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Abstract 

An analytical framework for assessing the optimal solar energy subsidy is developed and 
estimated, which takes into account the environment, health, employment, and electricity 
accessibility benefits. Results indicate that an optimal subsidy is positively affected by the 
marginal external benefit. However, this effect is mitigated by the elasticity of demand for 
conventional electricity and elasticity of supply for solar electricity with respect to the solar 
subsidy. One result indicates when the elasticity of demand is negative, the more responsive 
fossil energy is to a solar energy subsidy, the higher is the marginal external benefit. Calibrating 
the model using published elasticities yields estimates of the optimal solar energy subsidy equal 
to approximately $0.02 per kilowatt hour when employment effects are omitted.  The estimated 
optimal subsidy is in line with many current state feed-in-tariff rates, giving support to these 
initiatives aimed at fostering solar energy production.   
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• Optimal household solar energy subsidy is derived from an indirect utility function. 
• If fossil energy is an inferior good, then a subsidy yields less fossil energy consumption.   
• If fossil energy is a normal good, then a subsidy’s effect is indeterminant. 
• Estimate of the optimal residential solar subsidy is in line with current feed-in-tariff rates.   
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1. Introduction 

Fostered by an array of government policies, programs, and financial support, solar photovoltaic 

(PV) was the fastest growing renewable power technology in the past decade worldwide (IEA, 

2014), with generation expanding from 1.5GW in 2000 (IEA, 2014) to just over 100GW in 2012 

(REN21, 2013).  In the U.S., the expansion of residential-renewable energy systems has been 

driven by a range of government programs and substantial transfers of wealth via subsidies.  At 

the federal level, taxpayers may claim a 30% personal tax credit for residential PV systems and 

installation costs (DSIRE, 2012).  State and municipal authorities also employ various supporting 

policies in the form of cash rebates, net metering, renewable-portfolio standards (RPS), solar set-

asides, and solar renewable-energy credits (Burns and Kang, 2012; Timilsina et al., 2012).  

Recently, states have enacted Feed-in-Tariff (FIT) systems (California, Hawaii, Oregon, 

Vermont, and Rhode Island) (REN21, 2013).  In the U.S., Goldberg (2000) estimates that when 

cumulative subsidies and electricity generation between 1947-1999 are considered, solar energy 

received subsidies worth $0.51/kWh (in 1999 dollars).  Badcock and Lenzen (2010) estimate that 

in 2007 the global total subsidy for solar PV was $0.64/kWh (in 2007 dollars).  More recent 

studies by the EIA (2007, 2010) estimate that the direct federal financial interventions and 

subsidies in U.S. solar energy markets grew from $179 million in 2007 to $1,134 million in 2010 

(2010 dollars). 

While the impetus for government subsidies of solar energy production as an alternative 

to traditional fossil fuels is rooted in standard economic theory of externalities, surprisingly a 

simple yet critical question for determining optimal government policy has not previously been 

explored.  Simply put, what is the economically optimal solar subsidy?  Despite the long history 

of subsidizing solar energy in the U.S., a policy with sound economic basis due to the external 
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benefits arising from improved environmental, health, and (potentially) employment, previous 

research has not estimated what monetary level this subsidy should actually take.  In order to 

foster growth in the solar industry and shift away from carbon emitting fossil fuels with the aim 

of maximizing social welfare and correcting the fossil fuel externality, quantifying the optimal 

level for solar energy subsidies is required. 

As a step in quantifying this critical value, the objective of this study is to derive the 

socially optimal solar PV subsidy for residential energy production.  Proceeding in two steps, 

first a model based on utility maximization is developed that incorporates environmental, health, 

employment, and electricity accessibility benefits affected by the level of solar subsidization.  

The model critically considers the influence of solar PV subsidies not only on the stimulation of 

the use of renewable energy, but also the income incentive for households to increase their use of 

electricity from fossil fuels.  As is shown, the nature of demand for electricity from fossil fuels 

can partially or even completely swamp the benefits from solar subsidies. Second, using 

published elasticities and parameter values the model is calibrated to deliver a numerical 

estimate of the optimal residential solar PV energy subsidy.  A positive result for current 

policymakers is found in that the estimated optimal subsidy is in line with the levels of support 

under some of the feed-in-tariffs employed in the U.S. 

2. Theoretical Model 

Building upon previous work in the optimal tax/subsidy literature, including gasoline taxes 

(Parry and Small, 2005), ethanol subsidies (Vedenov and Wetzstein, 2008), and biodiesel 

subsidies (Wu et al. 2012), a theoretical model for the optimal residential solar PV subsidy is 

developed. It is assumed solar energy, S, is determined by peak hours of sunlight per year 𝑧𝑧 

(hours) and quantity of solar panels purchased by the household 𝐼𝐼 (watts or kW). Let ℎ denote 
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peak hours of sunlight per day. 𝑧𝑧 = 365ℎ. In general, a household receives utility from 

electricity consumption and from generating solar energy (personal satisfaction and independent 

security from generating energy) (Welsch and Biermann, 2014).  A household also receives 

satisfaction from non-interference of electrical power, A. Within the United States most power 

outages are natural environmental problems effecting transmission and distribution networks. 

Solar PV systems are generally left untouched by such natural causes (Fthenakis, 2013). Installed 

rooftop solar PV can mitigate these power outages. Specifically, access to electricity, 𝐴𝐴, is 

assumed to depend on a household’s solar energy  

𝐴𝐴 = 𝐴𝐴(𝑆𝑆) with 
𝜕𝜕𝐴𝐴
𝜕𝜕𝑆𝑆

> 0. (1) 

Further assume a household also receives satisfaction from a conventional utility plant (coal, 

natural gas, and petroleum), F, and a composite consumption good, X, with associated numeraire 

price pX = 1. A utility function may then be represented as 

𝑢𝑢[𝑋𝑋,𝐹𝐹, 𝑆𝑆,𝐴𝐴(𝑆𝑆)], 

where all the determinants positively influence utility. 
(2) 

Associated with this utility function are external environmental effects along with 

“green” and high-tech job opportunities effects.1 Let the environmental effect of consuming 

power-plant electricity, 𝐷𝐷, be decomposed into greenhouse gas emissions, 𝐷𝐷𝑔𝑔, and localized air 

pollution, 𝐷𝐷𝑎𝑎. Climate change is mainly induced by emissions of greenhouse gases. Non-

greenhouse gases, including SO2, NOX, PM2.5, and PM10, also have negative local impact on 

health, environment, and infrastructure.  It is assumed greenhouse gas emissions and localized air 

pollution depend on aggregate conventional electricity, 𝐹𝐹�.  Specifically,  

𝐷𝐷 = 𝐷𝐷𝑔𝑔(𝐹𝐹�) + 𝐷𝐷𝑎𝑎(𝐹𝐹�), (3) 
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∂𝐷𝐷𝑔𝑔
∂𝐹𝐹�

> 0,
∂𝐷𝐷𝑎𝑎
∂𝐹𝐹�

> 0. 

In addition to these environmental effects, there are “green” and high-tech job 

opportunities, J, effects.  Employment has been argued to be a macroeconomic benefit of 

renewable-energy deployment (IRENA, 2014). Subsidies for renewable-electricity generation 

will change the composition of domestic employment. Job opportunities, J, then depends on 

aggregate solar energy, 𝑆𝑆̅.  

𝐽𝐽 = 𝐽𝐽(𝑆𝑆̅), 

𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆̅

> 0. (4) 

Additively attaching these external effects to the household utility function (2) yields 

𝑈𝑈 = 𝑢𝑢[𝑋𝑋,𝐹𝐹, 𝑆𝑆,𝐴𝐴(𝑆𝑆)]− 𝛿𝛿(𝐷𝐷) + 𝜙𝜙(𝐽𝐽). (5) 

The external effects 𝐷𝐷 and 𝐽𝐽 are features of the household’s environment, so they are perceived 

by the household as exogenous. The functions u and 𝜙𝜙 are quasi-concave, whereas 𝛿𝛿 is weakly 

convex representing the disutility from environmental damages. The external benefits of reduced 

environmental damages (both greenhouse gas emissions and localized air pollution) and 

increased “green” and high-tech job opportunities are embedded in (5).   

Given the presence of externalities, households ignore the effect of their own electricity 

consumption on environmental damages from consuming and generating electricity and job 

opportunities. A households’ expenditures are on X, the composite good, E, its consumption of 

electricity (kWh), and 𝑆𝑆
𝑧𝑧
, the purchasing of solar panels (kW), with associated per unit prices, 1, 

pE, and pS, Income, W, is augmented with the sale of solar electricity, S, (kWh) at price (pE + s), 

where s is the subsidy.  A household then attempts to maximize utility (2), subject to the budget 

constraint 
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𝑋𝑋 + 𝑝𝑝𝐸𝐸𝐸𝐸 + 𝑝𝑝𝑆𝑆
𝑆𝑆
𝑧𝑧

= 𝑊𝑊 + (𝑝𝑝𝐸𝐸 + 𝑠𝑠)𝑆𝑆, 

𝑋𝑋 + 𝑝𝑝𝐸𝐸𝐹𝐹 + (𝑝𝑝𝑧𝑧 − 𝑠𝑠)𝑆𝑆 = 𝑊𝑊, (6) 

where 𝑝𝑝𝑧𝑧 = 𝑝𝑝𝑆𝑆
𝑧𝑧

, and F = E – S  denotes household consumption of non-solar electricity.  

This subsidy is a Feed-in Tariff (FIT) subsidy, which currently in practice differs across 

states and countries. If a FIT is consistently higher than the market price of electricity, it 

represents a continuous subsidy, as is the case in Germany (Eurelectric, 2004; Badcock and 

Lenzen, 2010). However, in Spain, FITs are set at a level 80% to 90% of the average market 

electricity price (Badcock and Lenzen, 2010), which does not provide a continuous subsidy.  

Only during periods of fluctuating electricity prices does the subsidy effectively exist (Hoffman, 

2006; Badcock and Lenzen, 2010). But in general, FIT rates leading to significant renewable-

energy investments are set above the retail cost of electricity (EIA, 2013).  

Aggregate household consumption of electricity 𝐸𝐸� consists of aggregate conventional 

electricity from the power plant 𝐹𝐹� and aggregate solar energy generated by the household, 𝑆𝑆̅. The 

power plant sells 𝐸𝐸� at a price pE, and buys 𝑆𝑆̅ at a price of (pE + s). It is assumed the power plant 

produces 𝐹𝐹� = 𝐸𝐸� − 𝑆𝑆̅ at a marginal constant cost c. Electricity price pE depends on aggregate 

household electricity consumption, 𝐸𝐸�, aggregate solar energy generation 𝑆𝑆̅, and subsidy 𝑠𝑠.  

In terms of the United States, approximately 75% of its population is served by investor-

owned utilities, which are private companies but subject to state regulation (RAP, 2011). The 

remaining 25% of the population are served by consumer-owned utilities, which are established 

as nonprofit utilities.  However, even the investor-owned utilities are regulated to only earn a 

normal return on investments with revenue equaling costs.  

𝑝𝑝𝐸𝐸𝐸𝐸� = (𝑝𝑝𝐸𝐸 + 𝑠𝑠)𝑆𝑆̅ + 𝑐𝑐𝐹𝐹�. 
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Solving for 𝑝𝑝𝐸𝐸 yields the price of electricity as a function of the subsidy and aggregate 

conventional and solar electricity,  

𝑝𝑝𝐸𝐸(𝑠𝑠,𝐹𝐹�, 𝑆𝑆̅) =
𝑆𝑆̅

𝐹𝐹�
𝑠𝑠 + 𝑐𝑐. (7) 

The utility sets the electricity price as the solar-to-fossil energy ratio times the subsidy plus the 

marginal cost. Given the nonprofit status of the utility, the subsidy is paid by the utility 

customers in the form of an increase in the price of electricity pE.  

2.1 Agent’s choice 

The optimal subsidy is determined from the indirect utility function 

𝑉𝑉(𝑠𝑠,𝑝𝑝𝐸𝐸 ,𝑝𝑝𝑧𝑧 ,𝐷𝐷, 𝐽𝐽,𝐴𝐴) = max𝑢𝑢(𝑋𝑋,𝐹𝐹, 𝑆𝑆,𝐴𝐴) − 𝛿𝛿(𝐷𝐷) + 𝜙𝜙(𝐽𝐽) +𝜆𝜆[𝑊𝑊 −𝑋𝑋 − 𝑝𝑝𝐸𝐸𝐹𝐹 − (𝑝𝑝𝑧𝑧 − 𝑠𝑠)𝑆𝑆], (8) 

obtained by maximizing (5) subject to (6), where λ is the Lagrange multiplier. The terms 

𝑠𝑠,𝑝𝑝𝐸𝐸 ,𝑝𝑝𝑧𝑧 ,𝐷𝐷, 𝐽𝐽, and 𝐴𝐴 become the model’s parameters.  

The F.O.C.s for (8) are 

𝜕𝜕ℒ
𝜕𝜕𝑋𝑋

= 𝑢𝑢𝑋𝑋 − 𝜆𝜆 = 0, 

𝜕𝜕ℒ
𝜕𝜕𝐹𝐹

= 𝑢𝑢𝐹𝐹 − 𝜆𝜆𝑝𝑝𝐸𝐸 = 0, 

𝜕𝜕ℒ
𝜕𝜕𝑆𝑆

= 𝑢𝑢𝑆𝑆 + 𝑢𝑢𝐴𝐴𝐴𝐴𝑆𝑆 − 𝜆𝜆(𝑝𝑝𝑍𝑍 − 𝑠𝑠) = 0, 

𝜕𝜕ℒ
𝜕𝜕𝜆𝜆

= 𝑊𝑊 −𝑋𝑋 − 𝑝𝑝𝐸𝐸𝐹𝐹 − (𝑝𝑝𝑧𝑧 − 𝑠𝑠)𝑆𝑆 = 0. 

Taking the ratio and rearranging,  

𝑢𝑢𝐹𝐹
𝜆𝜆

= 𝑝𝑝𝐸𝐸 , (9a) 

(𝑢𝑢𝑆𝑆  +  𝑢𝑢𝐴𝐴𝐴𝐴𝑆𝑆  )
𝜆𝜆

= 𝑝𝑝𝑧𝑧 − 𝑠𝑠 =
𝑝𝑝𝑆𝑆
𝑧𝑧
− 𝑠𝑠. (9b) 
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Equation (9a) states that the household’s marginal monetary benefit of consuming an 

additional kWh of energy from a power plant is equal to the price of energy purchased from the 

electrical plant. Equation (9b) states that the agent’s marginal monetary benefit of producing an 

additional kWh of solar energy is equal to the cost of producing an additional kWh (𝑝𝑝𝑆𝑆
𝑧𝑧

) less the 

subsidy s. The marginal benefit is the sum of the direct benefits from using solar, uS, plus the 

indirect benefit of increasing access, 𝑢𝑢𝐴𝐴𝐴𝐴𝑆𝑆.  

2.2 Welfare effects 

The welfare effects of an incremental change in the solar energy subsidy may be determined by 

totally differentiating the indirect utility function (8) with respect to the subsidy level s. Noting 

that 𝜕𝜕𝑉𝑉 𝜕𝜕𝑠𝑠⁄ = λS > 0, and  𝜕𝜕𝑉𝑉 𝜕𝜕𝑝𝑝𝐸𝐸 = −𝜆𝜆𝐹𝐹 < 0⁄ , 𝜕𝜕𝑉𝑉 𝜕𝜕𝑝𝑝𝑧𝑧 = −𝜆𝜆𝑆𝑆 < 0⁄ , 𝜕𝜕𝑉𝑉 𝜕𝜕𝐷𝐷⁄ = −𝛿𝛿′ < 0, 

𝜕𝜕𝑉𝑉 𝜕𝜕𝐽𝐽⁄ = 𝜙𝜙′ > 0, 𝜕𝜕𝑉𝑉 𝜕𝜕𝐴𝐴⁄ = 𝑢𝑢𝐴𝐴 > 0 yields 

𝑑𝑑𝑉𝑉
𝑑𝑑𝑠𝑠

= λS − 𝜆𝜆𝐹𝐹
𝑑𝑑𝑝𝑝𝐸𝐸
𝑑𝑑𝑠𝑠

− 𝜆𝜆𝑆𝑆
𝑑𝑑𝑝𝑝𝑧𝑧
𝑑𝑑𝑠𝑠

− 𝛿𝛿′
𝑑𝑑𝐷𝐷
𝑑𝑑𝑠𝑠

+ 𝜙𝜙′ 𝑑𝑑𝐽𝐽
𝑑𝑑𝑠𝑠

+ 𝑢𝑢𝐴𝐴
𝑑𝑑𝐴𝐴
𝑑𝑑𝑠𝑠

 . (10) 

From the definition of 𝑝𝑝𝐸𝐸, D, J, and A in (7), (3), (4), and (1), respectively,  

d𝑝𝑝𝐸𝐸
ds

=
𝑆𝑆
𝐹𝐹
− 𝑠𝑠

𝑆𝑆
𝐹𝐹2

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+ 𝑠𝑠
1
𝐹𝐹
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

 , 
(11a) 

𝑑𝑑𝐷𝐷
𝑑𝑑𝑠𝑠

=
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

 , 
(11b) 

𝑑𝑑𝐽𝐽
𝑑𝑑𝑠𝑠

=
𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆

𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

, 
(11c) 

𝑑𝑑𝐴𝐴
𝑑𝑑𝑠𝑠

=
𝜕𝜕𝐴𝐴
𝜕𝜕𝑆𝑆

𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

. 
(11d) 

In determining (11), aggregate electricity from power plant, 𝐹𝐹�, and aggregate solar 

energy generated by a household, 𝑆𝑆̅, are no longer constant, so their partials with respect to s are 

partials of 𝐹𝐹 and 𝑆𝑆. 
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Substituting (11) into (10) and dividing by λ results in the marginal monetary welfare 

effect of the solar energy subsidy s: 

1
𝜆𝜆
𝑑𝑑𝑉𝑉
𝑑𝑑𝑠𝑠

= S − 𝐹𝐹 �
𝑆𝑆
𝐹𝐹
− 𝑠𝑠

𝑆𝑆
𝐹𝐹2

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+ 𝑠𝑠
1
𝐹𝐹
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠
� − 𝑆𝑆

𝑑𝑑𝑝𝑝𝑧𝑧
𝑑𝑑𝑠𝑠

−
𝛿𝛿′

𝜆𝜆
�
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠
� 

 

              +
𝜙𝜙′

𝜆𝜆
𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆

𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

+
𝜌𝜌′

𝜆𝜆
𝜕𝜕𝐴𝐴
𝜕𝜕𝑆𝑆

𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

 

          = 𝑠𝑠
𝑆𝑆
𝐹𝐹
𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

− 𝑠𝑠
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

− 𝑆𝑆
𝑑𝑑𝑝𝑝𝑧𝑧
𝑑𝑑𝑠𝑠

− �
𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

+
𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

�
𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

 

 

              + �
𝜙𝜙′

𝜆𝜆
𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆

+
𝑢𝑢𝐴𝐴
𝜆𝜆
𝜕𝜕𝐴𝐴
𝜕𝜕𝑆𝑆
�
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

. 
(12a) 

Equation (12a) may be simplified by defining the externality and access effects as 

𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 =
𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

> 0 , 

𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹 =
𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

> 0 , 

𝐸𝐸𝐽𝐽𝑆𝑆 =
𝜙𝜙′

𝜆𝜆
𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆

> 0, 

𝐴𝐴𝐴𝐴𝑆𝑆 =
𝑢𝑢𝐴𝐴
𝜆𝜆
𝜕𝜕𝐴𝐴
𝜕𝜕𝑆𝑆

> 0, 

yielding 

1
𝜆𝜆
𝑑𝑑𝑉𝑉
𝑑𝑑𝑠𝑠

=  𝑠𝑠
𝑆𝑆
𝐹𝐹
𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

− 𝑠𝑠
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

− 𝑆𝑆
𝑑𝑑𝑝𝑝𝑧𝑧
𝑑𝑑𝑠𝑠

− (𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹)
𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+ (𝐸𝐸𝐽𝐽𝑆𝑆 +  𝐴𝐴𝐴𝐴𝑆𝑆)
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

. (12b) 

2.3 Marginal external effects 

For further analysis and interpretation, it is convenient to express the marginal welfare effects 

(12b) in terms of elasticities. This is accomplished by first defining MEB as the net marginal 

external benefit of solar energy generation  

𝑀𝑀𝐸𝐸𝑀𝑀 = 𝐸𝐸𝐽𝐽𝑆𝑆 − (𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹)
𝜏𝜏

 𝛼𝛼𝑆𝑆𝐹𝐹
, (13) 
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where the parameters 𝜏𝜏 and 𝛼𝛼𝑆𝑆𝐹𝐹 are defined as  

τ =
�𝜕𝜕𝐹𝐹𝜕𝜕𝑠𝑠� 𝑆𝑆

�𝜕𝜕𝑆𝑆𝜕𝜕𝑠𝑠�𝐹𝐹
=
𝜖𝜖𝐹𝐹𝐹𝐹𝐷𝐷

𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆
, 

𝛼𝛼𝑆𝑆𝐹𝐹 =
𝑆𝑆
𝐹𝐹

 , 

where 𝜖𝜖𝐹𝐹𝐹𝐹𝐷𝐷  and 𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆  denote elasticity of demand for conventional electricity with respect to the 

subsidy and elasticity of supply for solar electricity with respect to the subsidy, respectively. The 

ratio of solar electricity to conventional electricity is denoted by 𝛼𝛼𝑆𝑆𝐹𝐹.  

MEB is composed of the direct benefits of solar-energy generation, 𝐸𝐸𝐽𝐽𝑆𝑆, and the indirect 

net external marginal benefits from a per-unit change in energy consumption. The direct 

marginal benefits are the effect of solar-energy generation on job opportunities, 𝐸𝐸𝐽𝐽𝑆𝑆.  The 

indirect marginal benefits are changes in greenhouse gas emissions from conventional electricity 

consumption, −𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 𝜏𝜏
 𝛼𝛼𝑆𝑆𝑆𝑆

, and air quality pollution from conventional electricity consumption, 

−𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹 𝜏𝜏
 𝛼𝛼𝑆𝑆𝑆𝑆

.  

The welfare effects of a change in the subsidy are summarized in the following two 

propositions and associated corollaries.  First, given public concern with CO2 emissions, fossil 

energies are becoming an inferior good where households with higher incomes will tend to spend 

proportionally less of their income on carbon based fuels. This leads directly to Proposition 1. 

Proposition 1.  If  𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

 < 0, fossil energy is an inferior good, then 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 < 0.  An increase in the 

subsidy yields less fossil-energy consumption.  

Proof: 
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The Marshallian demand function for 𝐹𝐹 is 𝐹𝐹 = 𝐹𝐹(𝑝𝑝𝑧𝑧 − 𝑠𝑠,  𝑝𝑝𝐸𝐸 ,𝑊𝑊), the Hicksian demand function 

is 𝐹𝐹𝑉𝑉 = 𝐹𝐹𝑉𝑉(𝑝𝑝𝑧𝑧 − 𝑠𝑠,  𝑝𝑝𝐸𝐸 ,𝑉𝑉), and the expenditure function is 𝑊𝑊 = 𝑊𝑊(𝑝𝑝𝑧𝑧 − 𝑠𝑠,𝑝𝑝𝐸𝐸 ,𝑉𝑉).  The 

consumption of fossil-energy identity is then 

𝐹𝐹𝑉𝑉(𝑝𝑝𝑧𝑧 − 𝑠𝑠,𝑝𝑝𝐸𝐸 ,𝑉𝑉) ≡ 𝐹𝐹[𝑝𝑝𝑧𝑧 − 𝑠𝑠,  𝑝𝑝𝐸𝐸 ,𝑊𝑊(𝑝𝑝𝑧𝑧 − 𝑠𝑠,  𝑝𝑝𝐸𝐸 ,𝑉𝑉)]. 

With two commodities, fossil energy 𝐹𝐹 and solar energy 𝑆𝑆, the Slutsky equation for a change in 

the price of solar energy is,  

∂F
∂(𝑝𝑝𝑧𝑧 − 𝑠𝑠)

=
∂𝐹𝐹𝑉𝑉

∂(𝑝𝑝𝑧𝑧 − 𝑠𝑠)
−
𝜕𝜕𝐹𝐹
𝜕𝜕𝑊𝑊

𝑆𝑆. 

If 𝑆𝑆 is a net substitute for F, then ∂𝐹𝐹𝑉𝑉
∂(𝑝𝑝𝑧𝑧−𝐹𝐹)

> 0, and ∂𝐹𝐹𝑉𝑉
∂s

< 0. For a constant pz , the Slutsky 

equation can then be written as 

∂F
∂s

=
𝜕𝜕𝐹𝐹𝑉𝑉
𝜕𝜕𝑠𝑠

+
𝜕𝜕𝐹𝐹
𝜕𝜕𝑊𝑊

𝑆𝑆. (14) 

          (−)                    

If  𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

< 0, an inferior good, then ∂F
∂s

< 0.  Q.E.D. 

With households’ preferences to reduce their proportion of income spent on fossil fuels as 

incomes rise, policies favoring solar PV will not only increase solar PV, but also reduce fossil-

energy consumption.   

Corollary 1.1.  From Proposition 1, 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 < 0, then d𝑝𝑝𝐸𝐸
ds

 > 0.  An increase in the subsidy will 

increase the fossil-fuel price. 

Proof: 

From (11a) 

d𝑝𝑝𝐸𝐸
ds

=
𝑆𝑆
𝐹𝐹
− 𝑠𝑠

𝑆𝑆
𝐹𝐹2

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+ 𝑠𝑠
1
𝐹𝐹
𝜕𝜕𝑆𝑆
𝜕𝜕𝑠𝑠

 . 

Given 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 < 0 and  𝜕𝜕𝑆𝑆
𝜕𝜕𝐹𝐹

 > 0, then d𝑝𝑝𝐸𝐸
ds

 > 0.  Q.E.D.  
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If the utility incurs the cost of a solar PV subsidy, it will pass a portion of this cost unto 

consumers of fossil energy through higher fuel prices.   

Corollary 1.2.  From Proposition 1, 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 < 0, then 𝑑𝑑𝐷𝐷
𝑑𝑑𝐹𝐹

 < 0.  An increase in the subsidy will decrease 

environmental damage. 

Proof: 

From (11b)    

𝑑𝑑𝐷𝐷
𝑑𝑑𝑠𝑠

=
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

+
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
𝜕𝜕𝑠𝑠

 , 

and from (3) 

d𝐷𝐷𝑔𝑔
d𝐹𝐹�

> 0,
𝑑𝑑𝐷𝐷𝑎𝑎
𝑑𝑑𝐹𝐹�

> 0, 

Given 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 < 0, then 𝑑𝑑𝐷𝐷
𝑑𝑑𝐹𝐹

 < 0.  Q.E.D.  

Corollary 1.2 states if the objective of a solar PV subsidy is to reduce fossil-energy consumption, 

then given fossil energy is an inferior good the objective will be realized.    

Corollary 1.3.  From Proposition 1, ϵFs < 0, then the more responsive fossil energy, F, is to a 

solar-energy subsidy, s, the higher is the MEB, 𝜕𝜕𝜕𝜕𝐸𝐸𝜕𝜕
𝜕𝜕𝜖𝜖𝑆𝑆𝐹𝐹

 < 0.  

Proof: 

Taking the partial derivative of (13) with respect to the elasticity 𝜖𝜖𝐹𝐹𝐹𝐹 yields 

𝜕𝜕𝑀𝑀𝐸𝐸𝑀𝑀
𝜕𝜕𝜖𝜖𝐹𝐹𝐹𝐹

= −
(𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹)

𝜖𝜖𝑆𝑆𝐹𝐹𝛼𝛼𝑆𝑆𝐹𝐹
< 0 Q.E.D. 

From Corollary 1.3, the more responsive 𝐹𝐹 is to 𝑠𝑠, the higher will be the MEB.  A large 

reduction in 𝐹𝐹 from a change in 𝑠𝑠 will lead to a large impact on reducing negative externalities. 
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Corollary 1.4.  From Proposition 1, ϵFs < 0, then the more responsive solar energy, S, is to a 

solar-energy subsidy, s, the lower is the MEB, 𝜕𝜕𝜕𝜕𝐸𝐸𝜕𝜕
𝜕𝜕𝜖𝜖𝑆𝑆𝐹𝐹

 < 0.  

Proof: 

Taking the partial derivative of (13) with respect to the elasticity 𝜖𝜖𝑆𝑆𝐹𝐹 yields 

𝜕𝜕𝑀𝑀𝐸𝐸𝑀𝑀
𝜕𝜕𝜖𝜖𝑆𝑆𝐹𝐹

=
(𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹)𝜖𝜖𝐹𝐹𝐹𝐹

𝜖𝜖𝑆𝑆𝐹𝐹2𝛼𝛼𝑆𝑆𝐹𝐹
< 0 Q.E.D. 

Similar to Corollary 1.3, in terms of S, a large increase in 𝑆𝑆 from 𝑠𝑠 will lead to a large impact on 

reducing negative externalities.  

 Prior to CO2 emission concerns, fossil energies were generally thought of as normal 

goods.  In this case, as demonstrated in Proposition 2, the direction of fossil-energy consumption 

from favorable solar PV policies is unclear.  

Proposition 2.  If 𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

 > 0, fossil energy is a normal good, then the sign of 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 is indeterminant.  

An increase in the subsidy can result in reduced, an increase, or no change in fossil-energy 

consumption.  

Proof: 

The proof follows directly from (14) in the proof of Proposition 1.  If �𝜕𝜕𝐹𝐹𝑉𝑉
𝜕𝜕𝐹𝐹
� > 𝜕𝜕𝐹𝐹

𝜕𝜕𝜕𝜕
𝑆𝑆, then ∂F

∂s
< 0, 

which is consistent with Proposition 1.  Instead, if �𝜕𝜕𝐹𝐹𝑉𝑉
𝜕𝜕𝐹𝐹
� < 𝜕𝜕𝐹𝐹

𝜕𝜕𝜕𝜕
𝑆𝑆, then 𝜕𝜕𝐹𝐹

𝜕𝜕𝐹𝐹
 > 0. The income effect, 

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

𝑆𝑆, completely offsets the negative net substitution effect 𝜕𝜕𝐹𝐹𝑉𝑉
𝜕𝜕𝐹𝐹

, leading to ∂F
∂s

> 0.   Q.E.D. 

Given Proposition 2, an increase in a solar subsidy may result in more fossil energy 

consumption.  

Corollary 2.1.  From Proposition 2, 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 is indeterminant, then d𝑝𝑝𝐸𝐸
ds

 is also indeterminant. 

Corollary 2.2.  From Proposition 2, 𝜕𝜕𝐹𝐹
𝜕𝜕𝐹𝐹

 is indeterminant, then 𝑑𝑑𝐷𝐷
𝑑𝑑𝐹𝐹

 is also indeterminant. 
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The proofs follow directly from the proofs of Corollaries 1.1 and 1.2. 

In summary, an increase in a solar subsidy will lead to less fossil-fuel consumption, lower 

environmental damage, but higher cost of electricity unless the income effect completely offsets 

the negative substitution effect.  However, as in the general case of a Giffen good, this is a 

paradox, which is unlikely to occur.  It would require a relatively large proportion of income 

spent on solar PV and a small Hicksian elasticity of substitution between solar and fossil energy.  

3.4 Optimal solar energy subsidy 

Theorem 1. The optimal solar-energy subsidy is 

𝑠𝑠∗ =
(𝑀𝑀𝐸𝐸𝑀𝑀 +  𝐴𝐴𝐴𝐴𝑆𝑆)𝜖𝜖𝑆𝑆𝐹𝐹 − 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹𝑝𝑝𝑧𝑧

(1 − 𝜏𝜏)𝜖𝜖𝑆𝑆𝐹𝐹
. 

where 

𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 =
𝑑𝑑𝑝𝑝𝑧𝑧
𝑑𝑑𝑠𝑠

𝑠𝑠
𝑝𝑝𝑧𝑧

 , 

is the elasticity for the price of solar panels with respect to the subsidy. 

(15) 

Proof:  

Setting first-order condition (12b) to zero and dividing by ∂S
∂s

 yields 

0 = 𝜏𝜏𝑠𝑠 − 𝑠𝑠 −
𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹
𝜖𝜖𝑆𝑆𝐹𝐹

𝑝𝑝𝑧𝑧 + 𝑀𝑀𝐸𝐸𝑀𝑀 +  𝐴𝐴𝐴𝐴𝑆𝑆.  

Solving for 𝑠𝑠 then yields the optimal solar-energy subsidy.  Q.E.D. 

For interpretation, (15) may be rewritten as 

𝑠𝑠∗ =
(𝑀𝑀𝐸𝐸𝑀𝑀 +  𝐴𝐴𝐴𝐴𝑆𝑆)

�1 − 𝜖𝜖𝐹𝐹𝐹𝐹
𝜖𝜖𝑆𝑆𝐹𝐹

�
−

𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹𝑝𝑝𝑧𝑧
𝜖𝜖𝑆𝑆𝐹𝐹 − 𝜖𝜖𝐹𝐹𝐹𝐹

 , 
(16) 

leading to Proposition 3. 

Proposition 3.  If 𝜖𝜖𝑆𝑆𝐹𝐹 > 𝜖𝜖𝐹𝐹𝐹𝐹, then ∂s*/∂MEB > 0 and ∂s*/∂AAs > 0. 



14 
 

The proof follows directly from the denominators in (16).  If 𝜖𝜖𝑆𝑆𝐹𝐹 > 𝜖𝜖𝐹𝐹𝐹𝐹, then �1 − 𝜖𝜖𝑆𝑆𝐹𝐹
𝜖𝜖𝑆𝑆𝐹𝐹
� > 0 and 

𝜖𝜖𝑆𝑆𝐹𝐹 − 𝜖𝜖𝐹𝐹𝐹𝐹 > 0, leading to ∂s*/∂MEB > 0 and ∂s*/∂AAs > 0.  Q.E.D. 

 Proposition 1 implies Proposition 3, so if ∂F/∂W < 0, fossil energy is an inferior good, 

then ∂s*/∂MEB > 0 and ∂s*/∂AAs > 0.  However, even given Proposition 2, where the sign of 

∂F/∂s is indeterminent, as long as solar energy is more subsidy responsive than fossil energy, the 

optimal subsidy is positively influenced by the marginal external benefits and accessibility and 

negatively by the price of solar panels.  

 The sign of s* depends on the responsiveness of the solar-panel price to the subsidy as 

developed in Proposition 4. 

Proposition 4. If 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 < �𝜕𝜕𝐸𝐸𝜕𝜕+ 𝐴𝐴𝐴𝐴𝑆𝑆�𝜖𝜖𝑆𝑆𝐹𝐹
𝑝𝑝𝑧𝑧

 , then s* > 0. 

Proof: Given the denominator (1 − 𝜏𝜏)𝜖𝜖𝑆𝑆𝐹𝐹 > 0, the sign of s* depends directly on the numerator,  

(𝑀𝑀𝐸𝐸𝑀𝑀 + 𝐴𝐴𝐴𝐴𝑆𝑆)𝜖𝜖𝑆𝑆𝐹𝐹 − 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹𝑝𝑝𝑧𝑧,.  Solving for 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 yields the proposition.  Q.E.D. 

Proposition 4 states the benefits of solar (MEB + AAS) per-unit price of solar panels, weighted by 

how responsive solar power is to the subsidy, 𝜖𝜖𝑆𝑆𝐹𝐹, must be greater than the responsiveness of the 

price of solar panels to the subsidy, 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹, for a positive optimal solar subsidy, s* > 0.  In general, 

the subsidy must have a larger impact on benefits than on the solar panel prices. 

 The effect of a solar subsidy on panel prices is generally unknown.  In the long run a 

solar subsidy may stimulate demand for panels leading to a supply response and if the panel 

industry is characterized by economies to scale, then panel prices would fall.  This scenario 

implies 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 < 0, which leads to Corollary 4.1. 

Corollary 4.1. If 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 < 0, then s* > 0. 

The proof follows directly from the proof of Proposition 4. 
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 However in the short run the sign could be reversed, 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 > 0.  In this case, the sign is 

similar to the share of a commodity tax being borne by both the seller and buyer.  It is the result 

of a portion of the subsidy being received by the sellers of solar panels in the form higher panel 

prices, pz.  The numerator in (15) indicates MEB plus 𝐴𝐴𝐴𝐴𝑆𝑆 multiplied by 𝜖𝜖𝑆𝑆𝐹𝐹, is mitigated by the 

any positive response of 𝑝𝑝𝑧𝑧 to a change in the subsidy. The more elastic 𝑝𝑝𝑧𝑧 is to a change in the 

subsidy, the larger will be the response of 𝑝𝑝𝑧𝑧 and the less effective will be the subsidy.  This 

slippage in the effects of the subsidy yields a lower optimal subsidy. The subsidy is being 

absorbed into higher prices for solar panels, which mitigates its effectiveness.  Depending on the 

magnitude of the elasticities, this slippage can affect intended policy results.  The denominator in 

(15) can be rewritten as (𝜖𝜖𝑆𝑆𝐹𝐹 − 𝜖𝜖𝐹𝐹𝐹𝐹), which weights the MEB mitigated by the solar panel cost 

effect by the responsiveness of generating solar energy and use of conventional energy by the 

subsidy. The greater this responsiveness, the lower will be the subsidy.  

From (15) a tandem relation is revealed between subsidizing the generation of solar 

electricity, s, and the solar panels through a reduction in pz.  Reducing pz through some panel 

subsidy will raise the optimal subsidy, s*, for solar electricity, ∂s*/∂pz < 0.  A solar-panel subsidy 

reduces the slippage associated with higher panel prices.  The degree of this relation depends on 

the strength of the elasticity of panel price to the subsidy, 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹.  The more responsive the panel 

price is to the subsidy, the larger in magnitude is this tandem relation.  Policymakers should be 

aware of this relation and its magnitude when setting solar-energy policies and establishing 

programs. 

In general, if fossil energy is an inferior good, so ∂F/∂s < 0, then a subsidy will both 

enhance solar adoption, ϵSs > 0, and retard fossil energy use, 𝜖𝜖𝐹𝐹𝐹𝐹 < 0.  The reduction in fossil 

energy from an increase in the solar-energy subsidy will reinforce the positive effect the subsidy 



16 
 

has on solar adoption.  The more responsive these elasticities are, the lower is the optimal 

subsidy.  The magnitude of this responsiveness is an empirical question requiring the 

parameterization of (15).  

3. Application 

The optimal solar subsidy (15) is generally true for any region or country, although the 

parameters and elasticities will likely vary.  As an application, parameter and elasticity values, 

obtained from published sources, are employed for determining the optimal U.S. solar subsidy.  

These values reflect just one possible scenario.  Alternative subsidy levels will occur for 

different regions with modifications to these values. For the numerical analysis of determining 

the optimal solar PV subsidy (15), benchmark values and parameter ranges are summarized in 

Table 1. The appendix provides a summary outlining the determination of these estimated 

values.  Based on Table 1, the optimal solar PV subsidy for median income household is 𝑠𝑠∗ =

7.69 cents/kWh with associated MEB = 7.87 cents/kWh. If excluding the external effect of 

employment, the optimal solar PV subsidy for median income household reduces to 𝑠𝑠∗ = 2.24 

cents/kWh with associated MEB = 2.23 cents/kWh. 

3.1. Sensitivity Analysis 

The wide range of parameter values in Table 1 suggests the benchmark optimal subsidy has an 

associated rather large variance. In order to investigate the sensitivity of the optimal solar PV 

subsidy, 𝑠𝑠∗, to ranges of these parameter values, both individual parameter variation and Monte 

Carlo analysis were implemented.   

3.1.1 Individual parameter variation 

In terms of the individual parameter variations, results indicate the optimal solar PV subsidy is 

mainly influenced by the elasticity of solar-panel price with respect to the subsidy, 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹, 
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environmental effects, 𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹, job opportunities effects, 𝐸𝐸𝐽𝐽𝑆𝑆, and access to electricity 

effects, 𝐴𝐴𝐴𝐴𝑆𝑆. All the other parameters have a relatively small impact on the optimal subsidy.  In  
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Table 1 
Benchmark values and parameter ranges 
Parameter Symbol Benchmark      Range 
   Lower Upper 
Peak Hours of Sunlight per Daya (hr)  ℎ 4.5 3.0 6.5 
Household Solar Electricityb (kWh)  𝑆𝑆 6315 2526 14,596 
Retail Price of Electricityc ($/kWh) 𝑝𝑝𝐸𝐸 0.119 0.118 0.122 
Price of Solar Panelsd ($/kWh) 𝑝𝑝𝑧𝑧 3.282 1.935 5.854 
     
Ratio     
    Solar Electricity/Fossil Electricitye 𝛼𝛼𝑆𝑆𝐹𝐹 0.036 0.026 0.037 
     
Elasticities     

Income elasticity of Demand for 
   Conventional Electricityf 

𝜂𝜂𝐹𝐹 0.05 0.02 0.05 

    Solar Electricity Elasticity of Supply 
       with respect to the Subsidyg 

𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆  2.714 1.516 3.912 

    Income Elasticity of Demand for Solar 
       Panelsh 
    Elasticity for price of solar panels  
       with respect to the subsidy 

𝜖𝜖𝐼𝐼𝜕𝜕𝐷𝐷  
 
𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹 

2.69 
 
0 

1.88 
 
-0.1 

3.50 
 
0.1 

     
Externality and Access Effects     
    Environmental Costsi(× 10−2$/kWh) 𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹

+ 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹 
2.24 1.75 3.12 

    Job Opportunitiesj(× 10−2$/kWh) 𝐸𝐸𝐽𝐽𝑆𝑆 5.66 1.30 9.30 
    Access to Electricityk(× 10−2$/kWh)  𝐴𝐴𝐴𝐴𝑆𝑆 0.092 0.065 0.118 
     
Marginal External Benefits(× 10−2$/kWh) MEB 7.87   
Optimal Solar PV Subsidy(× 10−2$/kWh) 𝑠𝑠∗ 7.69   
 
a NREL, 2012 
b SEIA, 2012 and NREL 
c EIA, 2012 
d SEIA, 2011-2013 
e EIA, 2014 
f Alberini et al., 2011 
g Johnson, 2010 
h Algieri et al., 2011 
i Muller et al., 2011 
j Wei et al., 2011 and World Economic Forum, 2012 
k US DOE, 2013 
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particular, the optimal subsidy is not sensitive to household income.  This implies a supporting 

policy should be similar for both low-income and high-income households.   

Even within the influential parameters their respective impacts vary.  In terms of 

Corollary 4.1, Fig. 1 illustrates the response of the optimal solar PV subsidy to a range of the 

elasticity of solar-panel price with respect to the subsidy.  As the responsiveness of panel price to 

a subsidy increases, the slippage in the effects of the subsidy also increases, leading to a lower 

subsidy.  With a positive percentage change in the panel price larger than the subsidy percentage  

 

Optimal
Solar PV
Subsidy

Elasticity of Solar Panel Price with respect to the Subidy 

0! 0.1 0.1

! 0.05

0.2

 

Fig. 1.  
Response of the optimal solar PV subsidy (dollars per kWh) to elasticity of solar panel price with 
respect to the subsidy. 
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change the optimal subsidy is negative.  The subsidy is just increasing the panel price and any 

subsidy benefits are evaporated.   

 As illustrated in Fig. 2, the range of increase in access benefit, from zero to  0.12 ×

10−2$/kWh) has little impact on the optimal subsidy.  The subsidy only increases by 1.6%.  In 

contrast, the external benefit of greenhouse gas emissions, 𝐷𝐷𝑔𝑔, and localized air pollution, 𝐷𝐷𝑎𝑎, 

have a relatively larger impact on the optimal subsidy, mainly due to their large magnitudes.  For 

the range of the external benefit, the subsidy increased 73% (Fig. 3).  However, the major impact 

on the optimal subsidy is the employment parameter.  As illustrated in Fig. 4, for the range of the  
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Optimal
Solar PV
Subsidy

Accessibility Benefits
0

0.0760

0.0772

0.0766

0.12

 
Fig. 2. 

Response of the optimal solar PV subsidy (× 10−2$/kWh) to accessibility benefits. 
 



22 
 

Optimal
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Fig. 3. 

Response of the optimal solar PV subsidy (× 10−2$/kWh) to environment benefits. 
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Optimal
Solar PV
Subsidy

Emploment Benefits
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0.07

10

 

Fig. 4. 

Response of the optimal solar PV subsidy (× 10−2$/kWh) to employment benefits. 
 

employment parameters, the optimal subsidy increases five times.  This implies the changes in 

the employment parameter have a major impact on the subsidy level.  As indicated in the results 

and discussed in the Implication section, employment is a major determinant of the subsidy and 

probably the most controversial with proponents and detractors of subsidy taking a markedly 

different line on the employment effect.    

3.1.2. Monte-Carlo analysis          
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For investigating the macro effect of simultaneously changing all the parameters, Monte-Carlo 

analysis on the optimal subsidy is performed.  In particular, 5000 random draws of parameters in 

Table 1 were generated using a uniform probability distribution over respective ranges of the 

parameters. The drawn parameters were then employed to calculate the optimal solar PV subsidy 

in (15), and to create an empirical CDF for the optimal subsidy. Table 2 lists the probabilities of 

the optimal subsidy being below specific thresholds. As indicated in the table, the probability of 

the optimal subsidy being non-positive is only 17.3%.  Thus, the likelihood of a positive subsidy 

is reinforced by the Monte-Carlo analysis.  There is also over an 80% probability that the optimal 

subsidy is less than $0.15/kWh.     
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Table 2 
Monte Carlo results for optimal solar PV subsidy  
 

 
Level, 𝑥𝑥 (dollar/kWh) 

 
Probability 𝑠𝑠∗ < 𝑥𝑥 
 

-0.05 
-0.04 
-0.03 
-0.02 
-0.01 
0.00 
0.01 

0.059 
0.074 
0.094 
0.117 
0.146 
0.173 
0.207 

0.02 0.246 
0.03 0.288 
0.04 0.329 
0.05 0.373 
0.06 0.422 
0.07 0.473 
0.08 0.522 
0.09 0.569 
0.10 0.612 
0.11 
0.12 
0.13 
0.14 
0.15 

0.654 
0.699 
0.736 
0.780 
0.816 
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3.2. Implications 

The optimal solar PV for a median income household is 𝑠𝑠∗ = 7.69 cents/kWh. If excluding the 

external effect of employment, the optimal solar PV for median income households declines to 

𝑠𝑠∗ = 2.24 cents/kWh. In the Dominion Virginia Power’s voluntary FIT program, residential 

participants will receive 15 cents/kWh, which is approximately one-third higher than Virginia’s 

average 2012 retail electricity price (EIA, 2013). The solar PV subsidy for Virginia residential 

participants is approximately 3.75 cents/kWh, which is between our estimates of optimal solar 

PV subsidy 2.24 cents/kWh (excluding employment effect) and 7.69 cents/kWh (including 

employment effect).  

The externality effect of job opportunities is controversial. It is believed that the energy 

industry contributes to economic growth by creating jobs and commerce by extracting, 

transforming, and distributing energy goods and services throughout the economy. Job creation 

is a macroeconomic benefit from the energy industry. During the 2008 campaign, Barack Obama 

touted the prospect that investing in renewable energy could produce five million “green jobs” 

(Worstall, 2013). Some studies support renewable-energy technologies generating more job 

opportunities than conventional energy industries (Wei et al., 2010; Stein, 2013). Counterpoints 

generally involve two aspects. First, the solar-energy industry does not create as many jobs as 

expected. Research has indicted solar employment increased just 28% while there was a nine 

fold increase in solar power from 2008 to 2010 (Johnson, 2013). Second, renewable energy does 

not necessarily create more jobs than conventional energy. For example, technologies that 

require ongoing fuel production (coal and natural gas) require more labor than those that do not 

(wind and solar PV) in the operations phase (World Economic Forum, 2012).  Moreover, one 

may also argue that the deployment of renewable energy may increase job opportunities within a 
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region. However, at the national level, the large domestic market would not be significantly 

affected by the development of a solar industry. Considering the whole U.S. economy, Rivers 

(2013) estimates that reducing electricity sector emissions by 10% through renewable-electricity 

support policies is likely to increase unemployment approximately 0.1 to 0.3%.  Our sensitivity 

analysis indicates the optimal solar PV subsidy is sensitive to the externality effect of job 

creation. If one believes employment should be a macroeconomic benefit from solar PV, results 

indicate the optimal solar PV subsidy would be 7.69 cents/kWh.  In contrast, a belief that the 

employment effect should be excluded, the optimal solar PV subsidy falls to 2.24 cents/kWh. 

4. Conclusions and Policy Implications 

The theoretical results indicate that changing household preferences can have a marked impact 

on the effect a solar PV subsidy has on adoption of solar panels and on the consumption of fossil 

energy.  If households have a general shift toward viewing fossil energy as an inferior good, then 

any policies directed at incentivizing adoption will be more effective and may not be necessary.  

Given inferior-good characteristics for fossil energies, the proposition and associated corollaries 

imply policies favorable to solar and alternative energies in general will result in reduced fossil-

energy consumption, higher fossil prices, and reduced environmental damage.  In particular, the 

higher fossil-energy prices precipitating from the policy would reduce the Pareto efficiency 

requirement of some cap-n-trade policy or a carbon tax.  If instead fossil energy is a normal good, 

then these impacts from policies favoring renewable energies are not certain.   

 A further concern with policies favoring renewable energies is the possibility of slippage 

in the form of resulting higher prices for renewable-energy inputs.  As the results indicate for 

solar energy, a solar PV subsidy may drive up the price of solar panels.  If so, then the 
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effectiveness of the subsidy is compromised.  Little or no information on the degree of this 

possible slippage is known, which is ripe for further research. 

Finally, returning to the issue of camps for and against renewable-energy subsidies, 

empirical results indicate the optimal level of solar PV subsidies are very much dependent on the 

impact such subsidies have on employment.  If renewable energies have limited or no positive 

job impacts, then the justification for a subsidy is substantially weakened.  The results highlight 

the importance of determining the policy impacts on macroeconomic variables like job growth.   

The result also touches on the complementary aspects of providing household incentives 

for adoption of alternatives along with educating households on the negative external costs of 

using conventional fossil-based energies.  Theoretical results indicate that a solar PV subsidy is 

likely more effective when households are educated on the external cost and shift preferences 

towards viewing fossil energies as being an undesirable commodity.                                  
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Footnotes 
1 There are other external effects including environmental damage from transportation and 
extraction of fossil fuels (oil, coal, and natural gas). Including these externalities does not enrich 
the theoretical model, but would positively impact the optimal subsidy.  Also, it is assumed the 
U.S. economy is closed in terms of no leakages from the United States’ attempts to reduce 
negative external effects, influencing another country’s efforts (Elloitt and Fullerton, 2013).     

Appendix 

The benchmark values and parameter ranges, listed in Table 1, for populating (15) are based on 

published values and adjusted as follows.  

The ratio of solar to fossil-fuel electricity has increased over time. In 2012, the amount of 

solar and fossil fuel energy in the residential sector were 186 and 5137 trillion Btu, respectively 

(EIA, 2014b). The ratio of solar over fossil-fuel electricity, αSF, is then 186/5137 = 0.036, with a 

range of 0.026 to 0.037 based on residential sector energy consumption data in 2011 and 2013.  

Since 2008, solar PV system prices, which include installation costs have continued to 

decline (Chen, 2013). Based on U.S. Solar Market Insight reports (SEIA, 2011-2013) from 2011 

to 2013, the installed price of solar panels, 𝑝𝑝𝑆𝑆, is set as the average price in 2012 of 5.39 $/W = 

5390 $/kW with a range of 4590 to 6410. It is assumed solar panels receive 4.5 peak hours of 

sunlight on average each day with a range of 3.0 to 6.5 (NREL, 2012). The benchmark value of 

𝑝𝑝𝑧𝑧 is set at 𝑝𝑝𝑆𝑆
𝑧𝑧

= 5390
4.5×365

= 3.282 $/KWh with a range of 1.935 to 5.854.  

The average size of a residential PV system in the U.S. is 5 kW (SEIA, n.d.) with a range 

of 3 to 8 kW. Due to real world efficiency losses (irradiance, dust, temperature, and wiring), it is 

expected system power output (AC power) to be approximately 76.9% of the system (DC power) 

size, overall DC to AC derate factor is 0.769 (NREL, n.d.). The benchmark value of annual 

household solar electricity generation is set at S = 365 days/year × 4.5 hrs/day × 5 kW ×

0.769 = 6315 kWh/year with a range of 2526 to 14,596.  
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According to (6), a household’s income 𝑊𝑊𝑇𝑇 = (𝑝𝑝𝐸𝐸 + 𝑠𝑠)𝑆𝑆 + 𝑊𝑊, indicating 𝜕𝜕𝜕𝜕𝑇𝑇
𝜕𝜕𝐹𝐹

= 𝑆𝑆. The 

2012 average retail price of electricity in the residential sector is 0.119 $/kWh. The benchmark 

value of the retail price of electricity, 𝑝𝑝𝐸𝐸, is set as 0.119 $/kWh with a range of 0.117 to 0.121 

based on a residential electricity price in 2011 and 2013 (EIA, 2014a). The 2012 U.S. median 

household income was $51,371 (US Census Bureau, 2013). Therefore, household income 

is 𝑊𝑊𝑇𝑇 = (𝑝𝑝𝐸𝐸 + 𝑠𝑠)𝑆𝑆 + 𝑊𝑊 = (𝑝𝑝𝐸𝐸𝑆𝑆 + 𝑊𝑊) + 𝑠𝑠𝑆𝑆 = 52,122 + 6315𝑠𝑠.  

Johnson (2010 and 2014) estimated the long-run price elasticity of supply of renewable 

electricity generation as 2.714 and 2.67 with associated standard errors of 0.611 and 0.473, 

respectively. Based on this estimate, the solar-electricity elasticity of supply with respect to the 

subsidy, ϵSsS , is set at 2.714 with a range of 1.516 to 3.912.  

Limited analysis exists in estimating the income elasticity of demand for solar panels. 

Algieri et al. (2011) estimated that a 1% increase in income raises exports by 2.69%. With this 

estimate, the income elasticity of demand for solar panels, 𝜖𝜖𝐼𝐼𝜕𝜕𝐷𝐷 = 𝜕𝜕𝐼𝐼
𝜕𝜕𝜕𝜕𝑇𝑇

𝜕𝜕𝑇𝑇
𝐼𝐼

, is set as 2.69 with a 

range of 1.88 to 3.50. The ranges were determined by the 95% confidence intervals of estimated 

parameters.  

From (14), the elasticity of demand for fossil-fuel electricity with respect to the subsidy is 

𝜖𝜖𝐹𝐹𝐹𝐹𝐷𝐷 = 𝜉𝜉𝐹𝐹𝐹𝐹 + 𝜂𝜂𝐹𝐹
𝑠𝑠𝑆𝑆
𝑊𝑊𝑇𝑇

, (A1) 

where 𝜉𝜉𝐹𝐹𝐹𝐹 = 𝜕𝜕𝐹𝐹𝑣𝑣
𝜕𝜕𝐹𝐹

𝐹𝐹
𝐹𝐹
 is the substitution elasticity and 𝜂𝜂𝐹𝐹 denotes income elasticity of demand for F. 

In terms of the income elasticity estimate, Alberini et al., (2011) determined the income elasticity 

of electricity consumption, 𝜂𝜂𝐹𝐹, is approximately 0.02. After removing specifications of the home 

characteristics, including size, number of floors, and presence of certain appliances, their 
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estimate of income elasticity of electricity 𝜂𝜂𝐹𝐹 increases to 0.05. Similarly, the elasticity of supply 

for solar electricity with respect to the subsidy, 𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 , can be written as 

𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 = 𝜉𝜉𝑆𝑆𝐹𝐹 + 𝜂𝜂𝑆𝑆
𝑠𝑠𝑆𝑆
𝑊𝑊𝑇𝑇

, (A2) 

 

where 𝜉𝜉𝑆𝑆𝐹𝐹= 𝜕𝜕𝑆𝑆𝑣𝑣
𝜕𝜕𝐹𝐹

 𝐹𝐹
𝑆𝑆
 is the substitution elasticity and 𝜂𝜂𝑆𝑆 denotes income elasticity of demand for S. 

Solar energy generation depends on the amount of solar panels purchased by the household. 

Thus, income elasticity of demand for S, 𝜂𝜂𝑆𝑆 = 𝜖𝜖𝐼𝐼𝜕𝜕𝐷𝐷 = 2.69 with a range of 1.88 to 3.50.  

Assuming the amount of increase in the solar electricity is equal to the amount of 

decrease in the conventional electricity 

𝜕𝜕𝐹𝐹𝑣𝑣
𝜕𝜕𝑠𝑠

= −
𝜕𝜕𝑆𝑆𝑣𝑣
𝜕𝜕𝑠𝑠

 , 
(A3) 

the substitution elasticity of conventional electricity is then 

𝜉𝜉𝐹𝐹𝐹𝐹 =
𝜕𝜕𝐹𝐹𝜈𝜈
𝜕𝜕𝑠𝑠

𝑠𝑠
𝐹𝐹

 

       = −
𝜕𝜕𝑆𝑆𝑣𝑣
𝜕𝜕𝑠𝑠

𝑠𝑠
𝐹𝐹

 

       = −𝜉𝜉𝑆𝑆𝐹𝐹𝛼𝛼𝑆𝑆𝐹𝐹  

       = −�𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 − 𝜂𝜂𝑆𝑆
𝑠𝑠𝑆𝑆
W𝑇𝑇

� 𝛼𝛼𝑆𝑆𝐹𝐹 . (A4) 

Substituting (A4) into (A1),  

𝜖𝜖𝐹𝐹𝐹𝐹𝐷𝐷 = −�𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 − 𝜂𝜂𝑆𝑆
𝑠𝑠𝑆𝑆
W𝑇𝑇

�𝛼𝛼𝑆𝑆𝐹𝐹 + 𝜂𝜂𝐹𝐹
𝑠𝑠𝑆𝑆
W𝑇𝑇

 

        = −�𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 − 𝜖𝜖𝐼𝐼𝜕𝜕𝐷𝐷
𝑠𝑠𝑆𝑆
W𝑇𝑇

� 𝛼𝛼𝑆𝑆𝐹𝐹 + 𝜂𝜂𝐹𝐹
𝑠𝑠𝑆𝑆
W𝑇𝑇

 

     = −𝜖𝜖𝑆𝑆𝐹𝐹𝑆𝑆 𝛼𝛼𝑆𝑆𝐹𝐹 + (𝜖𝜖𝐼𝐼𝜕𝜕𝐷𝐷 𝛼𝛼𝑆𝑆𝐹𝐹 + 𝜂𝜂𝐹𝐹)
𝑠𝑠𝑆𝑆
W𝑇𝑇

. (A5) 
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Based on benchmark values,  

𝜖𝜖𝐹𝐹𝐹𝐹𝐷𝐷 = −2.714 × 0.036 + (2.69 × 0.036 + 0.05)
6315𝑠𝑠

(52,121 + 6315𝑠𝑠)

= −0.098 +
930.751𝑠𝑠

(52,121 + 6315𝑠𝑠) 

Limited analysis exists in estimating the elasticity for price of solar panels with respect to 

the subsidy. It is reported that solar panel supply will far exceed demand beyond 2012 (Wang, 

2012). Besides, price of solar panels are affected by many factors, including the type of material, 

its accessibility, complexity in manufacturing, and amount available and demanded (Rose, 

2012). It is assumed the elasticity for price of solar panels with respect to the subsidy is very 

inelastic. The benchmark value of the elasticity for price of solar panels with respect to the 

subsidy, 𝜖𝜖𝑝𝑝𝑧𝑧𝐹𝐹, is set at zero with a range of -0.1 to 0.1. 

In calculating the effect of driving on air quality, Parry and Small (2005) assume air 

pollution from vehicles is proportional to miles traveled. Using their study as a guide, it is 

assumed both local air pollution and greenhouse gas emissions from conventional electricity are 

proportional to electricity consumed. In 2012, approximately 68% of the U.S. electricity 

generated was from fossil fuel (coal, natural gas, and petroleum) (EIA, 2014c). Coal, natural gas, 

and petroleum account for 37%, 30%, and 1%, respectively. Muller et al. (2011) estimate that 

gross external damages from the sum of local pollution and greenhouse gas emissions of the 

electricity produced by coal-fired facilities, natural-gas plants, and oil-fired plants are 3.59, 0.56, 

and 2.74 cents/kWh, respectively. For the application a weighted average 2.24 × 10−2 $/𝐾𝐾𝑊𝑊ℎ 

as a benchmark value of 𝐸𝐸𝐷𝐷𝑎𝑎𝐹𝐹 + 𝐸𝐸𝐷𝐷𝑔𝑔𝐹𝐹 = 𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑎𝑎
𝜕𝜕𝐹𝐹

+ 𝛿𝛿′

𝜆𝜆
𝜕𝜕𝐷𝐷𝑔𝑔
𝜕𝜕𝐹𝐹

 with a range of 1.75 × 10−2 to 3.12 ×

10−2. The range was determined by the 95% confidence intervals of estimated parameters.  
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Wei et al. (2011) determine the average of direct employment multiplier for solar PV is 

0.87 Job-Years/GWh with a range of 0.2 to 1.4. Limited analysis exists in estimating the net 

welfare effect of job opportunities. A common measure of the relative contribution of an industry 

to the overall economy is the value-added per worker. Value-added per direct worker in solar PV 

industry is $65,000, indicating on average direct U.S. employment in the solar PV sector 

contributes $65,000 to GDP (World Economic Forum, 2012). Therefore, the externality effect of 

job opportunities is 𝐸𝐸𝐽𝐽𝑆𝑆 = 𝜙𝜙′

𝜆𝜆
𝜕𝜕𝐽𝐽
𝜕𝜕𝑆𝑆

= 65,000 × (0.87 × 10−6) = 0.057 $/kWh with a range of 

0.013 $/kWh to 0.091 $/kWh. 

For the effect of access to electricity, weather-related outages are estimated to have cost 

the U.S. economy an inflation-adjusted annual average of $18 billion to $33 billion (U.S. 

Department of Energy, 2013). Aggregate electricity consumption in 2012 is 95,004 trillion Btu 

(EIA, 2012), which is approximately 27.843 trillion kWh. Dividing the average cost $25.5 billion 

by the annual electricity consumption results in external benefit of access to electricity, AAS =

uA
λ
∂A
∂S

= 25.5
27.843×103

= 0.092 cents/kWh with a range of 0.065 to 0.118 cents/kWh.  

A summary of these estimates are provided in Table 1 and employ in calcuating the 

optimal subsidy (15).  Further refining of these estimates will improve the accuracy in this 

calculation.  The estimates are provided to outline how a benchmart optimal subsidy can be 

estimated with lower and upper ranges. 
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