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Abstract

For earth sustainable development, the proportion of power generated by renewable
resources has been increasing while the proportion of power generated by fossil fuel
has been decreasing. Many small size power plants which generate power by
renewable resources sell power to large size traditional power plants which generate
power by fossil fuel. In this study, we employ Stackelberg framework to analyze the
system of guaranteed purchasing price in which a traditional power plant purchases
power from a small size green power plant. We conclude that the system of

guaranteed purchasing price may cause the social welfare to decrease.
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1 Introduction

The economy growth brings the electricity consumption to increase rapidly.
However, traditional fossil fuel power plants emit a lot of greenhouse gas which
causes the global warming and the climate change. For the earth sustainable
development, many countries’ governments actively develop green power generated
by renewable resources. The generation expansion planning (GEP) determines which
kind of the power plants should be constructed and when they should start to operate
[1]. In many countries, the electricity power industry is seriously controlled by
governments before. In recent years, because of the energy shortage, many countries’
governments encourage the private enterprises to build independent power plants [2].
Since the electricity power market exists the independent power producers (IPPs), the
traditional power plant can purchase green power from IPPs to substitute traditional
power generated by using fossil fuel. On other hand, IPPs may create profit by using

their excess generation capacity [3].

Traditional power plant uses fossil fuel to generate power, but the process of
generating power makes a lot of greenhouse gas which causes the global warming and
the climate change. Kyoto Protocol has asked the member states to decrease the
greenhouse gas emissions for the earth sustainable development. Hence, the
traditional generation method by using fossil fuel has been viewed an environmental
unfriendly way. Recently, green power generated by using renewable resources such
as solar and wind has been viewed as an environmental friendly energy. Ameli et al.
[4] study in the optimal proportion of green power in overall electricity consumption,
and the economic advantage of green power. Many countries have started to
emphasize the generation of green power such as that the target of United Kingdom
(UK) 1s the proportion of green power in overall electricity consumption to be 15% in

2015, and go to 20% in 2020 [5]. European Union also sets the target of green power
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supply to go to 12% in 2010 [6]. Some studies also discuss the operational risk of

power generation by using renewable energy [7].

There are two kinds of power plants in real life, one is the traditional power plant
which uses fossil fuel to generate power, and the other power plant uses the renewable
energy to generate power. In the future, the conventional large size, and state-own
power plant may be substituted by the small size, and private power plant which
generate power by using renewable resources. In this study, we use the Stackelberg
framework to analyze the system of guaranteed purchasing price in which the
traditional power plant purchase green power from the power plant which generates
power by using the renewable resources. Traditional power plant is a Stackelberg
follower since it must purchase all power generated by green power plant. We are
interested that the effect of system of guaranteed purchasing price on social welfare.

2 Literature review

Electricity has the nature that it cannot be stored, hence the power company must
reserve some capacity to deal with the market demand fluctuation. The infrastructure
of the present transmission and distribution networks is developed to support the
traditional large size power plant. Since the green power plant which generates power
by using renewable resources emerges in the electricity industry, the traditional
monopoly electricity market structure has changed.

Ackermann [8] defines the distributed generation as that an electric power source
directly connects to the distribution network or on the customer side of the meter.
The author analyzes the effect of distributed generation on market power by applying
the cases of combined heat & power (CHP) and wind power in western Denmark. He
concludes that distributed generation can reduce the power plant’s market power.

Lopes et al. [6] mention that the integration force of distributed generation

includes environment, regulatory and commerce. They also conclude that distributed
6



generation will be benefit to the power plant which locates in large industrial area and
residential area since the power plant does not invest too much in infrastructures.

The concept of distributed generation is not to replace the current power system,
but to integrate into the system operation. Strbac et al. [5] assess the costs and
benefits of wind generation in the UK electricity system. They conclude that the
system will be able to accommodate significant increase in wind power generation
with relatively small increases in overall costs of supply. Akhmatov and Knudsen [9]
point out that large penetration of distributed generation in Danish power system, the
central large size power plants still control the voltage and frequency of the grid.
However, the trend is changing and large wind farms are playing the important role in
supporting the services.

Some distributed generation business models have been discussed by Gordijn and
Akkermans [10]. They survey some cases in various countries including Spain,
Norway, UK, Netherlands and some novel ideas are highlighted. For example, the
small size local producer business model for renewable distributed generation is
profitable. Besides, in many countries the reserve power generation capacity is
decreasing for the sake of deregulation, it creates new opportunities for distributed

generation.

3 The model setup

Since electricity market is typical oligopoly competition market, the game theory
is widely applied to the research, especially in auctions for electricity purchase and
sale [11-15]. Some studies about the electricity market have focused on generation
expansion planning [16], transmission constrained network [17], the power plant
behavior in short term [18]. Stackelberg model applied in our study assumes that at
least one of the players in the market is able to pre-commit itself to a particular level

of supply before other players have fixed their level of supply. The other firms



observe the leader’s supply decision and the respond with their output decision. The
players able to initially pre-commit their level of output are called the market leaders
and the other players are the followers [19]. The basic setting in this study is based on
two power plants, one is the public power plant which generates power by using
traditional fossil fuel, and the other one is a private power plant which generates
power by using renewable resources. The power market demand is a linear form as
below:

p=a->bQ, (D
where a >0, 5> 0 and Q =x +y. And x is power outputs of public power plant by

using traditional resources; y is a power output of private power plant by using
renewable resources, where x € R', y e [0, ; ], and ; is called as capacity

constraints of private power plant. p is the market price of power. The marginal costs
of outputs x, and y are cy, and ¢y, respectively. In generally speaking, the marginal
cost of renewable power is higher than that of conventional power, thus it is
reasonable to assume that ¢, > ¢, > 0. The profit functions of both power plants are:
m=@-c)x+(p-—wpy,

m=(W=c)y, )
where w is a guaranteed price that the public power plant purchases power from the
private power plant. In short, the public power plant is only one power supplier by
generating power x, and purchasing power y from private power plant.

The social welfare function is composed by consumer surplus and producer
surplus (71 + m). Under the assumption of linear demand function, the consumer
surplus can be reduced to (/2)Q*. The social welfare function is described as follows:

W=(b2)Q" + (m + m). 3)
This is a three-stage game. At stage 1, the social planner chooses the optimal power

price p* to maximize the social welfare, respectively. At stage 2, the public power
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plant decides the guaranteed purchasing power w. At stage 3, two power plants
choose the optimal outputs x, and y*. Since the public power plant must purchase all
renewable power generated by private power plant, we assume that the public power
plant is a Stackelberg follower, and the private power plant is a Stackelberg leader.
We try to examine a question that would the guaranteed price policy and that the

private power plant is a stackelberg leader would cause a low social welfare?

4 Analytical Results

In this section, we try to compare the social welfare under a guaranteed power

price scenario and that in the benchmark model.

4.1 Benchmark model

In benchmark model, we assume that the public power plant is a monopolist for
supplying the power, i.e., Q" = x, where the superscript m represents the monopoly
case. The social welfare function in this case is composed by the consumer surplus,
i.e., (b/2)0™, and the producer surplus, i.e., 7" = (p — ¢)O". The social planner sets
the optimal power price to maximize the social welfare function, i.e., p” = c¢,. We

find that the rule of marginal cost pricing will cause the highest social welfare. Given

2
p" = c,, the consumer surplus is % , the producer surplus is 0, and the
. . . (a-c,)
maximized social welfare is Y

4.2 A guaranteed power price scenario

In this subsection, we assume that the public power plant is a monopoly to sell the
power in the market, and it not only generates the power by itself but it also purchases
power form the private power plant by a guaranteed purchasing price. We employ the

backward induction to obtain the optimal solution in this scenario.

4.2.1 The caseofc,>c,



The decision making for the private power plant, i.e., Stackelberg leader, at stage

3 as follows:

yifw>e,,
y={ g (4)

0,1if w<e,.

Equation (4) means that if the guaranteed price makes the profit of the private power
plant is positive (negative), i.e., w — ¢, = (<) 0, then the private power will (not) sell
all (any) power to the public power plant. According to Equation (2), the public

power plant chooses the output to maximize the profit as follows:

a-c,

2b

— ) )
At stage 2, the public power plant decides the guaranteed purchasing price. By
the profit function of the public power plant, we find 0x;/ow < 0. This result tells us

the optimal guaranteed purchasing power for the public power plant is
w=c,. ©)

Refer back to Equation (4) and we realize that the private power plant will sell all
power ie., y = ; to the public power plant under the scenario of guaranteed

purchasing price.

At stage 1, the social planner decides the optimal power price to maximize the
social welfare. Because of w = ¢,, the social welfare function in Equation (3) can be
reduced as follows:

W= (b/2)0* + m, (7)
where 0 = x + ; By the first order condition of social welfare function, we obtain

the optimal quantity of power production for the public power plant is

x= = —y. (8)

The optimal market total output, the power price, and the social welfare are

10



0 = , -,
p=c,
=8 -y, ©)
2b
where “*” represents the case of ¢, > ¢,. From Equation (9), we find the social

planner still adopts the rule of marginal cost pricing to maximize the social planner.

4.2.2 The case of ¢, <c,
Following the same step in the case of ¢, > ¢,, we can obtain the optimal solution

of this scenario as follows:

o (a—cx)z

w n +(cx— )y, (10)

where “**” represents the case of ¢, < ¢,. We arrange the optimal solution in various

scenarios in Table 1.
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Table 1. The optimal solution in various scenarios

Monopoly Guaranteed purchasing price Guaranteed purchasing price
(cy = CX) (cy > CX) (cy < CX)
The optimal pricing rule P =c p* =c, p** =,
2 2 2
a-—c a-—c a—c
Consumer surplus (—" g ( .
2b 2b 2b
sl 0 —(¢y — cx); <0 (cx— cy); >0
Producer surplus
%) - 0 0
2 2 2
. - a—cC — a—=c¢C —_
Social welfare M g —(c,—c) Y g +(ci—c) Y
2b 2b 2b

Table 1 shows that it causes a maximized social welfare if the social planner adopts
the rule of marginal cost pricing on matter in the monopoly case or in the case of
guaranteed purchasing price with ¢, > ¢, or ¢, < ¢,. Hence, we have the proposition 1

as follows:

Proposition 1 No matter what the market structure is, the rule of marginal cost

pricing always maximizes the social welfare.

We also find that the system of guaranteed purchasing price does not change the
consumer surplus. The reason is that the public power plant still is a monopoly to sell
the power under the system of guaranteed purchasing price. The rule of marginal cost
pricing makes the profit of public power plant in the case of monopoly be zero. But
in the system of guaranteed purchasing price, the profit of public power plant is likely
to be negative (positive) if the guaranteed purchasing price is higher (lower) than its
own electricity generation cost. And the public power plant must use the marginal
cost of private power plant as a guaranteed purchasing price in order to maximize its

own profit. As a result, the profit of private power plant is always zero. Hence, the
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size of social welfare depends on the size of public power plant. We conclude some

important findings in the proposition 2 as follows:

Proposition 2 Under the rule of marginal cost pricing

(i) No matter what the market structure is, the sizes of consumer surplus are the same;

(ii) The guaranteed purchasing price set by public power plant is just as the marginal
cost of private power plant;

(iii) The system of guaranteed purchasing price is likely to cause a positive or negative
profit for public power plant;

(iv) The system of guaranteed purchasing price is likely to cause a low social welfare

if this system causes a profit loss for public power plant.

4.3 Some discussions

It is obviously that a decrease in the marginal cost of public power plant will
cause an increase in consumer surplus no matter in which kind of the market structure.
This result is that the public power plant is a monopoly in selling power market.

We next concern the effect of change in marginal costs of private power plant and
public power plant on the social welfare. For getting the answer, we show some

comparative statistic results as follows:

* ok

L (1)
ac, ac,

ow _ ow :_(a—cx) +;>01f; . (a—cx). (12)
oc, oc, b

From Equation (11) we find that a decrease in marginal cost of private power plant
will cause the social welfare to increase. This result comes from that the profit of
public power plant increases if ¢, < ¢, or the loss of public power plant decreases if ¢,

> ¢y, when the marginal cost of private power plant decreases. More importantly, a

13



decrease in the marginal cost of public power plant may cause the social welfare to

decrease when the purchased amount of power by the public power plant is too much,
i.e., ; > (a — ¢,)/b. Although a decrease in marginal cost of public power plant is

advantage to consumer surplus, the public power plant purchases too much power that

price is fixed on ¢, is disadvantage to producer surplus. Given any purchased amount
of power y, if an increase size of consumer surplus can’t cover a decrease size of

producer surplus, then it will cause the social welfare to decrease. This result is

concluded in proposition 3 as follows:

Proposition 3 Under the system of guaranteed purchasing price, the marginal cost of
public power plant decreases, and the public power plant purchases power too much,

it will cause the social welfare to decrease.

5 Conclusion

In the past, humankind over depend on fossil fuel to generate power. However,
the process of generating power by fossil fuel has made a large amount of greenhouse
gas emission, and then cause the global warming and the climate change which has
threaten the humankind existence. In order to retarding the global warming and
keeping the sustainable development of earth, it has become an important mission for
the worldwide governments to generate the power by renewable resources.

Generally speaking, the power plant of using renewable resources is private, small
size, and makes a small environmental damage. On the other hand, the traditional
power plant of using fossil fuel is public, large size, and makes a large environmental
influence. The power market in Taiwan includes a public power plant which uses the
fossil fuel to generate the power and many private power plants which use the

renewable resources to generate the power. In order to increasing the proportion of
14



green-power, Taiwan government regulates the system of guaranteed purchasing price
in which the public power plant must purchase all power generated by the private
power plant under a guaranteed price.

This study uses the Stackelberg game to analyze the effect of guaranteed
purchasing price system on social welfare. In our model, the private power plant is a
Stackelberg leader and the public power plant is a Stackelberg follower since the
public power plant must purchase all power generated by private power plant. We
consider two scenarios in which the marginal cost of power generated by traditional
fossil fuel is larger or lower than the marginal cost of power generated by renewable
resources. The main findings in this study are as follows. (i) In our model framework,
the rule of marginal cost pricing always causes a maximized social welfare. (ii)
Under the system of guaranteed purchasing price, no matter what the guaranteed
purchasing price is, the consumer surplus in various models are the same. (iii) A
surprised finding is that the system of guaranteed purchasing price may cause the

social welfare to decrease.
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