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A GAME THEORY APPROACH TO CONSUMER INCENTIVES FOR SOLAR ENERGY 

John K. Sharp 
Photovoltaic Systems Development Division 4723 

Sandia National Laboratories 
Albuquerque, New Mexico 

ABSTRACT 

Solar energy is currently not competitive with fossil fuels . Fossil 
fuel price increases may eventuallY allow solar to compete, but in
centives can change the relative price between fossil fuel and solar 
energy, and make solar compete sooner. This paper develops examples of 
a new type of competitive game using solar energy incentives. Compet 
itive games must have players with individual controls and conflicting 
objectives, but recent work also includes incentives offered by one of 
the players to the others. In the incentive game presented here, the 
Government acts as the leader and offers incentives to consumers, who 
act as followers. The Government incentives · offered in this leader
follower (Stackelberg) game reduce the cost of solar energy to the 
consumer. Both the Government and consumers define their own objec
tives with the Government determining an incentive (either in the form 
of a subsidy or tax) that satisfies its objective. The two hypotheti 
cal examples developed show how the Government can achieve a stated 
solar utilization rate with the proper incentives. In the first example 
the consumer's utility function guarantees some purchases of solar 
energy. In the second example~ the consumer's utility function allows 
for no solar purchases because utility is derived only from the amount 
of energy used and not from the source of the energy. The two examples 
discuss both sUbsidy ~nd tax incentives, with the best control over 
solar use coming from fossil fuel taxes dependent upon the amount of 
solar energy used. Future work will expand this static analysis to 
develop time varying incentives along a time and quantity dependent 
learning curve for the solar lndustry. 

This work was supported by the U. S. Department of Energy 
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A GAME THEORY APPROACH TO CONSUMER INCENTIVES FOR SOLAR ENERGY 

Introduction 

Solar energy incentives can improve the relative economics between 

solar and fossil fuel. Presently, solar energy is not economical when 

compared to fossil fuel, but with future fossil fuel price increases 

and solar energy price decreases, solar may become competitive in 

certain locations. Government incentives can help make solar energy 

competitive sooner by stimulating and developing the solar industry., 

The result~ng solar production increases will lower system costs. 

Determining the proper incentive mi~ for the Government to offer is a 

major problem because consumers' and suppliers' reactions to the in

centives must be considered. The economic problems associated with 

initial overstimulation and/or discontinuous stimulation can be avoided 

with the proper incentive prog~am. The Government acting as a leader 

can offer incentives which encourage consumers to purchase more solar 

energy. By calling the Government a leader and the consumers followers , 

a generalized problem can be developed where the leader has his own 

objectives, and he is trying to influence purchases of the followers 

who have their own objectives. In the literature, this type of leader

follower game is called a Stackelberg game l Solar incentives will now 

be analyzed using Stackelberg game theory. 

2 Game theory is the study of players who can a6t upon and change a 

system. Players attempt to make favorable changes in their individual 

cos t or objective functions. Games are either cooperative or competi

tive with the players acting accordingly. Stackelberg games 3,4 are 

competitive and contain two types of players: a leader and followers. 

The leader in a Stackelberg game knows how the followers react to him, 

and he uses this information to choose his most desirable action. Game 

theory has recently been used to investigate incentives in public 

decisionmaking 5 ; incentives have also been used with Stackelberg games 

to investigat e duoPolies. 6 

Solar Incentives Using Stackelberg Games 

Incentive theory for solar energy can be developed using Stackel

berg games. The ultimate goal of an incentive program is to make solar 

energy competitive with other energy forms. If this goa l is not 



achieved, then incentives must be continued after the solar industry 

has matured. This time varying problem can be treated as static if 

intermediate targets are set for the solar industry. The Government 

acting as a leader has a specific short-term target it hopes to achieve 

with incentives while consumers acting as followers have their own 

objectives. The Government's short-term objective could be a produc

tion target while the consumers' opjectives are to maximize their well

being (commonly referred to as utility in economics) subject to the 

funds they have available with which to purchase energy. Using the 

single consumer case, these conditions can be expressed analytically as: 

Leader (Government) Objective: achieve a stated goal J 

Follower (Consumer) Objective: maximize utility U 

where: 

Subject to: 

ql = units of fossil energy 

q2 units of solar energy 

Pl = price per unit of fossil fuel 

P2 = price per unit of solar fuel 

I total consumer budget for energy products 

(3 ) 

The model described by (1) ~ (3) does not include Government 

incentives. In this model · the consumer maximizes his utility subject to 

the budget constraint to determine his purchases ql* and q2* (with q* 

denoting the optimal purchases). These values determine the deviation 

from the Government's objective. The three types of Government in

centives available to change the consumers' energy mix are: 

1. Solar energy subsidy 

2. Fossil energy tax 

3. Rationing and/or regulating energy purchases 

A solar energy subsidy allows the consumer to purchase more solar 

energy with the same amount of funds. Fossil fuel taxes decrease the 

amount of fossil fuel that can be purchased and encourage the use of 
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solar energy by reducing the relative price between solar and fossil 

energy. Rationing fossil energy forces consumers to switch to solar 

for additional energy, and regulating or requiring more solar usage 

increases the demand for solar. The budget constraint (3) modified to 

account for subsidy and tax incentives is: 

(4) 

where: 

t per unit fossil fuel tax 

s = per unit solar 

Ratioring or regulating is where both sand t are zero, and the 

Government determines the value of ql or q2. 

The subsidy or tax must ensure that, when the consumer acts in 

his own best interest, the Government's objective is realized. The 

Government can achieve this by first characterizing the consumers' 

reaction to various taxes and/or subsidies. This information is then 

used as a constraint when the Government tries to achieve its object

ive. Two hypothetical examples are presented which show how the 

Government can determine the necessary incentives to achieve a targeted 

production level of solar energy. 

Stacke lb erg Example 1 

The two examples differ only in the utility derived by the consumer 

from energy. In both examples the Government's objective is to achieve 

a targeted solar production level. This production level lsassumed to 

be a point along a learning curve for the solar industry. The first 

example assumes a standard consumer utility function which is the fossil 

fuel usage times the solar energy usage. 

The competitive game occurs when the consumer tries to maximize 

his utility subject to his budget constraintwhlle th~ Government tries 

to ach i eve the targeted level of solar energy usage. The objective 

functions and budget constraint for this example are: 

Leader's (Government's) Goal: minimize the target solar pro
duction error 

J 
2 

(q2 - 0.4) (5) 
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Followers' (Consumers') Goal: maximize utility 

(6 ) 

Subject to the budget contraint: 

(7) 

Solar and fossil energy have the same energy units with the 

Government's targeted level of solar energy usage being 0.4 unit . The 

consumers' total budget for energy products is 5 and the unit prices of 

fossil fuel and solar energy are 1 and 10, respectively. Thus, solar 

energy is assumed to cost ten times as much as fossil energy currently 
, 

costs. Without incentives, the consumer can purchase up to 5 units of 

fossil energy or 0.5 unit of solar energy. This budget constraint is 

shown as a straight line between the (5, 0) and (0, 0.5) points in 

Figure 1. The consumer's desired place on the budget line is point 1 

where his utility is maximized. Solar energy usage is only 0.25 unit 

which is less than the Government's targeted usage of 0.4 unit. In

centives are needed to encourage the consumer to use more solar energy. 

At point 2 the Government's target solar level is achieved with 

either a subsidy or tax and fossil fuel use is not increased: either a 

subsidy of $3.75 per unit of solar energy or a tax on fossil fuel of 

-$3.00 q2 + $0.60. The tax on fossil energy is a function of the 

amount of the consumers' solar energy usage. A straight tax on fossil 

energy similar to the solar subsidy decreases fossil energy usage, but 

it does not guarantee more solar usage. For the standard utility 

function, the share of income for purchasing solar or fossil energy 

remains the same; so, when the price of fossil fuel is raised through 

direct taxes, the amount of fossil energy consumed is reduced with no 

effect on solar energy consumption. This is why, at point 2, the solar 

subsidy increased the use of solar energy with no effect on the use of 

fossil energy; but if either a tax or subsidy is used to move the 

consumer to point 2, he is better off than he was at point 1. Thus, the 

individual would benefit from the incentive program because the 

Government must increase the consumers' energy budget to achieve the 

targeted solar energy level. 

The targeted solar level is achieved at point 3, but the use of 

fossil fuel has increased. The necessary tax is -$1.875 q2 per unit of 

fossil fuel. The budget line, including this incentive, has end points 

equal to the initial budget line. The consumer is better off at point 



3 than at point 1 because he can now purchase more solar energy and 

more fossil fuel. With this subsidy the consumer is not only paid to 

increase his use of solar energy but also to increase his use of fossil 

energy. 

Point 4 is located on the budget line, but since it has less 

utility than point 1, it was not initially chosen. rhis point would 

be chosen if the tax were -$7.?0 q2 + $3.00. The net government cost 

at this point is zero (i.e., taxes equal subsidies) because the point 

is on the original buqget curve. This point can also be attained by 

rationing fossil fuel to one unit or by regulating solar energy usage 

to 0.4 unit. 

With the proper mix of subsidies and taxes, any point in the 

ql - q2 plane can be made desirable to the consumer, providing that ql 

is less than I/Pl' A major problem with using the standard utility 

function for solar energy analysis is that both types of energy must 

b~ used or the utility is zero. In most processes where solar energy 

is a feasible substitute for fossil fuel, the total amount of energy is 

more important than having some of each type. This suggests that a 

plausible objective for the consumer may be obtaining the most energy 

possible within the budget constraint. 

Stackelberg Example 2 

The secon9 example shows how a consumer reacts if he desires to 

maximize the amount of energy used. This is also equivalent to minimi

zing the per unit cost of energy. The Government's goal (Eq. (5)) and 

the consumer's budget coqstraint (Eq. (7)) are the same, but the 

consumer'S utility is now: 

(8) 

The utility curves are straight lines denoting equal energy usage. 

The value of a unit of energy is the same to the consumer, no matter 

where it comes from. Subsidies and taxes are again investigated using 

this new utility function. 

Point 1 on Figure 2 is the desired energy mix without subsidies 

or taxes. Since utility is defined as the total amount of energy, 

the optima+ mix is to buy on the cheapest; and in this case, fossil 

fuel. Thus, solar is not initially being used, so subsidies and taxes 

must be offered before solar penetrates the market. 
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The desired energy mix at point 2 requires a tax of -$2.13 q2 + 
$0.07. The total energy usage has not increase d (i.e., point 1 and 

point 2 are on the same utility curve), but 0.4 unit of fossil fuel ha s 

been displaced with solar energy. Since the consumer utility has not 

been reduced, the Government must pay for 90 percent of the solar 

energy used. 

At point 3, the higher utility means greater energy usage. The 

tax of -$1.99 q2 is equivalent to a government payment of 98 percent 

of the solar energy costs. The boundary points on the budget line are 

the same as the no-tax case, so the fossil fuel user is not penalized 

if he decides against participation in the solar incentive program. 

Point 4 is on the original budget line so the net cost to the 

Government is zero, but the utility (i.e., energy use) has been 

severely reduced. This point can also be achieved by regulating or 

rationing. 

For a solar subsidy to impact the energy mix, it must be set to 

at least 90 percent of the solar costs because of the ten-to-one price 

ratio between solar and fossil energy. Unless the 90 percent subsidy 

is limited, large-demand impulses would destabilize the solar sector of 

our economy. The tax scheme outlined above stimulates interest in 

partial displacement of fossil energy with solar and provides better 

government control over solar energy demand. 

Conclusion 

The initial theoretical development of leader-follower games 

involving solar incentives has been presented. The game theory approach 

forces policymakers to evaluate potential incentives against defined 

objectives. From this theoretical work, Example 2 indicates that 

incentives in the form of a tax, rather than straight solar subsidies, 

may provide for more control of solar demand by the Government. The 

static results from this analysis can be expanded to develop proper 

incentives for various points on the solar industry learning curve. 

The evaluation of hoW incentives affect multiple consumers a nd/or 

producers is a straightforward extension of the present analysis. 
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