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Abstract Pollution and environmental protection in the
present century are extremely significant global problems.
Power plants as the largest pollution emitting industry have
been the cause of a great deal of scientific researches. The
fuel or source type used to generate electricity by the power
plants plays an important role in the amount of pollution
produced. Governments should take visible actions to
promote green fuel. These actions are often called the
governmental financial interventions that include legisla-
tions such as green subsidiaries and taxes. In this paper, by
considering the government role in the competition of two
power plants, we propose a game theoretical model that
will help the government to determine the optimal taxes
and subsidies. The numerical examples demonstrate how
government could intervene in a competitive market of
electricity to achieve the environmental objectives and how
power plants maximize their utilities in each energy source.
The results also reveal that the government’s taxes and
subsidiaries effectively influence the selected fuel types of
power plants in the competitive market.
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List of symbols

Indexes
i,j The indexes of the competitive power plant
k,l Theindexes of the energy source used by the power plant

Parameters

Ci  The unit production cost of the power plant i when
using the energy source k, Cy > 0

Fi  The initial setup fee of the power plant i when using
the energy source k, Fix > 0

wy  The pollution amount that the power plant i
produces when using the energy source k, wy > 0

o The stochastic market base for the power plant i when
using the energy source k and the power plant j using
the energy source /. d; is defined as a random variable
with the mean &, and the variance a7,

Ziw  The constant absolute risk aversion (CARA) of the
power plant i when using the energy source k and
the power plant j using the energy source [, Az > 0

LB; The lower bound of the government’s profit
R; The reservation utility of power plant i
T The confidence level provided as an appropriate

safety margin for the profit by the government

s The demand sensitivity of power plant i to its own
price when using the energy source k and the power
plant j using the energy source [, f5;;; > 0

v ~ The demand sensitivity of power plant i to the
rival’s price, when using the energy source k and the
power plant j using the energy source I, y;;, > 0

Variables

piw The power plant i’s electricity price when using the
energy source k and the power plant j using the
energy source /
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S The subsidy provided by the government for the
power plant i when using the energy source k and the
power plant j using the energy source I, Siy; >0

Ty  The tax imposed by the government on the power
plant i when using the energy source k and the power
plant j using the energy source I, Tj; >0

D;; The demand of power plant i, when using the energy
source k and the power plant j using the energy
source /

Introduction

Electricity is the cornerstone of health care, sanitation
services, and the educational, economic, scientific, and
agricultural progresses that characterize a modern society.
Indeed, there are few goods or services that do not directly
depend on electricity in developing and developed coun-
tries (Nagurney et al. 2006). The electricity industry is
growing and the global electricity consumption in 2025 is
estimated to be around 23.1 trillion kWh. (See Casazza and
Delea 2003; Singh 1999 and Zaccour 1998, for detailed
information regarding electric power industry and its
market).

Despite the major positive effects of electrical energy on
economic growth, its heavy reliance on fossil fuel makes
dipterous impacts on the environment. The scientific
community is pointing to an increase in human-induced
green house gases (GHGs) (such as CO,, CH,, NOx, and
halo carbons) over the past century as the major cause of
climatic change. Due to fossil fuel combustion, the elec-
tricity generation sector is a major producer of the GHGs
(Palmer and Burtraw 2005). In general, Fossil fuels,
including coal, are expected to be used in 36 % of elec-
tricity production in 2020. More than a third of the total
carbon dioxide and nitrous oxide emission in the US is
attributed for generating electricity. Similarly in China, the
electric power sector currently accounts for more than
one-third of its annual coal consumption, while such
power plants generate over 75 % of the air pollution
(cf. Pew Center). Given that global electricity demand is
increasing by 2.4 % each year, and it is accompanied by
rising global emissions of the GHGs, the current central-
ized generation system should be re-evaluated (Colson and
Nehrir 2009). Therefore, several researches such as Poterba
(1993) and Cline (1992) suggest that any policy in elec-
tricity industry should be made with regard to emissions of
the generated GHGs and their effects on global warming
and immense risks of unstable climate changes.

Natural Resources Canada (NRCAN) (2005) and Euro-
pean Environment Agency (EEA) (2007) have followed
various GHGs reduction strategies. Some power plants
have already started to build up and use sequestration
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facilities to capture the generated carbon dioxide (NRCAN
2006). In addition, there has been a significant growth in
the use of electricity generation technologies that utilize
renewable energy sources, which are less-GHG-intensive
(Tampier 2002; Canada 2003; EurObserv’ER 2007; EIA
2008). According to the Kyoto protocol in 1992 (Yoo and
Kwak 2009), the governments should take actions to raise
the percentage of green electricity supply. Green electricity
is the energy that is generated from renewable sources such
as solar power, wind power, small-scale hydroelectric
power, tidal power, and biomass power. These sources
mostly do not produce pollutants; hence, they are called
environmentally friendly. Renewable energies are regarded
as a key factor in tackling global climate changes and
energy shortage crisis (Guler 2009). Renewable energies,
such as wind, have globally experienced fast growth during
the past decade (Li and Shi 2010; Saidur et al. 2010). Green
energy sources involve employing the state-of-the art
technologies; therefore, these energy sources are, gener-
ally, more costly than the fossil energy sources. To pro-
mote green electricity, the government should take visible
actions to compensate for the extra production costs (Yoo
and Kwak 2009). These actions are often called the gov-
ernmental financial interventions. These interventions are
usually in the form of legislations on green energy
subsidiaries and tax tariffs. For example, the pollution
taxes, in particular, carbon taxes are a powerful policy
mechanism that can address market failures in energy
industry (Wu et al. 2006). Painuly (2001) pointed to
encouraging power generation from renewable sources
such as solar and wind powers through the use of green
credits issued by the government. Such credits are now
being utilized in the European Union as well as in several
states of the US (see RECS 1999; Schaeffer et al. 1999).
Consistent with the leading role of the government, the
organizations show growing interest in green energy pro-
duction. On the other hand, raising the awareness of the
electricity consumers leads to the genesis of the concept of
green branding and green consumerism (Barari et al. 2012).

Specifically, this research uses the mathematical game
theory model to answer the following questions:

1.  Which financial instruments are effective in maximiz-
ing the impact of interventions of the government?

2.  What are the competitive responses of the power plants

against government financial interventions? (2) What
are the best strategies that simultaneously optimize
government objective and power plant’s profit?

The remainder of this paper is organized as follows:
“Literature review”: briefly discusses the related literature.
“The model” presents the proposed model and derives
equilibrium solutions. In “Numerical example”, a numer-
ical example is presented. Concluding remarks and
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suggestions for the future research are given in “Summary
and conclusion”.

Literature review

The struggle between economy and environment has led
managerial researches to promote methodologies that their
goal is to achieve profits by preserving the sustainability of
the environment. The electricity-generating plants, as the
largest pollution emitting industry, have encouraged many
scientific researches. Accordingly, governments and policy
makers have been concentrating on renewable energy,
which is regarded as environmentally sustainable energy.
The renewable energy creates several public benefits, such
as environmental improvement (reduction of power plant
greenhouse emissions and thermal and noise pollution),
increased fuel diversity, reduction of the effects of energy
price’s volatility on the economy, and national economic
security (Menegaki 2007).

There are innumerable research papers on competition
between two power plants. Some papers deal with either
quantity competition or price competition. Their primary
focus is on applying the game theory to derive equilibrium
under varied assumptions (Liu et al. 2007). Menniti et al.
(2008) suggested the evolutionary game model to obtain
near Nash equilibrium when more than two producers exist
in the electricity market. Jia and Yokoyama (2003) dis-
cussed the cooperation of the independent power producers
in retail market and calculated the profits of producers.
They proposed a schema for allocation of extra profit of
coalition among power producers. Some researchers
applied game theory models in electricity market auction
(see Gan et al. 2005a, b).

Some researchers have concentrated on the role of the
green policy of the governments in polluting industries.
Dong et al. (2010) presented a framework for analyzing the
conflicts between a local government and a potentially
pollution producer using the game theory. They investi-
gated the effects of the subsidies and penalties policies on
the implementation of cleaner production. Sheu and Chen
(2012) analyzed the effects of the governmental financial
intervention on green supply chain’s competition using a
three-stage game-theoretic model. Analytical results
showed that governments should adopt green taxation and
subsidization to ensure profitability of the production of
green products.

Owing to occasional factors or events, market demand
becomes highly uncertain across many industries. The
retail price, market demand, and production cost are often
uncertain when a firm determines the decisions in pro-
duction planning and plant dimensioning (Alonso-Ayuso
et al. 2005). A few papers added demand uncertainty to the

pricing models (Deneckere et al. 1997; Mantrala and
Raman 1999; Dana 2001; Kunnumkal and Topaloglu
2008). We assumed demand uncertainty to electricity
market base for the power plant.

In the power industry, Nagurney et al. (2006) devel-
oped a computational framework for determining the
optimal carbon taxes in the context of electric power
supply chain networks (generation/distribution/consump-
tion). They developed three distinct types of carbon tax-
ation environmental policies. For these taxation schemas,
the behavior of the decision makers in the electric power
supply chain network was analyzed via finite-dimensional
variational inequality technique. The numerical results
showed that the carbon taxation has been effective in
achieving the desired result intended by the policy
makers.

Table 1 demonstrates that the proposed approach of the
paper covers new features in comparison with other
existing models. To the best of the authors’ knowledge, no
research was found in the context of electricity market,
which considers responses of the competitive power plants
against the government’s green polices. Due to this gap in
the literature, there are three main contributions in this
research. First, the government is regarded as the leading
player to investigate the impacts of its green legislations
and financial interventions on electricity market. Although
the governmental economic incentives as promoting envi-
ronmental protection have been investigated in some par-
ticular industries (Ulph 1996; Fullerton and Wu 1998;
Walls and Palmer 2001), they have not been studied in the
electricity industry. Based on the emerging worldwide
green legislations, such as WEEE, and the Kyoto global
warming agreement, the involvement of the governments
in energy industry via coercive strategies, including legis-
lations and economic incentives, is indispensable. Second,
it is assumed that there is uncertainty regarding the demand
of electricity because each power plant often take decisions
about electricity planning, capacities and type of sources
long before the real demand of electricity are resolved.
Thus, our model explicitly considers that the electricity
demand which is function of electricity prices is known by
power plants with a level of uncertainty. The demand
uncertainty brings about profit uncertainty of power plants
and they assumed to be risk averse toward their profit
uncertainty. Third, although some research has focused on
green manufacturing/remanufacturing, few studies have
addressed the coordination and competition of the power
plants under the governments’ policies. In this paper, the
role of the government as the Stackelberg leader on the
strategies of the power plants as the Stackelberg followers
is, especially, investigated. A bi-level programming model
is proposed for such hierarchical decision-making
framework.
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Table 1 A comparison between previous studies and the current study

Ref. Game Cooperation Government Considering Various Green Key features A
theory intervention  government  power issues methodology
profit plants
Nagurney X X N, X J N, Determination of optimal carbon ~ NLP
et al. taxes to electric power plants
(2006)
Barari etal. ./ X N, X X N, Analysis of green supply chain ESS
(2012) contracts with the focus on NLP
maximizing economic profits
Jia and \/ \/ X X X X Profit allocation, power producers, Mathematic
Yokoyama retail market, cooperative Game solving
(2003) theory
ZHU and \/ X \/ \/ X \/ Costs and benefits analyses, Core  ESS,
Dou (2007) Enterprises and Governments, mathematic
Evolutionary Game solving
Dong et al. \/ X \/ X X \/ Optimal strategy, cleaner Mathematic
(2010) production policies, Chinese solving
electroplating industry, game
theory, microeconomics
Sheu and J J N, X X N, Analyses the effects of NLP
Chen government financial
(2012) intervention, competition among
green supply chain
Zhaoetal. ./ x N, x x N, Game theory, strategy selection Mathematic
(2012) for environmental risk, carbon solving
emissions reduction, green
supply chain
Zhang and \/ X X X X \/ Three-level green supply chain, Mathematic
Liu (2013) coordination mechanism solving, NLP
Wang et al. ./ X X X X X Game theory, market price of LP, stochastic
(2007) electricity, demand uncertainty programming
and unit reliability
Zhu and X X X X \/ \/ Renewable energy, stochastic Fractional
Huang uncertainty, management of programming
(2013) electric power systems
The \/ \/ \/ \/ \/ \/ A game theory framework, NLP,
proposed Government taxes and subsidies stochastic
model on optimal, power plant, optimal ~ programming
(current prices, resource selection, green
study) polices

LP linear programming, NLP non-linear programming, ESS evolutionary stable strategy

The model
Problem description

In this paper, two power plants in a competitive electricity
market are considered, where each power plant has
N options for energy source type. Government imposes
different levels of subsidy or tax for the power plants
regarding their selected energy source type. The govern-
ment aims to reduce pollution of power plants with regard
to specific budget. On the other hand, each power plant
tries to maximize its profit. Figure 1 illustrates a concep-
tual flowchart of this game. The competition between the

o
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power plants can be interpreted as a two-person non-zero
sum game. The principal strategies of power plants are type
of energy sources and their minor strategies are the elec-
tricity prices in the market. These strategies in competitive
electricity market should be adopted with regard to gov-
ernment’s tariffs and market responses.

The proposed models are established upon the following
assumptions:

Assumption 1 We assume that the competitive power
plants follow the government’s financial legislations and
have the capability to produce electricity using different
energy sources.
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Fig. 1 A conceptual framework

of the game

(Tariffs for each power plant in different energy source)

Governmental leadership

Energy sources

Power plant i

Assumption 2 The market competition environment
between two power plants is consistent with assumptions of
Bertrand’s model of oligopoly. The power plants jointly set
the price that maximizes their own profits. The demand
function for each power plant is contingence upon elec-
tricity prices which assumed continuous and linear.

Assumption 3 The competitive power plants are able to
set up facilities for generating electricity from the specific
sources. When the power plants install and start up the
corresponding power generations instruments, the produc-
tion capacity is ample for market demand.

Assumption 4 The production rate of the power plants is
equal to the corresponding demand rate. Moreover, they
have negligible internal consumption and waste rate.

Assumption 5 The time order of this game is assumed as
follows:

Stage I The government determines their taxes and
tariffs based on the goal of minimizing the pollution by
speculating about the potential reactions of the power
plants in the bargaining context.

Stage 2 Both of the competing power plants determine
the pricing strategies for the consumers. The power plants
then determine the utility of each fuel type. Finally, based
on the bargaining game, the equilibrium solutions are
found.

The indexes, parameters and variables used in the model
formulae are given in list of symbols.

Power plant’s model
Demand

In the new deregulated environment, the price of the
electricity is no longer set by the regulators; instead, it is
set by the market forces (Skantze and Gubina 2000). The
Demand function for each power plant is assumed con-
tinuous which takes the following forms:

/" Environmental Impacts

/ N
Competitive Energy sources
. Market -
y Power plant j
Diy = G — Papint + Vb (1)

fori #j,j,s € {1,2}andk, I=1,...n;

This function is a class of a more general linear demand
functions used in many of the previous studies (McGuire
and Staelin 1983; Choi 1991; Shy 2003). The differentia-
tion parameters of the two power plants, 8, and y;; are
independent and positive values. The power plant with
larger a;; has a relative advantage of accessing customer
due to a better brand, position, quality, reputation and so
on. The function (1) means that the market demand of each
power plant is an increasing function of its rival price, but a
decreasing function of its own price. Moreover, &;; and &y
are assumed independent stochastic variables, thus
COV(&ikl, ONCjkl) =0.

Profit function

The profit function for each power plant is formulated as
follows:

My = (pai—Cix—Tit + Sit) Disa—F 2)
i=1,2kl=1,...n

This function shows that each power plant’s profit
depends on the amount of its demand, price the initial setup
and the unit production cost, as well as the government’s
tax and subsidy. Note that tax reduces marginal profit,
however, subsidy increases the marginal profit of the power
plant.

Utility function

It is known that the power plants would be at risk from
demand of new fuel system. By considering the risk sen-
sitivity of the power plants, it is assumed that each power
plant assesses its utility via the following Mean—Variance
value function of its random profit (Agrawal and Seshadri
2000; Tsay 2002; Gan et al. 2005a, b; Lee and Schwarz
2007; Xiao and Yang 2008):

@ Springer
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U(H,'k/) = E(Hik[) — i,»klvar(H,»kl)i: 1,2 k,l: 1, . n
(3)

where the second term is the risk cost of the power plant i,
and Ay reflects the attitude of the power plant i towards
uncertainty. Equation (3) means that the power plant i will
make a trade-off between the mean and the variance of its
random profit. The larger the CARA, A, , of the power
plant i, the more conservative its behavior will be. Based
on the Egs. (2) and (3), we have:

U(ITw) = (pirt + Saa—Tia—Cir) (G — Baapina + ViiPjkt)
— Dt (it + Sw—Tia—Ci)* 02— Fi
i=12k1=1,...n (4)

In this study, this utility is considered as the payoff of
power plant. The game is a non-zero-sum game, because a
gain by one player does not necessarily correspond with a
loss by another.

Government’s model

Government as well as the other player aims to take
measures which optimizes the pollution level and the profit.
The proposed model for the government can be expressed
as:

min (wy Dig +wyDjy) i #j,1,j€{1,2},k,1€{1,...,n}

s.t Pr{(Tis—Sis)Dist + (Tju—Sju) Djra > Lbg } > <

(Piti—Cit—Tia + Sit)Disa — g (Pist—Cix— Tt + Sira) 0% —Fie > R;
(Pii—Cit—Tia + Sit) Dt — A (Pjsa—Cin—Ta + Sjk/)zdfkﬁFﬂ >R,
Tir, Tikts Sikt, Sjgt >0 (5)

In this optimization problem, the objective function
represents the total pollution emitted by power plants.
According to green policy, the government would mini-
mize the total emitted pollution. The first constraint assures
the government’s revenue from the power plants dose not
lower than a lower bound with probability t. The second
and third constraints are individual rational constraints (IR)
under which the power plants would like to accept

government’s tariffs; otherwise, the power plants will
reject the tariffs and withdraw from the electricity market.
In other words, IR constraints guarantee that the power
plants would like to have long-term relationship with the
government.

Nash equilibrium point

The fundamental solution concept in the game theory is a
Nash equilibrium (NE) point where each agent’s strategy is
the best response to the strategies of the others. Each player
has no motivation to deviate from the NE strategy, because
it would lead to a decrease of its expected payoff. The NE
of the game is formally defined as follows (Krause et al.
2006):

In a n-person game, the strategy profile p* = (p7,...,p})
is a NE if for all i € {I,...,n} we have:
Ui(PT» .- ap;) Z Ul(pTa .. '7p;€71apiap;'(+17 .. 7p:) (6)

Several algorithms have been developed for computing
NE. The interested reader may refer to Krause et al. (2004)
and Porter et al. (2004). In this study, we use NE approach
for the Bertrand game to calculate the price equilibrium of
electricity in a competitive market.

Bertrand game

Consider the simultaneous-move game where the power
plant i (i = 1,2) independently chooses p;. Let (p],p3) be
the Bertrand equilibrium prices which are obtained from
the first-order condition given by OU;(p;,p;)/0p; =
0(i=1,2, 1#j) (Vives 1985).

Lemma 1 According to Eq. 4, using the Bertrand equa-
tion, the equilibrium price for each one of the power plants
under given government policies could be found as follows

Pi =My — Syg + Ty + Cix
P =My, — Sy + Ty + Ca

(7)

where

{ 2By + A0 et + Bia (Sitt—Tire—Cit) — v (Sjte—Tia—Ci)] }

il + Bia(Sia—Tjra—Cit) — Viga (Siwt—Tire—Ci)]

)

My, =
M (4(Bus + /liklaizkl)(ﬁjkz + )~jkz(7fk1) = ViVikt)
{ 2(ﬁik1 + )viklaizkl)[o_‘jkl + ﬁ/‘kl(sjkl_Tjkl_C}k) - Vikz(Sikl_Tikl_Cil)] }
M +Yiwa Ot + Bira(Sikt—Tikr—Cit) — Vg (Sjsa—Tjra—Cc )]
=

(4(Bu + iikzaizkz)(ﬁjkl + )»jklfszkl) = ViuVikt)

o
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Proofs of all the Lemmas and propositions are given in
Appendix 1.

Proposition 1 The optimal power plants’ utility at the
equilibrium price for the given government’s polices is
formulated as follows:

U'(ITiw) = (B + Jiri02g) M2 — Fi,
i=1.2 kil=1,..n 9)

Government model in equilibrium prices

To obtain the government’s optimal policy, the govern-
ment’s model at the equilibrium prices should be solved.
According to Egs. (1), (5), (7) and (9), we derive the fol-
lowing Lemma:

Lemma 2 The government’s model at the equilibrium
prices is formulated as follows:

The final model has a linear objective function and a
set of non-linear constraints. The first constraint is sto-
chastic constraint which can transformed into a certain
constraint.

Lemma 3 The government’s first constraint is equal to

(Tits — Sixt) %t + (Tjnt — Sjt) Fisa
+ ((Tiwi—=Sjua) vira— (Tia—Siwt) Bira ) (At + Oz — 1)
(Si = Tt — Cit) + st (Sja—Ta—Ci))

>Lb
+ (Tia=Sixt) vie—Tia—Sjua) Ba) (A + (Oa — 1) [ =
(Sii—=Tja—Cit) + Ziwa(Si—Tia—Ca))
— ¢! (T)\/(Tik/ — Sw) 0% + (T — S,‘kz)zajzk,
(16)

where ¢ is the standardized normal distribution.

min [ + nikl(Sikl - Tikl - Cik) + njkl(Sjkl - Tjkl - le) [ #]7 la] € {172}akal € {17 .. .,I’l}

(Tirr — Sira)%ira + (Tjrg — Sjra) jaa+

s.t Pr

(Tt = Siga)vire — (Tt — Sixat) Bira) (Aint + (Ot — 1) (Sict — Tiee — Cix) + Zjsa(Sjwt — Tje — Cin))+ 3 >Lbg ¢ >t

(Tiaa — Sia) Vg — (Tjg — Sjwa) Bjra) (Aja + (g — 1) (Siie — Tjg — Cit) + Liwa(Siwe — Tiea — Cia))

At + O (Sixt — Tir — Cix) + 2 (St — T — Cjt) >

g + O3 (Sit — Tiwa — Cit) + i (Sir — Tia — Cra) >

Tia, Tyt Sirss Sju =0

R; + Fy
(Baa + Aiaoy)
R + Fy
(Bt + Ajuacy)

where

I' = widis + Wita + (Wirviu— Wik Biw) Aita

+ (Wi —wit Bixa) Ajia (11)
N = O Wiryi— Wi Bit) + Xt Wik ja—wit Bira)
— (Wivi— wikBira)) (12)

2(Bja + Aipa ) Fara 4 Vja%ina
(4(Bia + 20 3g) (P + 7%/'li]21<1) = ViVikt)
(2B (B + /ljklafkl) = ViutVikt)
(4B + 2ira5g) (B + )v'klgfk/) = ViVikt)
o = (=295 (Bju + ;“jqu/zkl) + VB
(ki =
! (4B + iikl"?kz)(ﬁjkl + ;vjklajgkl) = VidVikt)

A =

O =

Bargaining game

The goal of the Nash bargaining game, as a cooperative
game, is dividing the benefits or utility between two
players based on their competition in the market place. The
Nash bargaining game model (Nash 1950) requires the
feasible set to be compact and convex. It contains some
payoff vectors, so that each individual payoff is greater
than the individual breakdown payoff. Breakdown Payoffs
are the starting point for bargaining which represent the
possible payoff pairs obtained if one player decides not to
bargain with the other player. In this study, the equilibrium
point of the game is achieved using the Nash bargaining
game. It is believed that a power plant dose not stay in the
business unless it can meet its minimum needs; therefore,

o
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Table 2 Utility function of
both power plants using the
three different energy sources

Energy source

Power plant 2

Solar

Gas

Diesel fuel

Power plant 1
Solar
Gas
Diesel fuel

where U*(I1 ;) =
(B + o) Mii —
1,2, ki=1,.,n.

Fiy, i=

(U*(I111), U*(ITa11))
(U (IT121), U*(IT221))
(U*(Hy31), U (ITp31))

(U*(IT112), U*(IT212))
(U (22), U (IT12))
(U*(I132), U* (I232))

(U*(I1113), U*(I213))

S <

(
(

=)

*(My3), U*(I123))
“(I33), U*(I1233))

Table 3 Data of power plant 1

Energy Solar— Solar—  Solar— Gas— Gas—  Gas— Diesel-  Diesel- Diesel-
and power plant 2 source solar gas diesel solar  gas diesel  solar gas diesel
Cix 6 6 6 8 8 8 10 10 10
Cy 6 9 11 6 9 11 6 9 11
Fiy 800 800 800 300 300 300 150 150 150
Fy 1,200 350 200 1,200 350 200 1,200 350 200
Wik 6.3 6.3 6.3 34 34 34 48 48 48
Wy, 5.7 30.8 48.14 5.7 30.8 48.14 5.7 30.8 48.14
Akt 0.3 0.33 0.35 0.28 0.21 0.3 0.25 0.2 0.22
Aokt 0.32 0.27 0.26 0.34 0.23 0.22 0.36 0.24 0.22
B 30 24 21 35 32 30 39 37 35
B 29 32 40 27 3 38 28 31 34
Vi ) 38 36 43 36 45 47 03 29
Vo 41 45 49 37 33 40 38 39 31
A1k 1,200 1,250 1,270 26 1,210 1,220 1,130 1,160 1,100
Wkl 1,810 1,850 1,800 1,820 1,825 1,890 1,860 1,850 1,920
2y 20 4 38 26 30 46 40 44 50
2y 21 9 4 19 25 28 16 23 40

the breakdown point of the game for each plant depends on
its individual policy.

If U}, is the optimal utility function for the power plant i
and U}, is the optimal utility function for the player j, they
will maximize (Uy, — R;)(Uj, — R;), where R; and R;, are
reservation utilities (breakdown points) for the power
plants. That is the power plants would withdraw from the
competitive market, if they obtain optimal utilities lower
than the reservation utilities (i.e., U};; <R; and U]*kl <R)).
Therefore, according to the Nash bargaining procedure, the
source selection model of the power plants is given by

—R)(Ujy —Ry)i#j
S.t U:;cl > R,‘
U;;d >Rj

max (U,

(17)

The algorithm of the game procedure is as follows: by
solving problem (10-15) first, the optimal government
policy Ty, Ty, Siyy and Sy, are achieved. Afterwards, the
power plants should determine electricity prices for all
possible type of sources with regard to government’s taxes
and subsidies. From problem (7) the equilibrium prices for

o
ﬁ @ Springer

each pair of source types, i.e., pj, and pj, are calculated.
Then, the optimal strategies for energy sources concerning
the optimal government’s tariffs and equilibrium prices are
obtained from the Nash bargaining problem (17).

Numerical example

In this section, we provide the numerical examples to
discuss how the theoretical results in this paper can be
applied in practice. It is supposed that there are three types
of energy sources for each power plant which include solar,
gas and diesel gas. To demonstrate how the government’s
revenue affects the market equilibrium, we consider three
different examples. These examples are distinctive
according to the minimum acceptable level of govern-
ment’s revenue. The payoff matrix for two-person non-zero
sum game between the plants is shown in Table 2. More-
over, data for this numerical example are presented in
Table 3.

All the calculations are done with MATLAB 14.
According to this data, the values for all the variables were
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Table 4 Numerical results for example 1

Energy Solar—solar Solar—gas Solar—diesel ~ Gas—solar Gas—gas Gas—diesel Diesel-solar  Diesel-gas Diesel—
source diesel
Tu 0.925 27.745 119.677 333.357 5.657 9.433 144.29 35.372 267.671
Ton 0.005 103.437 141.298 0.003 0.333 41.836 0.103 6.034 273.347
Siu 0 55.068 124.896 169.914 0 24.092 0.272 0.188 0

Sau 0.379 0.002 0 5.884 3.896 0.03 5.36 19.371 0

D1kl 55.6715 105.5519 131.1695 175.8069 44.0521 43.0772 157.6612 65.8186 281.4594
Dokl 61.4076 140.8418 156.9571 140.2412 47.1325 73.4309 137.7303 61.5796 289.1927
U(ITw) 8.4754e+004 5.1302e4-005 5.8232e4+005 502.5792 3.5086e+004 1.0805e+005 500.4246 1.9344e+004 502.4488
U(ITo) 1.0995e+005 3.1795e+004 800.5179 6.5569e+005 6.7020e+004 1.8590e+004 6.3231e4+005 1.5834e+005 803.6828

computed. The details of calculated values for all the
variables are given in Appendix 2.

Example 1 For the first numerical example, it is supposed
that the government takes account of Lbs = 1,000, and
power plants 1 and 2 consider the reservation utility
R, =500 and R, = 800, respectively. The government
model will be, first, solved to get the subsidies and taxes.
Using these values, the equilibrium price is obtained.
Finally, using the Nash bargaining game, the non-zero sum
game will be solved. The calculated values for this
example are summarized in Table 4. The results of opti-
mal, taxes, subsidies, electricity prices, and utility value of
power plant are given in the rows of the table, respectively.
These values are provided for the nine possible combina-
tions of the power plants’ recourses.

Table 5 Numerical results for the Nash bargaining game model in
example 1. (10%)

Energy source Power plant 2

The minimum utility of the first and second power plants
for different strategies is 500.4246 and 800.5179, respec-
tively. It is assumed that the power plants would withdraw
from the competitive market; if the power plants obtain the
utility lower than these values (In the real application of the
model, different value for breakdowns can be considered
regarding the individual preferences). Thus, we have
R, = 500.4246 and R, = 800.5179.

Regarding these breakdown values, the bargaining game
model can be shown in Table 5.

Therefore, the equilibrium strategy is solar—gas. In other
words, if power plant 1 uses solar source and power plant 2
uses gas source, the power plants would obtain maximum
utility.

Example 2 In this example, it is supposed that the gov-
ernment considers Lbg = 10,000 and as in the previous
example, power plant 1 considers R; = 500 and power
plant 2 considers R, = 800. Then, Table 6 demonstrates
the optimal values for different strategies of power plants.

Solar Gas Diesel fuel Similar to the previous example, it is considered that
Power plant 1 R, =500.4272 and R, = ’800.7171. ’
Solar 9.196.2 15.885 0 Values of the bargaining game model are shown in
Gas 14110 2,290.2 1,913.3 Table 7: o _
Diesel fuel 0 2.968.6 0.0000064064 Therefore, the equilibrium strategies for the first and
second power plants are solar and gas, respectively.
Table 6 Numerical results for example 2
Energy Solar—solar Solar—gas Solar-diesel ~ Gas—solar Gas—gas Gas—diesel Diesel-solar  Diesel-gas Diesel-
source diesel
T 3.152 27.576 119.04 166.467 8.558 9.522 146.838 38.508 267.672
Tou 1.662 108.336 143.739 2.374 1.076 45.016 52.066 6.506 376.338
Sk 0.071 53.802 122.862 0 0 22.069 0 0.193 0
Skt 0.154 0 0 6.717 1.905 0.033 55.732 18.081 102.99
Pkl 58.5190 109.6974 133.8829 178.8311 47.0091 45.9637 160.4813 68.8856 281.4603
Dokl 64.1997 145.7515 159.3987 143.1020 50.0759 76.7115 140.6245 64.3994 289.1936
U(I) 8.7199e+004 5.3800e4-005 5.9415e+005 502.6213 3.5217e+004 1.1146e4-005 500.4272 1.9223e+004 502.4241
U(ITow) 1.1360e+005 3.1815e4-004 800.7171 6.6815e+005 6.7698e4-004 1.8780e+004 6.4442e4-005 1.6347e+005 803.6486

o
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Table 7 Numerical results for the Nash bargaining game model in
example 2. (10%)

Table 9 Numerical results for the Nash bargaining game model in
example 3. (10%)

Energy source Power plant 2

Energy source Power plant 2

Solar Gas Diesel fuel Solar Gas Diesel fuel
Power plant 1 Power plant 1
Solar 9,779.5 16,670 0 Solar 16,128 24,382 0
Gas 1.4642 2,322.4 1,995 Gas 1.9011 2,650.2 2,827.2
Diesel fuel 0 3,045.6 0.0000058539 Diesel fuel 0 4,095.7 0.0000054901
Example 3 Tn this example, it is supposed that the gov- for the green energy sources. The increase in Lbg will raise the

ernment raises its minimum acceptable revenue to
Lbs = 100,000. Other parameters remain the same. The
detailed results of the example are shown in Table 8.

Therefore, as in the previous examples, it is considered
that Ry = 500.4336 and R, = 800.9081.

Values of the bargaining game model are shown in
Table 9:

Thus, the optimal strategies for first and second power
plants are solar and gas, respectively.

Numerical examples analysis

In the numerical examples, we analyses three levels of
1,000, 10,000 and 100,000 for minimum level of govern-
ment’s revenue. The competitive market condition becomes
more sever, as the government raises the minimum level of
revenue. The results show that the equilibrium strategies for
plants 1 and 2 in these numerical examples are solar and gas,
respectively. This is very close to the government’s green
policy, thus, it is desirable. This model is provided for the
government’s policy so that the power plants under this policy
follow the green policy in each condition.

Figures 2 and 3 illustrate the change in the net gov-
ernment’s tariffs, (T — Si), in each energy source type
versus Lbg for the power plants 1 and 2, respectively.

Figures 2 and 3 show that the government’s penalties for
the non-green energy sources, always are higher than penalties

Table 8 Numerical results for example 3

imposed penalty for the non-green energy sources. Hence,
high tax levels for the non-green energy sources will
encourage the power plants to use the green energy sources.

To draw detailed comparisons among different govern-
ment’s revenue policy, government’s optimal tax and
subsidy are indicated in Table 10.

A simple comparison, between three different condi-
tions, shows that when the government increases its mini-
mum revenue, it would increases the taxes on non-green
energy sources and decreases the subsidies. On contrary,
for the power plants with green energy sources, the gov-
ernment would raises the subsidies and reduces the taxes.
For example in the non-green case (diesel-gas) the gov-
ernment increases the taxes, and in the green case (solar—
gas), it almost sets the high value for the offered subsidies.
Using this methodology, the government would be able to
set the optimum level of subsidies and taxes in competitive
electricity market. On the other hand, the competitive
power plants choose energy sources such that their utility
values become maximum.

Summary and conclusions

This study is a contribution to the growing research on the
development of rigorous mathematical and game theory
frameworks for environmental-energy modeling. The proposed
computational framework helps the governmental policy

Energy Solar—solar Solar—gas Solar-diesel ~ Gas—solar Gas—gas Gas—diesel Diesel-solar  Diesel-gas Diesel-
source diesel
T 23.682 25.894 8.897 194.169 37.872 13.659 174.204 66.667 267.672
Ton 24.236 151.39 165.965 9.745 26.738 77411 14071.085 8.114 273.347
Sk 2.291 42.504 0.009 0 1.4 7.386 1.555 0.034 0

Soki 5.88 0.275 0 0 1.178 4.034 14060.189 0.524 0

Pkl 83.1406 145.9197 158.5796 206.5350 75.4869 71.7145 186.2924 97.6813 281.4601
Dokl 88.6842 188.6242 181.6264 169.3080 78.4564 106.0076 167.1148 92.3828 289.1930
U(IT) 1.1111e4+005 7.8127e4+005 7.0737e4+005 502.8494 3.6548e+004 1.4423e+005 500.4336 2.0130e+004 502.3446
U(ITo) 1.4661e+005 3.2029e+004 800.9081 7.8776e4+005 7.4321e4+004 2.0471e4+004 7.6060e+005 2.0945¢4+005 803.7810

o
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Table 10 A comparison between the performance of the solar—gas
and diesel-gas

Energy Tu Tow Stu N
sources
Lbs = 1,000 Solar—gas 27.745 103.437 55.068 0.002
Diesel-gas 35.372 6.034 0.188 19.371
Lbs = 10,000  Solar-gas 27.576 108.336 53.802 0
Diesel—gas 38.508 6.506 0.193  18.081
Lbs = 100,000 Solar-gas 25.894 151.39 42.504 0.275
Diesel—gas 66.667 8.114 0.034 0.524

makers to determine the optimal tariffs on the power plants in a
competitive electricity market. To be more specific, the model
allows the governmental policy makers to determine the opti-
mal taxes and subsidies for each individual electric power plant
regarding the emitted pollutants. These values depend upon the
minimum level of expected utility of the power plants and the
government’s green policy. The model provides the best

Lbg

strategy for energy sources of power plants. Three numerical
examples were presented to illustrate the model’s performance
in three different levels of the government’s revenue. These
numerical examples also demonstrate how the policy makers
could determine the optimal taxes and subsidies to achieve the
desired environmental objectives and how the power plants
could maximize their utility in each energy source.

There are several directions and suggestions for future
research. First of all, the proposed model can be easily
extended to the case where more than two power plants exist
with different environmental effects. Second, tax and subsidy
may be incorporated in the prices of electricity, thus customers
are persuaded to use green electricity owning to their com-
petitive price. In this case, the demand functions should be
changed appropriately. Moreover, we assume that the gov-
ernment reduces environmental impacts with regard to spe-
cific revenue. However, it is extremely appealing to
investigate the effects of other objectives of the government
such as revenue seeking behavior. Eventually, it would be

* @ Springer
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very interesting, but challenging to consider the uncertainty on
other model parameters such as electricity production costs or
reservation utility of power plants.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

Appendix 1

Proof of lemma 1 The first-order conditions of utility of

power plants are
oU(11;
T 19

= (&iwt — Papit +Vjuapivt) + (—Bia) (Pict — Cix — Tira + Sixa)
—22u1(pirt — Cix — Tirg + Sira) 05
= it — By (Pirt + Sirt — Tirt — Cir) + —Biga (Sirs — Tira — Cix)
+ 5 (Pjrt +Sikt — Tjgr — Cit) = Va (Siwt — Tjra — Cjn)
+ (—Biw) Pira + Siet — Tira — Cie)
—2Jui(pit + St — Tt — Ci ) 03y =0
Now, let us define the following variables:
Miyg = (pirs + Sit — Tirr — Cr),
My = (Pjxi + Sit — T — Cjp).-

Using Mjy; and My, we rewrite first-order conditions as

%kt + Big(Sikt — Tirt — Cir) — Vja (S — Tjra — Cji)
it (2B + 2Ai075y) + VM = 0, (22)

%t + By (Siwt — Tiwe — Cjt) — Vit (Siet — Tira — Ci)
— M 2By + 22u07) + piaMit = 0, (23)

By solving (22) and (23) simultaneously, we have

+ Vil + Bt (Sju—Tim—Cin) — Viwa(Sira— Tira— Ci)]
(4(Bia + Zinio5y) (B + ijkl(",'zkz) = ViutVikt)

{ 2(Ba + A ) Bt + Biaa(Sitr—Tia—Ci) — Vi (Siia—Tita—Cir)] }
My =

(24)

min wi iy + Wit — WitV — WieBiwa) (Sikt — Tira — Cit),
— (wik Ykl — Wil [))jkl)( ik — Tt —
(Tia—Siwat) it + (Tira—Sjia) jaa

s.t Pr

M, can be obtained in a similar manner. The pj, and
Pj obtained from Eq. (7) are the optimum prices if the

utility functions are concave on p;; and pj,. The second
derivatives of the function are as follows

Q*u(11; ,

M —Bixi — Birt — 24iu10 ;2k1 =—2B —24in Gl‘zkz <0
(apikl)

6 U( kl)

71 =B —Biu— 2)%10 =2~ 2Aﬂ<l‘7 <0
(apjkl>

(25)

Therefore, the utilities are concave functions on elec-
tricity prices. O

Proof of Proposition 1 By substituting M}, obtained from
Lemma 1 into Eq. (4), after some mathematical manipu-

lations, the utility function can be simplified into
U*(Iwr) = (Big + Aina03) M3ty — Fe O

Proof of Lemma 2 The second and the third constraints are
constraints for the power plants’ utility that are straightforward
from proposition 1. Thus, we only discuss the objective function
and the first constraint. Let us define the following notations

" 2 — n —
2B + Ak Ti) ikt + Vjatikl

A = (26)
(4B + Zir3g) (B + ijkla 1) = ViVikt)
0. — (2B (Bj + /lklglkz) Vit Vikt) (27)
ik =
(4B + iiki“?kz)(ﬁjkl + 7~jk10fk1) = VitVikt)
_2,\ . K + /’L 0-2 — . .
Y = ( /]kl(ﬁjld ikl sz) /]klﬁjkl) (28)

(4(Bus + Lirag) (Bjrg + )»jkzﬁjzkz)
Substituting Egs. (26)-(28) into Eq. (24), we have:
Mg = A + Oina (Siks— Tira— Cir) + 2t (Sjga—Tjra— Ci).-

- ijl"/ikl)

(29)

Moreover, substituting demand function (1) into gov-
ernment problem (5) we have:

min wi i + Wil + (Wi — Wi Bu)Pixt + Wiy — witBua)Pjnt
s.t Pr{(Tiw—Sit) it + (Tjia—Siu) O + ((Tita—Sjuat) Vina
— (Tia—Sitt) Baa)Pirs + (Tirr—Siwt) Vjua

— (Tja=Sjt) Bia)Pjut > Lbg } > 7. (30)

Using Lemma 1, the problem (30) is transformed into

Cit) + Wiryir— Wi Buaa) Mixt + (Wit jta—wijt Bixa)Mijsa

(31)

+ (Tjr—Sixt) Vira— (Tit—Sixt) Birg) (Mt — Sira + Tira + Cix) >T.

+ (T —=Sit) Vira— (Tia—Sjuat) Ba) Mt — Siga + Tina + Cjt)) > Lbg
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Now, let us define the following notations

’Iikz(@ikl(wjz“/ikl— WikBi) + Xikz(Wiijkz— ijﬁjkz)

— Wivi—wix Bir)) (32)
I' = wlis + Wil + Wity ia— Wik Birg) Ait
+ Wik ja— Wit Bj) Ajua (33)

Substituting Egs. (29), (32) and (33) in problem (31), we
have

min I + 1 (Siis — Tir — Ci) + Mg (Sjps —
(Tia — Sita) it + (Tja — Sia) Gt
+ (T — Siwa)vies — (Tt — Sisa) Bira) (Aira + Ot —
+ (T — Sit) Vit — (T — Sjea) Binar) (At + Oa —

T}kl - le)7

s.tPr

It is noted that y <0 and 2=£0L_ ~ Normal(0, 1). That
Var(y)

is Y=E0) < ~E0) The chance constraint of the government
V(y) V()
model is equivalent toPr{Z < —=XL —E) > 1, where Z is the

standardized normally distnbuted variable. Then, the
chance constraint of the government model holds if and

only if ¢~ '(1) < \_/%

where ¢ is the standardized normal

1) (Si —
1) (St —

Tt — Cit) + Lja(Sit — Tja — Cit)) § >Lbg p > 1.
Tis — Cit) + Zia(Sii — Tis — Cia))

(34)

Proof of Lemma 3 Since d;; and oy are assumed to be
independently and normally distributed variables, the value
of y= —(nkz—Sikl)ONCikl — (Y}kl—S,'k[)ONCjkl is also normally
distributed variable. It is equal to

Y = ~((Ta—S1) Vira— (Tia—Siat) Bia) (Aira + (O — 1)

X (St — Tie — Ci) + 2jua(Siki—Tjra—Cji))
= (Ta—Siwt) Vjra—(Tjra—Sjit) Ba) (At + (O — 1)

distribution. With some mathematical simplifications we
have

(T — Sit) i + (Tjrg — Sjra) %jra

+ ((Tja—Sjua) vig— (Tis—=Siaa) Bira) (Aisa + (O — 1)
(Sir = Tir — Cit) + 2ju(Sis—Tja—Cir))

+ (Tia—Sixa) Vja— (Tjra—Sja) Biaa) (Ajra + (Oja — 1)

X (Sij*Tjkl*le) + Xikl(Sikl*Tikl*Ckl)) + Lbg (35) (Sjkl_Tjkl_Cﬂ) + Xikl(Sikl_ ikl—ckl))
2 2
Therefore, we have — ¢ '(z )\/( it — Sit) 05y + (Tia — Sixat) afk, > Lbg. (37)
E(y) =—(Ti — Si) E[tita] — (Tis — Sjra) E [0 0
— (Tia—Sjut) Vira— (Tira—Sixt) Biga) (Aira + (O — 1)
X (St — Tirs — Cir) + Yja (Sira— Tja—Ci))
— ((Tia—Sira) Vi —(Tjra—Sjsa) Bis) (Ajsa + (O — 1) Appendix 2
X (Sit—Tjri—Cit) + xirt(Sixi—Tis—Crt) ) +Lbg
~ 2 ~
Var(y) = (T — Sit)* Var[@u] + (T — Sw)*Var[dzy)  (36) ~ Table 11
Table 11 Values for all the variables in the numerical example
Energy Solar— Solar— Solar— Gas— Gas— Gas— Diesel— Diesel- Diesel—
source  solar gas diesel solar gas diesel solar gas diesel
N —91.4895 —512.1604 —630.6906 369.4945 —47.7980 —823.1405 805.3662 59.2742 232.6993
Nowt —109.0353 175.7468 672.0377 —421.2105 —82.8378 —152.0057 —413.5794 —493.0216 168.5081
Tk —0.5085 —0.6354 —0.5615 —0.3631 —0.3093 —0.3390 —0.3109 —0.3270 —0.2293
Yokl —0.5155 —0.4485 —0.3741 —0.5239 —0.3381 —0.4366 —0.5740 —0.4683 —0.2369
A 46.7425 54.1624 44.9004 35.9672 32.4313 30.8835 30.4241 31.2910 22.0292
Aok 52.8162 49.0607 36.9422 50.3076 38.6132 37.1350 48.7253 43.7502 29.8931
011 0.1231 0.0598 0.0389 0.1847 0.2721 0.1431 0.1754 0.2045 0.3006
O 0.1070 0.0986 0.2140 0.1701 0.2822 0.2575 0.1983 0.2319 0.3195
(j;’l (r) 1.645 1.645 1.645 1.645 1.645 1.645 1.645 1.645 1.645
r 2.5145 8.5612 1.0680 7.2053 1.0210 1.5044 9.7137 1.3866 1.3453
e+004 e+004 e+005 e+004 e+005 e+005 e+004 e+005 e+4005
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