and prosumers. One stream of lit-
erature argues that growing prosumers can lower the electricity
price. Since solar and wind have near-zero marginal cost, their
entry can push more expensive fuel-based generators out of the
dispatch order, reducing the market-clearing price, referred to
as “merit-order effect” (Würzburg et al., 2013). This can trans-
late to cheaper wholesale electricity during windy or sunny
periods. If these savings are passed through, consumers could
see lower or stabilized prices. Renewables can also hedge
against volatile fossil fuel prices, providing an “insurance
value” by reducing dependence on fuel price spikes. Recent
simulations of Europe’s power market in 2030 show that
higher renewable shares would significantly stabilize prices
and dampen the impact of gas price surges, yielding social
welfare gains (Navia Simon and Diaz Anadon, 2025). These
arguments require assumptions that the focus is on the short
term, where the fixed installation costs are not factored in, and
the short-term savings due to lower or more stabilized prices
are passed through to the consumers, which may not be the
case in practice.

In contrast, the other stream finds an increasing price in
prosumers with different reasons, such as reallocation of grid
maintenance cost (Cai et al., 2013; Costello and Hemphill,
2014; Mamaghani and Çakanyildirim, 2024) and transmis-
sion and distribution cost (Gautier et al., 2018). In short, the
primary driver of price increases is the increased burdens of
sharing fixed costs among reduced consumers. As a result,
it is common to implement policies to tackle fair distribu-
tion of fixed cost (e.g., Gautier et al., 2018; Mamaghani and
Çakanyildirim, 2024). However, we show that the electricity
price can still increase without any fixed cost (e.g., c0). This
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finding provides an important insight for policymakers: They
should consider the negative externalities from prosumers due
to intermittent generation for interventions, in addition to fixed
costs.

4.2 Optimal Proportions of Prosumers
We have analyzed how the utility firm responds to a given
proportion of prosumers. In this subsection, we endogenize
the proportion of prosumers by allowing consumers to choose
whether to become prosumers. Specifically, consumers may
weigh the benefits, such as the amount of savings on their elec-
tricity bill, against a sizable installation cost. At the same time,
the policymakers may also be interested in influencing these
decisions, as they should consider more aspects of renewable
energy generation than an individual prosumer.

In what follows, we introduce the installation costs for solar
panels and their social benefits. For the former, we consider
both fixed and variable installation costs. Variable costs can
be thought of as the unit solar panel price and the average per-
square-foot installation cost. Fixed costs capture the fact that
not everyone can be a prosumer due to physical restrictions.
For the latter, it incorporates the environmental benefits of
clean air, mitigated climate change, and the strategic benefits
from reduced reliance on imported resources. For tractability,
we do not distinguish the sources of the social benefits asso-
ciated with having more prosumers in the market. With this
setting, we analyze two different optimal proportions of pro-
sumers, one from the policymaker’s perspective and the other
from the consumers’ perspective.

To begin with, we suppose that a policymaker is interested
in minimizing the total social cost, defined as the sum of the
utility firm’s electricity generation cost and the prosumers’
installation cost, subtracting any social benefits thanks to solar
panels. We recognize that individuals can also enjoy social
benefits and consider them for their own decisions, which
may differ from those of policymakers. To model it parsimo-
niously and without loss of generality, we set an individual’s
social benefit from solar panels to zero. Then, we introduce a
parameter 𝛼 that captures the difference between the social and
individual benefits from installing solar panels. For example,
if 𝛼 > 0 (𝛼 < 0), the society appreciates more (less) than an
individual by 𝛼 per unit solar panel. Thus, the total social cost
is

FT (𝛾) = TC(Q∗(𝛾)) +
∫

1

1−𝛾
(Is + I0) ds −

∫

1

1−𝛾
𝛼s ds

= c0 ⋅ Q∗(𝛾) + c ⋅ E[min{Du(𝛾), Q∗(𝛾))}]

+ C ⋅ E[(Du(𝛾) − Q∗(𝛾))+] + 1
2
(I − 𝛼)(2𝛾 − 𝛾2)

+ I0𝛾 , (6)

where I0 and I are the fixed and the variable installation costs.
We characterize the socially optimal proportion of prosumers
in the following lemma.

LEMMA 1. Let 𝛾∗c be the optimal proportion of prosumers that
minimizes the total cost FT (𝛾). If 𝛼 > I0 + I − c𝜇− c0𝜇+ (C −
c)𝜎(1 − 𝛽)2 + c0𝜎(2𝛽 − 1), there exists 𝛾∗c ∈ (0, 1] defined in
(EC.5). Otherwise, 𝛾∗c = 0 and p(𝛾∗c ) = c0 + c.

Lemma 1 shows that if the installation cost is too high,
or equivalently, the differential social benefit (𝛼) is too small,
having any prosumers will increase the total social cost. Oth-
erwise, there is a positive optimal prosumer level 𝛾∗c for the
society. As the paper focuses on the impact of prosumers, we
focus on the more interesting case of 𝛾∗c > 0 henceforth.

Next, we explore the optimal fraction of prosumers if the
policymaker does not adopt any interventions and each con-
sumer decides whether to become a prosumer by weighing
the installation cost vs. the savings from the electricity bill.
Suppose that there is 𝛾 proportion of prosumers, and the corre-
sponding electricity price is p(𝛾). For a normal consumer with
roof size s, if she becomes a prosumer, she can save the amount
of p(𝛾) ⋅𝜇 ⋅ s from the electricity bill but needs to incur I ⋅ s+ I0
for the installation cost of solar panels. As her environmental
benefits of being a prosumer are normalized to zero, her net
benefit can be written as g(s, 𝛾) ≜ (p(𝛾) ∗ 𝜇 − I) ∗ s − I0 for
some 𝛾 . It is beneficial for her to become a prosumer if and only
if g(s, 𝛾) ≥ 0. Then, the proportion of prosumers 𝛾d resulting
from the consumers’ rational decisions solves g(1−𝛾d , 𝛾d) = 0.
That is, the consumers with roof sizes smaller than 1 − 𝛾d

remain as normal consumers (g(s, 𝛾d) < 0 for s < 1 − 𝛾d),
while the consumers with roof sizes larger than 1 − 𝛾d will
choose to become prosumers (g(s, 𝛾d) > 0 for s > 1 − 𝛾d).
The next lemma shows that there exists a unique proportion of
prosumers via consumer self-selection.

LEMMA 2. Define G(x) := g(x, 1−x) = (p(1−x)⋅𝜇−I)⋅x−I0.
If (c+c0)𝜇 > I+I0, there exists a unique and stable equilibrium
𝛾∗

d
∈ (0, 1) such that G(1 − 𝛾∗

d
) = 0.4

It is important to note that 𝛾∗
d

represents a stable equi-
librium. Although higher electricity prices make prosumer
adoption more attractive, leading to a reinforcing mechanism,
the adoption process stops at 𝛾∗

d
, avoiding a utility death spiral.

This stability arises from consumer heterogeneity in roof sizes,
which translates into differing installation costs and benefits.

To illustrate this, consider a sequential decision-making
process. Initially, with no prosumers, the consumer with
the largest roof finds it optimal to adopt, triggering a
marginal increase in electricity price. The next consumer, with
the second-largest roof, also finds adoption beneficial and
becomes a prosumer, further raising the price. This process
continues until a consumer with the roof size of 𝛾∗

d
. Those

with smaller roofs than 𝛾∗
d

would not find the benefit of being
a prosumer sufficient, and solar panel adoption ceases.5

We have characterized two optimal proportions of pro-
sumers: The optimal proportion minimizing the social cost
(𝛾c) and the equilibrium proportion based on consumers’ self-
selection (𝛾d). Then, how do they compare? Do they exhibit
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similar features? The following proposition sheds light on
these questions.

PROPOSITION 2. Suppose that the demand is sufficiently
higher than the average solar panel generation (d >

4

3
𝜇).

(i) There exists an 𝛼0 > 0 such that 𝛾∗c ≤ 𝛾∗
d

for 𝛼 ≤ 𝛼0 and
𝛾∗c > 𝛾∗

d
for 𝛼 > 𝛼0.

(ii) Both the optimal and equilibrium proportions of pro-
sumers are decreasing in the installation cost (I or I0) and
increasing in the renewable energy generation efficiency
(𝜇).

(iii) Although the socially optimal proportion (𝛾∗c ) is decreas-
ing in the renewable energy generation intermittency (𝜎),
the equilibrium proportion via consumers’ self-selection
(𝛾∗

d
) is increasing in 𝜎.

Recall that 𝛼 represents the differential benefit that society
as a whole enjoys over an individual. Proposition 2(i) shows
that if such differential benefits are large enough, the poli-
cymakers would like to encourage more solar panel adoption
by having more prosumers than the self-selection equilibrium
amount. It is well aligned with the major policies in various
developed countries (e.g., the Inflation Reduction Act of 2022
in the United States). In contrast, if society does not recog-
nize such a high 𝛼, then more regular consumers are willing to
adopt solar panels than what the policymaker desires.

Proposition 2(ii) shows that there are similarities between
the socially optimal and self-selection equilibrium proportions
of prosumers: As the renewable energy generation becomes
more efficient (a higher 𝜇) and affordable (a lower I or I0), hav-
ing more prosumers is preferred regardless of the perspectives.
Figure 2(a) illustrates that both the solid and the dashed lines
are decreasing in the variable installation cost I , representing
𝛾∗c and 𝛾∗

d
, respectively. As solar panels are more affordable

(e.g., I is decreasing), Figure 2(b) shows that the electricity
price is increasing.

However, Proposition 2(iii) shows a stark contrast between
the two proportions. High intermittency means that the pro-
sumers’ generation is sometimes substantially low. Because
the prosumers still rely on the utility firm, the firm should be
prepared for such a scenario with enough generation capacity,
resulting in a greater total cost and a higher electricity price. To
minimize the total cost, fewer prosumers are preferred. Ironi-
cally, such a high price motivates more regular consumers to
become prosumers. Figure 2(c) illustrates this contrast with
a decreasing solid and an increasing dashed line. It is worth-
while to note that the electricity price increases despite fewer
prosumers, as illustrated in Figure 2(d) with the solid line.
This is because the optimal price is simultaneously affected
by both 𝛾 and 𝜎 according to (5). The increasing price implies
that the direct effect of 𝜎 is greater than its indirect effect via
𝛾 . This phenomenon mirrors inventory risk in other opera-
tional contexts, where firms manage uncertainty in demand
and competition, leading to higher market prices (Ovchinnikov

et al., 2023). Similarly, utilities face operational uncertainty
from prosumers’ intermittent renewable energy generation,
prompting higher electricity prices.

4.3 Interventions for the Socially Preferred
Proportion of Prosumers
We have shown that the equilibrium and optimal proportion of
prosumers can differ for individuals and society. Policymakers
may influence individuals with proper interventions, such as
adjusting the installation cost. However, this naive approach
leads to a natural question: What if policymakers need extra
funds to subsidize solar panel adoptions or have an extra sur-
plus by levying a tax on prosumers? There is a spectrum
of approaches regarding government subsidies. On one end,
researchers assume that there is no financial limit on the total
subsidy (e.g., Ma et al., 2019). On the other end, they assume
a fixed amount of the total subsidy because of a limited budget
(e.g., Arora et al., 2021). In what follows, we propose a sim-
ple yet budget-neutral mechanism that achieves the socially
preferred proportion of prosumers (𝛾∗c ) via self-selection.6

For the intervention to be budget-neutral, the policymakers
need two levers, one for prosumers and the other for regular
consumers. We let Id and 𝜃 represent such levers for prosumers
and regular consumers, respectively. In particular, Id is the gov-
ernment subsidy (Id < 0) or tax (Id > 0) for each solar panel.
Similarly, 𝜃 is a subsidy (𝜃 > 0) or tax (𝜃 < 0) for con-
sumers’ electricity usage per unit. When the electricity price
is p(𝛾), a regular consumer with roof size s uses d ⋅ s and pays
(p(𝛾)−𝜃) ⋅d ⋅s for her electricity usages. If she becomes a pro-
sumer, she saves p(𝛾) ⋅ 𝜇 ⋅ s on average but needs to incur the
solar panel installation cost (I+Id) ⋅s+I0. Thus, her net saving
for a given price p(𝛾) is (p(𝛾)𝜇− I − Id −𝜃d) ⋅ s− I0 =: gd(s, 𝛾).
Compared to the net saving without any intervention g(s, 𝛾),
gd(s, 𝛾) has the extra term of −(Id + 𝜃d)s due to the interven-
tion. If this term is negative, gd(s, 𝛾) is larger, implying that
there are more incentives to be a prosumer. In general, pol-
icymakers may want to decrease or increase the proportion
of prosumers. As most policymakers are interested in having
more prosumers, we focus on the scenario where 𝛾∗

d
< 𝛾∗c from

now on.7 The next proposition characterizes the intervention
(Id , 𝜃) that induces the social optimal via self-selection.

PROPOSITION 3. Suppose that the policymakers want to
induce more solar panel adoption, that is, 𝛾∗

d
< 𝛾∗c . Define Id =

(1 − 𝛾∗c )
2
{

d

d−𝜇[2𝛾∗c −(𝛾∗c )2]
[(C − c)(1 − 𝛽)2 + c0(2𝛽 − 1)]𝜎 − 𝛼

}

and 𝜃 = 𝛾∗c (2−𝛾
∗
c )

d(1−𝛾∗c )2
Id. The intervention (Id, 𝜃) is budget-neutral

and results in the proportion of prosumers via self-selection
equal to the socially preferred proportion of prosumers, that
is, 𝛾∗

d,s
= 𝛾∗c > 0.

The intervention is simple in its structure; the size of the
intervention is proportional to the roof size, 𝜃 is proportional
to Id , and their signs are identical for the intervention to be
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Figure 2. The comparisons of the optimal proportion of prosumers and the electricity price. (a) Optimal proportions of prosumers vs.
I; (b) optimal price vs. I; (c) optimal proportions of prosumers vs. 𝜎; (d) optimal price vs. 𝜎. Note. The solid and the dashed lines
represent 𝛾∗c and 𝛾∗d , respectively. We use 𝜎 = 1 for Panel (a) and I = 1 for Panel (b). Please refer to Section EC.3 for the discussion for
the parameter values. The common parameters are d = 10, 𝜇 = 4, c0 = 1, c = 1, C = 2, I0 = 4.5, 𝛼 = 1.2, and 𝛽 = 0.95. The patterns are
robust to a wide range of parameter settings.

budget neutral. For more solar panel adoption, the policymaker
imposes a tax on the consumers (𝜃 < 0) but provides subsidies
to prosumers to lower the installation cost (Id < 0). We note
that the equilibrium is still stable with the intervention because
each individual compares associated costs and benefits and
makes a rational decision, as discussed after Lemma 2.

Even under the above intervention, some consumers find
it optimal not to adopt solar panels after evaluating the asso-
ciated costs and benefits. Although they make economically
rational decisions, this does not necessarily imply that they
are “satisfied” with the policy, which may cause challenges
in implementation. We examine this issue from both absolute
and relative perspectives.

From an absolute perspective, satisfaction may be associ-
ated with an improvement in individual welfare. Each pro-
sumer provides environmental benefits that improve social
welfare by 𝛼. Because these benefits are shared by all, pro-
sumers may enhance regular consumer welfare. On the other
hand, more prosumers increase the electricity price, nega-
tively affecting consumer welfare. Therefore, the net impact of

prosumers on consumer welfare depends on the relative mag-
nitude of the environmental benefit 𝛼 compared to the adverse
effect of higher prices. A more detailed analysis is provided in
the Appendix EC.2.

From a relative perspective, individuals may compare their
welfare to others. In our context, consumers may perceive the
intervention as more unfavorable if their welfare decreases
more than that of prosumers. The above intervention may hurt
consumers more than prosumers. Recall that a consumer with
a larger roof has more incentives to be a prosumer. Such a
consumer may become a prosumer even without any interven-
tion. Proportional incentives disproportionately benefit these
consumers, further reducing their energy costs and potentially
widening the welfare gap between prosumers and consumers.
Consequently, the proportional intervention may exacerbate
unfairness while promoting prosumers.

To evaluate unfairness from an intervention and explore an
alternative, we examine the difference in the cost per electric-
ity usage (unit cost) between the two consumer groups before
and after an intervention. This comparison of using the cost is
equivalent to using welfare because environmental benefits are
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equally shared regardless of solar panel adoption. Although
the unit cost of a regular consumer is equal to the electricity
price regardless of the roof size, that of a prosumer decreases
with the roof size because there is a fixed cost for every pro-
sumer. In particular, we consider the unit electricity cost of
the largest roof size. As we investigate the difference in dif-
ferences and the intervention is linear with the roof size, our
result would remain the same with a prosumer of a different
roof size.

Specifically, we define Fi(𝛾) as the unit cost of a consumer
group i for a prosumer proportion 𝛾 , where i = 1 for a pro-
sumer and i = 2 for a regular consumer. Suppose that there is
no intervention and the prosumer proportion via self-selection
is 𝛾∗

d
. Then, the unit cost of a prosumer with the largest roof

(s = 1) is F1b(𝛾∗d ) =
(d−𝜇)sp(𝛾∗

d
)+Is+I0

ds
= (d−𝜇)p(𝛾∗

d
)+I+I0

d
. The unit

cost of a consumer is just the utility price, that is, F2b(𝛾∗d ) =
p(𝛾∗

d
). The difference between two groups before an interven-

tion is Δb(𝛾∗d ) = F1b(𝛾∗d ) − F2b(𝛾∗d ). Now consider that the
policymaker adopts the intervention (Id , 𝜃). The unit costs

become F1a(𝛾∗c ) = (d−𝜇)p(𝛾∗c )+(I+Id )+I0

d
for the prosumer and

F2a(𝛾∗c ) = p(𝛾∗c ) − 𝜃 for the regular consumer. The difference
after the intervention is Δa(𝛾∗c ) = F1a(𝛾∗c ) − F2a(𝛾∗c ). The next
proposition shows the impact of the intervention on fairness.

PROPOSITION 4. Suppose that the policymaker implements
the budget-neutral intervention (Id , 𝜃). If 𝛾∗

d
< 𝛾∗c , the inter-

vention increases the unfairness between a regular consumer
and the prosumer with the largest roof size, that is, |Δb(𝛾∗d )| <|Δa(𝛾∗c )|. Otherwise, the intervention decreases the unfairness.

The above result shows that when the policymaker would
like to improve solar panel adoption, the intervention achieves
the socially optimal level of prosumers at the expense of
fairness. Recall that a consumer with a larger roof size has
stronger incentives to adopt solar panels. When subsidies are
allocated proportionally to roof size, these consumers receive
larger benefits, further lowering their average energy costs.
At the same time, higher prosumer adoption raises the elec-
tricity price, thereby increasing the average cost for regular
consumers. Consequently, the intervention exacerbates unfair-
ness, as measured by the difference in average energy costs
between prosumers and nonprosumers (|Δb(𝛾∗d )| < |Δa(𝛾∗c )|).

A natural question arises: Can the policymaker simultane-
ously improve the prosumer level and mitigate the unfairness?
We propose an alternative intervention in which the solar
panel subsidy decreases rather than increases with the roof
size, denoted by (Id,1−s, 𝜃1−s). Like the current intervention,
consumers face a charge or receive a subsidy proportional
to their roof size with rate 𝜃1−s, resulting in an amount of
𝜃1−s ⋅s. In contrast, the prosumer’s rate Id,1−s applies in reverse
proportion to the roof size. Under this intervention, a con-
sumer with the roof size s who becomes a prosumer saves
p(𝛾) ⋅ 𝜇 ⋅ s on average but needs to incur the solar panel instal-
lation cost I ⋅ s + Id,1−s ⋅ (1 − s) + I0. Thus, her net saving is

(p(𝛾)𝜇 − I − 𝜃1−sd)s − Id,1−s ⋅ (1 − s) − I0. With this structure,
we characterize (Id,1−s, 𝜃1−s) in the next proposition.

PROPOSITION 5. Suppose that 0 < 𝛾∗
d

< 𝛾∗c . Define

Id,1−s = 1−𝛾∗c
𝛾∗c

[(1 − 𝛾∗c )𝜇p(𝛾∗c ) − (1 − 𝛾∗c )I − I0] and 𝜃1−s =
(𝛾∗c )

2

(1−𝛾∗c )2
Id,1−s

d
. Compared to (Id , 𝜃), the intervention (Id,1−s, 𝜃1−s)

(i) achieves the socially preferred proportion of prosumers via
self-selection (𝛾∗

d,1−s
= 𝛾∗c ) and (ii) reduces the unfairness

(|Δa, 1−s(𝛾∗c )| < |Δa(𝛾∗c )|). (iii) Moreover, its size is smaller
(|𝜃1−s| < |𝜃|).

The alternative intervention (Id,1−s, 𝜃1−s) also has a rela-
tively simple form and results in the same number of pro-
sumers to (Id , 𝜃) (Proposition 5(i)). As it provides smaller
subsidies to those who are well motivated (i.e., large s), it
indeed reduces the unfairness regarding the unit electricity
cost between consumers and prosumers (Proposition 5(ii)).
Perhaps the most appealing feature of this intervention is that
its magnitude is smaller than the previous one. In other words,
Proposition 5(iii) suggests that the policymaker can achieve
the same outcome by levying a smaller amount on regular
consumers and, as such, providing a smaller subsidy to pro-
sumers. It also means that the total amount of subsidies for
prosumers is smaller. We note that this result, as to a decreasing
investment subsidy schedule (e.g., tax credit), is aligned with
Singh and Scheller-Wolf (2022), where a higher-tier customer
group pays a higher fixed fee in FIT. However, both inter-
ventions are not equivalent in practice (Babich et al., 2020)
and, hence, we complement the literature on social fairness
with prosumers. This result also produces actionable insights
for policymakers. If policymakers adopt a uniform tax credit
ratio (e.g., 30%) for more prosumers regardless of their instal-
lation cost, it will exacerbate social unfairness. Instead, they
should consider providing more subsidies to those with rel-
atively small roof sizes rather than large ones. By doing so,
they can have more prosumers and also mitigate the unfairness
between different groups of consumers.

A salient feature of our model is to incorporate the demand
intermittency (𝜎) from the prosumers’ generation. Then, how
do the current and the proposed interventions perform with
respect to such intermittency? Figure 3 illustrates the compar-
ison between them, where the solid line represents the current
intervention and the dot-dashed line represents the proposed
one. In both panels, we observe that the solid line is above
the dot-dashed line, and the gap between them diminishes
in 𝜎. Figure 3(a) demonstrates that as demand intermittency
increases, the proposed intervention leads to less unfairness
than the current, but the unfairness reduction decreases. Sim-
ilarly, Figure 3(b) shows that the proposed intervention can
save budget to achieve the same prosumer level, but the saving
decreases as demand intermittency increases. Such dimin-
ishing benefits are because the socially optimal prosumer
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Figure 3. The comparisons of the current and the proposed interventions. (a) Unfairness reduction; (b) budget reduction. Note. The
solid and the dot-dashed lines represent the current and the proposed intervention, respectively. The common parameters are d = 10,
𝜇 = 4, c0 = 1, c = 1, C = 2, I = 1, I0 = 4.5, 𝛼 = 1.2, and 𝛽 = 0.95.

level and the self-selected level become closer. Yet, both pan-
els show that the proposed intervention achieves the same
prosumer level with more unfair reduction but less budget.

5 Extensions
To gain sharp insights, we adopt some stylized features in
the base model. In this section, we extend our base model in
five different directions. First, we explore the case where pro-
sumers can sell surplus power back to the grid through net
metering. Second, we examine an alternative pricing mecha-
nism. Third, we introduce green consumers who derive non-
financial utility from solar panels. Fourth, we compare the
fairness across groups rather than individuals. Finally, we
modify the demand structure, making it independent of roof
size.

5.1 Net Metering: Prosumers Selling Back to the
Grid
In the base model, we focus on the scenario that prosumers’
renewable energy generation is not sufficient to cover their
demand (𝜇 + 𝜎 < d). However, with the advancement in solar
technology or favorable environmental conditions, it is possi-
ble that a large proportion of prosumers may have extra solar
energy (d < 𝜇 + 𝜎) and can sell surplus electricity back to the
grid. In this subsection, we relax the assumption of 𝜇 + 𝜎 < d
and investigate the case where prosumers can generate more
solar energy than needed. This practice is referred to by differ-
ent names in practice. If the prosumers receive credits worth
the retail price, it is often called net metering. If they receive
credits as much as the wholesale price, it is called net billing.
As the main mechanism, selling extra energy to the grid, is

common, we do not distinguish these terms. Instead, we gen-
eralize the scenario when the prosumer can sell extra solar
energy to the grid by introducing the net metering rate b, which
is similar to Hu et al. (2015). That is, a prosumer can sell their
surplus electricity at a rate of b back to the grid. Letting the
electricity price, in this case, be pb, the utility firm has the
following revenue and expenditure:

pb ∫

1−𝛾

0
(d ⋅ s) ds + pbE

[
∫

1

1−𝛾
(d − 𝜉)+ ⋅ sds

]

= c0 ⋅ Q∗ (𝛾) + c ⋅ E
[
min

{
Q∗ (𝛾) , Du

}]

+ C ⋅ E
[(

Du − Q∗ (𝛾)
)+] + b ⋅ E

[
∫

1

1−𝛾
(𝜉 − d)+ ⋅ sds

]
.

(7)

The two terms on the left-hand side represent the revenue
from normal consumers and prosumers, respectively. On the
right-hand side, the first term is the internal capacity cost. The
second and third terms are the supply costs from internal and
external sources, and the last term is the cost of purchasing
unconsumed solar energy from prosumers.

Following the similar analysis in Section 4.1, we can derive
the electricity price and summarize its properties in the fol-
lowing proposition.

PROPOSITION 6. Suppose that the prosumers can sell extra
solar energy at the rate of b ≥ 0 to the grid. Define A =
4𝜎c0[d − (2𝛾 − 𝛾2)(𝜇 + 𝜎 − 2𝜎𝛽)] + 4𝜎C(2𝛾 − 𝛾2)𝜎(1− 𝛽)2 +
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b(2𝛾 − 𝛾2)(𝜇 + 𝜎 − d)2. Then, the electricity price is

pb =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

A+4𝜎c[d−(2𝛾−𝛾2)(𝜇+𝜎−2𝜎𝛽)−(2𝛾−𝛾2)𝜎𝛽2]
4𝜎(1−𝛾)2d+(2𝛾−𝛾2)(d−𝜇+𝜎)2

if (2𝛾 − 𝛾2)(𝜇 + 𝜎) < d < 𝜇 + 𝜎,

A+
[
d
(

d

2𝛾−𝛾2 −2𝜇+2𝜎
)
+(2𝛾−𝛾2)(𝜇+𝜎−2𝜎𝛽)(𝜇−3𝜎+2𝜎𝛽)

]

4𝜎(1−𝛾)2d+(2𝛾−𝛾2)(d−𝜇+𝜎)2

if d < (2𝛾 − 𝛾2)(𝜇 + 𝜎).

Despite the closed-form expression, examining the price’s
sensitivity in general is challenging. Nonetheless, we derive
properties for pb for some special cases.

COROLLARY 1. If c = 0, the price increases in the proportion
of prosumers (𝛾) if and only if b > b𝛾 , increases in the volatility
(𝜎) if and only if b > b𝜎 and the efficiency (𝜇) if and only if
b > b𝜇 of renewable energy generation, where b𝛾 , b𝜇, and b𝜎
are defined in (EC.45), (EC.46), and (EC.47) in the Online
Appendix, respectively.

The result shows that even if more solar energy from pro-
sumers (i.e., a larger 𝛾 and/or a larger 𝜇) can be sent back to the
grid and serve the regular consumers, the electricity price will
still increase as long as the net metering rate is high enough.
The intuition of this result is as follows: If b is relatively low,
the utility company can get extra solar energy almost for free,
then with more extra solar energy (a larger 𝛾 and/or a larger 𝜇),
the electricity price will drop; if b is relatively high, the util-
ity firm needs to acquire the extra solar energy at a high cost,
then with more extra solar energy (a larger 𝛾 and/or a larger
𝜇), the electricity price will become higher. We formalize this
rationale in the next corollary.

COROLLARY 2. If c = 0 and b = pb, the price has the
same expression as that under the base model (i.e., Proposi-
tion 1 with c = 0). Thus, the price increases in the proportion
of prosumers (𝛾), the volatility (𝜎), and the efficiency (𝜇) of
renewable energy generation.

In practice, the net metering rate can sometimes be as high
as the retail rate of the electricity price in some regions, such
as Florida (Florida Power & Light, 2025). The above corollary
illustrates that if the net metering rate coincides with the elec-
tricity price, then the results from the base model will carry
over.

Then, how are the net metering rate, the optimal prosumer
level, and unfairness related? Especially we are interested in
comparing net metering practices to our proposed intervention
regarding unfairness. To have more prosumers, policymakers
may set a high net metering rate. However, its effectiveness
is likely to be much more limited than our proposed inter-
vention. The benefits of net metering accrue only to those
prosumers who generate surplus energy, which predominantly
occurs under favorable environmental conditions for solar

energy. This also implies that if environmental conditions are
less favorable to solar energy generation, the impact of net
metering is significantly limited, even with a high net metering
rate.

Net metering also involves an inherent trade-off. On the
one hand, a high rate would motivate more consumers to
be prosumers. As Figure 4(a) illustrates, a proper net meter-
ing rate b can equate the self-selected prosumer level to the
socially optimal prosumer level. That is, there exists b such
that 𝛾∗

d
(b) = 𝛾∗c (b). On the other hand, a high net metering

rate would exacerbate social disparity regarding the electricity
price as prosumers’ actual cost will be even lower, as shown
in Figure 4(b). The unfairness level is increasing in the net
metering rate. Thus, achieving the socially optimal prosumer
level through a high net metering rate comes at the expense of
increased social disparity.

One possible win-win case would be when (1) the pro-
sumer’s extra energy generation after satisfying their demand
is substantially large, and (2) the regular consumers use the
extra prosumer-generated energy at a very low rate. We note
that a high net metering rate is a likely necessary condition for
the first condition, but a low net metering rate is one for the
second condition. Thus, for the win–win case to arise, most
prosumers should adopt solar panels for environmental rea-
sons despite little to no cost savings at a low net metering rate.
As the financial aspects of solar panels are still important for
typical consumers (Cohen, 2023; Ogletree, 2024), we believe
that the mitigating effect of net metering on social disparity is
somewhat limited.

In contrast to the limitations of net metering practices, our
proposed intervention provides more comprehensive incen-
tives. It is particularly advantageous for prosumers who derive
minimal or no benefits under existing systems. Moreover, our
intervention ensures that all prosumers benefit consistently,
regardless of fluctuations in day-to-day operations, thereby
addressing the shortcomings of net metering and offering a
more equitable and effective approach.

5.2 Ex-Post Electricity Price

In the base model, we assume that the utility firm sets the
price with a unit profit margin of m in expectation. Although
this is often the case, this committed pricing mechanism does
not guarantee a margin, and the firm may incur a loss ex-post,
potentially endangering the firm’s survival. To ensure continu-
ity of electricity supply, the electricity price can be set ex-post,
which we consider in this extension. Nevertheless, when con-
sumers decide whether to be prosumers, the price has not been
set yet. Therefore, the consumers should take the expected ex-
post electricity price into consideration, which is expressed as
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Figure 4. Optimal prosumer levels and unfairness under net metering. (a) Optimal prosumer levels; (b) unfairness.

follows:

p2(Q∗(𝛾), 𝛾) = E

⎡
⎢⎢⎢⎢⎣

c0 ⋅ Q∗(𝛾) + c ⋅min{Q∗(𝛾), Du(𝛾)}
+C ⋅ (Du(𝛾) − Q∗(𝛾))+

Du(𝛾)

⎤
⎥⎥⎥⎥⎦

. (8)

The next lemma provides the closed-form expression of the
expected ex-post price.

LEMMA 3. For a given 𝛾 , the expected ex-post price is

p2(𝛾) =

(
CVu

2
√

3
+ 2𝛽 − 1

2

)(
c0 ln

CVu +
√

3

CVu −
√

3
− (C − c)

ln
CVu +

√
3

CVu + (2𝛽 − 1)
√

3

)
+ c𝛽 + C(1 − 𝛽),

where CVu = 𝜎Du

E[Du]
.

With the result in Lemma 3, we can characterize how pro-
sumers’ proportion, their generation efficiency, and volatility
affect the expected price in the following proposition.

PROPOSITION 7. The expected ex-post electricity price
increases in the proportion of prosumers (𝛾), the volatility (𝜎),
and the efficiency (𝜇) of renewable energy generation.

Although the price expression becomes more complicated
in this case, Proposition 7 shows that the main result from the
base model (Proposition 1) remains unchanged with this alter-
native setting. The main intuition of this result is consistent
with the base model that the prosumers’ electricity generation
inherently has more variability and burdens the utility firm’s
operations.

Then, how is the ex-post price different from the ex-ante
price? As p2(𝛾) imposes substantial analytical challenges, we
compare both prices numerically in Figure 5. Panel (a) in
the figure shows the percentage difference between p and
p2, that is, p2−p

p2
× 100. While the difference increases in 𝜎,

the difference is positive but much less than 1%. It suggests
that the ex-ante price is lower than the ex-post price, but
serves as a good approximation of the ex-post price. Further-
more, our results under the ex-ante price will hold under the
ex-post pricing. For example, Panel (b) shows the percent-
age difference of the effectiveness of the proposed interven-
tion compared to the current one between p and p2, that is,
(Δa(𝛾∗c |p2)−Δa,1−s(𝛾∗c |p2))−(Δa(𝛾∗c |p)−Δa,1−s(𝛾∗c |p))

(Δa(𝛾∗c |p2)−Δa,1−s(𝛾∗c |p2))
×100. It also shows the

intervention effectiveness under both pricing mechanisms is
quite close.

5.3 Green Consumers
We have assumed that consumers consider only the financial
aspects of solar panel adoption. However, some consumers
may become prosumers because they appreciate green energy
despite the financial loss. In this subsection, we discuss the
case when there are some consumers who enjoy such intangi-
ble benefits. Specifically, we define green consumers as those
who obtain additional utility e per solar panel. We assume
that green consumers are independent of their residential con-
ditions, such as roof size. Therefore, the roof sizes of both
green and regular consumers are uniformly distributed equally
in [0, 1]. For ease of exposition, let G and R denote green
and regular consumers, respectively. Without loss of gener-
ality, we model that 𝜙 ∈ [0, 1] of the whole consumers are
G and the remaining 1 − 𝜙 are R. Then, if we let 𝛾G and 𝛾R

as the proportion of prosumers in G and R, respectively, the
total proportion of prosumers is 𝛾d,T (𝜙) = 𝜙𝛾G + (1 − 𝜙)𝛾R.
For a green consumer with roof size s, the difference of her
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Figure 5. Comparisons of ex-ante and ex-post prices and intervention effectiveness. (a) Price comparison in 𝜎; (b) intervention
effectiveness in 𝜎. Note. Panel (a) shows the percentage difference between p and p2, that is, p2−p

p2
× 100. Panel (b) shows the percentage

difference in the mitigated unfairness between the current and the proposed interventions, that is,
(Δa(𝛾∗c |p2)−Δa,1−s(𝛾∗c |p2))−(Δa(𝛾∗c |p)−Δa,1−s(𝛾∗c |p))

(Δa(𝛾∗c |p2)−Δa,1−s(𝛾∗c |p2))
× 100. The common parameters are d = 10, 𝜇 = 2, 𝜎 = 1, c0 = 2, c = 0.5, C = 1.5, I = 1, I0 = 3,

𝛼 = 1.8, and 𝛽 = 0.95.

expected utility between prosumer and consumer is gG(s, 𝛾) =
(p(𝛾)𝜇 − I + e)s − I0, where 𝛾 means there are 𝛾 proportion of
prosumers.

LEMMA 4. There exist unique 𝛾∗R and 𝛾∗G that solve g(1 −
𝛾R, 𝛾d,T ) = 0 and gG(1 − 𝛾G, 𝛾d,T ) = 0, respectively. In
addition, 𝛾∗R < 𝛾∗G and both 𝛾R and 𝛾G increases in 𝜙.

Because the total proportion of prosumers is defined as
𝛾∗

d,T
= 𝜙𝛾∗G+(1−𝜙)𝛾∗R, more prosumers in G than R in Lemma

4 implies that the existence of G leads to more prosumers in
total. Therefore, the most results in the base model will be
magnified as 𝜙 increases. For example, 𝛾∗

d,T
increases in 𝜙.

It is worthwhile to discuss the impact of green consumers
on unfairness. In Section 4.3, we compare the average unit
costs of regular consumers and prosumers with the largest
roof. As there are two types of prosumers, we examine unfair-
ness in G and R, respectively. When we use a prosumer with
the largest roof as a reference point, unfairness in G and R
will be the same. This is because the roof sizes of both types
of prosumers are identical, incurring the same amount of cost.
However, if we use a prosumer with a different quantile (e.g.,
the mean roof size) within the group, the comparison result
may change. To examine this clearly, recall that the unit cost
of a prosumer with roof size s is (d−𝜇)p(𝛾)+I

d
+ I0

d⋅s
. Because

all the nonprosumers’ cost is p, the unit cost difference is
1

d

(
−𝜇p(𝛾) + I + I0

s

)
< 0, which is decreasing in s. It implies

that the unfairness level measured by the unit cost difference is
higher when s is higher. For two prosumers at the same quan-
tile within each group, 𝛾∗G > 𝛾∗R implies that the roof size of
a prosumer in R is larger than in G. That is, unfairness in R
is greater than in G. We summarize this finding in the next
corollary.

COROLLARY 3. The unfairness between prosumers and con-
sumers in G is smaller than in R.

5.4 Egalitarian Fairness
In the base model, we have shown that more prosumers will
make an individual regular consumer worse off by resulting in
a higher electricity price and proposed a measure of unfair-
ness at a representative individual level. Another approach
to measure fairness is to compare the total utilities between
groups. The max-min (egalitarian) fairness (e.g., Bertsimas
et al., 2011) is a common and well-studied notion of fairness,
where fairness is achieved by maximizing the minimum util-
ity levels of all the participants. Since the objective is a cost
in our context, this is equivalent to the min-max fairness. We
compare this new socially fair proportion of prosumers to the
other two (the self-selection equilibrium and total-social-cost-
minimizing) proportions.

We define Fa
1
(𝛾) and Fa

2
(𝛾) as the aggregated cost of pro-

sumers and regular consumers, respectively. Then, the aggre-
gated cost of prosumers can be written as

Fa
1 (𝛾) = p(𝛾)E

∫

1

1−𝛾
(s ⋅ d − s ⋅ 𝜉)ds +

∫

1

1−𝛾
(s ⋅ I + I0)ds

= 1
2
(d − 𝜇)p(𝛾)[1 − (1 − 𝛾)2] + 1

2
I[1 − (1 − 𝛾)2] + I0𝛾

(9)

and the aggregated cost of the regular consumer group can be
expressed as

Fa
2 (𝛾) = p(𝛾)

∫

1−𝛾

0
(s ⋅ d)ds = 1

2
d(1 − 𝛾)2p(𝛾). (10)
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In the min-max fairness, we seek to identify an optimal
value of 𝛾 , minimizing the maximum cost of the two groups.
This is equivalent to the policymaker solves the following
problem:

min
𝛾

max{F1(𝛾), F2(𝛾)}. (11)

The next lemma characterizes the optimal proportion of pro-
sumers for the min-max fairness.

LEMMA 5. Suppose [C(1−𝛽)2−c(1−2𝛽)]𝜎 ≤
(

c + I

2d−𝜇

)
𝜇.

There exists a 𝛾0 such that Fa
1
(𝛾0) − Fa

2
(𝛾0) = 0. Moreover,

Fa
1
(𝛾) − Fa

2
(𝛾) < 0 if and only if 0 ≤ 𝛾 < 𝛾0.

The above result indicates that when it is too costly to sat-
isfy all consumers’ demands using only internal nonrenewable
sources (cd), having prosumers is beneficial for fairness. If
there are too few (𝛾 < 𝛾0) prosumers, the aggregate cost of
prosumers is smaller (F1(𝛾) < F2(𝛾)) than that of regular con-
sumers. If there are too many prosumers, the opposite is the
case. Thus, to minimize the maximum aggregate cost of the
two groups, the cost of both groups should be balanced with
some intermediate number of prosumers (F1(𝛾0) = F2(𝛾0)).
Then, how does this fair proportion of prosumers differ from
the others, namely 𝛾∗c and 𝛾∗

d
?

PROPOSITION 8. (i) The fair proportion of prosumers (𝛾0) is
decreasing in the installation cost (I or I0) and increasing in
the renewable energy generation efficiency (𝜇). (ii) The fair
proportion of prosumers is increasing in the renewable energy
generation intermittency (𝜎).

Proposition 8(i) shows that the fair proportion behaves
like socially optimal and self-interested equilibrium propor-
tions when the renewable energy generation efficiency (𝜇) and
affordability (I or I0) improve. Interestingly, Proposition 8(ii)
suggests that a socially optimal level of prosumer can exhibit
a different pattern depending on its objective. Although the
optimal proportion minimizing the total cost (𝛾∗c ) decreases in
the prosumers’ generation intermittency (Proposition 2(iii)),
the fair proportion minimizing the unfairness level (𝛾0) indeed
increases in the intermittency like the equilibrium proportion
by self-selection (𝛾∗

d
). This result implies that policymakers

should implement the policy after carefully considering their
objectives, as a naive socially-good objective may require a
quite different policy.

5.5 Independent Demand of Roof Size
In the base model, we assume that a consumer’s demand is cor-
related with her roof size. However, various factors affect the
demand. To examine the robustness of our results, we adopt
two alternative demand functions and analyzed the models
accordingly.

First, suppose that the demand is independent of the roof
size and still deterministic. Specifically, we assume that all

consumers have the same demand, which is common when
studying policies in conjunction with intermittency in lit-
erature (e.g., Kaps et al., 2023; Kök et al., 2015). Under
this assumption, the aggregated demand for the utility firm
becomes

Du(𝛾) = ∫

1−𝛾

0
dds+

∫

1

1−𝛾
(d−𝜉 ⋅s)ds = d− 1

2
𝜉(2𝛾−𝛾2). (12)

We note that (12) is obtained by replacing 1

2
d in (3) with d. As

all the results are based on Du, our main results can be modified
to incorporate the same demand assumption by substituting d
into 1

2
d.

Next, we examine the scenario where demand is not only
independent of the roof size but also random. Specifically,
we investigate the case where the aggregated demand D is
uniformly distributed between d − 𝜎d and d + 𝜎d . Note that
a prosumer still relies on the utility firm. That is, her min-
imum demand is greater than the maximum generation for
tractability, that is, d − 𝜎d > 𝜇 + 𝜎.

To analyze this case, we first define the utility firm’s net
demand, solve for the optimal capacity for that demand, and
investigate how the electricity price changes, eventually affect-
ing the optimal prosumer levels and effectiveness of the inter-
vention. Similar to the base model, the net demand for the
utility firm is expressed as

Du(𝛾) = D −
∫

1

1−𝛾
𝜉s ds = D − 1

2
𝜉(2𝛾 − 𝛾2), (13)

where D is a random variable. As there are two random
variables D and 𝜉 instead of one, we analyze the following
expression even after assuming independence between D and
𝜉.

P(Du(𝛾) < Q) = P
(

D − 1
2
𝜉(2𝛾 − 𝛾2) < Q

)

=
∫

d+𝜎d

d−𝜎d
∫

𝜇+𝜎

max
{
𝜇−𝜎, 2(x−Q)

2𝛾−𝛾2

}
1

2𝜎
1

2𝜎d

d𝜉dx = 𝛽.

Because the range of integration itself depends on Q, there are
multiple cases to analyze even with the uniform distribution
assumption for f and g, which significantly complicates the
analysis. The next lemma characterizes the optimal quantity.

LEMMA 6. Assume D ∼ U[d−𝜎d , d+𝜎d] and d−𝜎d > 𝜇+𝜎.
The internal generation capacity is characterized in (EC.176).

The complex form of Q(𝛾) hinders us from analytically
deriving the closed form of optimal 𝛾 . To examine whether our
main results hold with random supply and demand, we conduct
extensive numerical analysis and illustrate a representative
case in Figure 6. Figure 6(a) illustrates the result consistent
with our main findings that the price increases in the prosumer
proportion (𝛾). Also, Figure 6(b) shows that policymakers may
want to incentivize consumers for low 𝜎.
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Figure 6. Results under random demand and supply. (a) Price vs. 𝛾 ; (b) optimal prosumer proportions. Note. The common parameters
used are 𝛽 = 0.95, d = 10, 𝜎d = 2, 𝜇 = 4, 𝜎 = 2, c = 1, c0 = 1, C = 2, 𝛼1.2, I = 0.5, and I0 = 2.2.

6 Conclusion
The growing affordability and efficiency of renewable energy
technologies enable traditional consumers to transition from
passive users to active participants, known as prosumers. Pro-
sumers harness renewable energy sources on their properties,
contributing significantly to greenhouse gas emission reduc-
tion and reducing dependence on fossil fuels. However, most
prosumers connect to the electricity grid as a backup when
their renewable energy generation falls short. Consequently,
utility companies must reserve capacity for prosumers, incur-
ring costs that remaining traditional consumers ultimately
shoulder.

As the prosumer population grows, these costs escalate
rapidly, burdening remaining consumers, even without count-
ing the fixed costs of maintaining the electrical grid. In this
paper, we study the ramifications of an increasing prosumer
population on traditional consumers.

Our study introduces a stylized model to examine the
impact of prosumers on different consumer groups and soci-
ety as a whole, taking into account the efficiency and volatility
of solar panel energy generation. Our analysis indicates that
although prosumers may help reduce nonrenewable energy
generation and the utility firm save related costs, they also neg-
atively affect the rest of society. The inherent intermittency in
prosumers’ solar panel generation imposes more uncertainty
on the existing grid, increasing the electricity price and sub-
sequently raising the regular consumers’ energy bill. Notably,
this insight stands even without factoring in the utility firm’s
fixed costs. This distinction is crucial, as it highlights the need
for policymakers to consider factors other than fixed costs
when designing interventions.

We also derive the optimal proportion of prosumers for
various objectives. In particular, we compare the equilibrium
level, which is determined by consumers’ self-selection, to

the socially optimal level. Our findings highlight a divergence
between the self-interested equilibrium and socially optimal
levels, particularly in response to variations in prosumers’
renewable energy generation intermittency. High intermit-
tency leads to a decrease in the socially optimal proportion
but an increase in self-selected prosumers. This is because
prosumers, like regular consumers, depend on the grid during
periods of significantly reduced energy generation due to inter-
mittency. The utility firm must prepare for such scenarios with
sufficient capacity, which, in turn, raises electricity prices. As
prices increase, being a prosumer becomes more economically
attractive, encouraging more individuals to be prosumers and
subsequently increasing the social cost, which is against the
socially optimal direction.

Motivated by the 2023 federal tax credit for solar panel
installation costs in the United States, we analyze the impact
of this subsidy relative to roof size. While the right level of
intervention can optimize prosumer adoption, it may exacer-
bate social inequality by disproportionately benefiting those
who already have strong incentives to become prosumers. In
response, we propose a reverse-linear subsidization approach
to reduce social inequality. Our results also indicate that this
proposed subsidization requires less funding to achieve the
same prosumer adoption rates. In conclusion, our research
illuminates prosumers’ negative externalities on society and
offers actionable insights for policymakers and utility compa-
nies to consider in their decision-making.

We briefly point out a few limitations and provide some
directions for future research. Based on the current study,
many directions are worth further exploration. First, the energy
storage system is poised to be a valuable resource for future
power grids due to technological advancements. The battery
storage system allows prosumers to store the excess solar
power for future use. It will improve the self-consumption
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of solar energy and consequently affect the price of electric-
ity. Future research can examine the impact of battery storage
systems on the energy market. Second, we assume that the
consumer roof size follows a uniform distribution and deter-
ministic demand for analytical tractability. This assumption
allows us to capture the heterogeneity of consumers parsimo-
niously. However, it could be valuable to relax this assumption
and explore the impact of a more generalized distribution of
consumer heterogeneity in future research. Third, we focus
on markets with a single electricity supplier for the con-
sumers for ease of analysis. However, some other markets are
deregulated and allow competition among the suppliers. It is
well-known that competition tends to result in lower prices.
Future research can extend the model to explore the inter-
play between prosumers and deregulation. Finally, to study the
impact of prosumers from a strategic perspective, we abstract
away the fluctuations of solar power during the day. Instead of
investigating solar power variability from an aggregate level,
future research can focus on the operational level by explicitly
considering solar fluctuations during the day. Notwithstand-
ing these limitations, the current study presents a critical step
in better understanding the unintended consequences of the
emergence of the prosumers and provides mitigation strate-
gies against the (unintended) unfairness between different
consumer groups.
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Notes
1. The consumer heterogeneity parameter s could be interpreted

more broadly. Consumer-specific factors that affect both cost and
generation can play the same role (e.g., Gautier et al., 2018),
maintaining the resulting fairness implications. We refer to the
heterogeneity as roof size because it is one of the primary factors
determining installation cost and generation capacity.

2. U.S. Energy Information Administration publicizes various
energy-related information on its website, www.eia.gov. Accord-
ing to Table 2.2, Sales and Direct Use of Electricity to Ultimate
Customers, the electricity sales to the residential sector were
1,509,233 thousand megawatthours in 2022. Table 1.2.E, Net
Generation by Energy Source: Residential Sector, 2015-February
2025, shows that the estimated net generation by solar panels
from the residential sector was 39,510 thousand megawatthours in
2022, which is about 2.6% of the electricity sales to the residential
sector.

3. We note that the linearity of (5) is a result of the uniform
distribution assumption.

4. Even if (c + c0)𝜇 ≤ I + I0, there still exists a unique stable
equilibrium. However, it may be zero prosumers depending on
the relative magnitude of I and I0. The detailed conditions for the
equilibrium are provided in the proof of Lemma 2.

5. If adoption happens to exceed 𝛾∗
d

, consumers with smaller roofs
than 𝛾∗

d
face higher unit costs and would prefer to revert to regular

consumption, assuming reversibility. This adjustment drives the
system back toward the stable equilibrium 𝛾∗

d
.

6. We note that the proposed mechanism is the solution to an
optimization problem with the constraint of the neutral budget.
Hence, our solution approach can be extended to an unconstrained
optimization problem without a neutral budget. For example, the
2023 federal tax credit for solar panel installation costs in the
United States is an immediate application of our approach.

7. In some contexts (e.g., when intermittency (𝜎) is high), a lower
prosumer level may be socially optimal. In such cases, the
proportional intervention imposes greater tax burdens on those
with larger roof sizes, increasing their energy costs and thereby
reducing unfairness.
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