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Abstract

This study demonstrates how market power in the day-ahead elec-

tricity market influences the balancing cost in incentive-based demand

response (DR) programs. The marginal cost of DR in an incentive-

based DR program corresponds to the marginal benefit of energy ser-

vices that might be provided under baseline electricity consumption.

We analyze a stylized Cournot oligopoly model and demonstrate that

distortion of an imperfectly competitive day-ahead market generates

additional social cost (welfare loss) in the balancing period by increas-

ing the cost of DR. We further investigate the case where some firms

in the day-ahead market can also benefit from power generation in the

balancing period and demonstrate that the strategic behavior of these

firms further decreases total supply in an imperfectly competitive day-

ahead market. The results indicate that procompetitive policies in

the day-ahead market will lower the cost of DR, which makes demand

more flexible and yields additional welfare gains, thereby lowering the

balancing cost during the balancing period.
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1 Introduction

Although the liberalization of electricity markets has been underway world-

wide since the 1990s, mitigating market power remains a significant issue in

many countries. In addition, decarbonization of electric power systems has

recently become increasingly important to achieve targets in pursuit of car-

bon neutrality. Improving flexibility in power systems is a key challenge to

enable further increases in renewable energy use. In this context, the balanc-

ing cost to address variable renewable energy sources is a relevant factor that

needs to be considered when we evaluate the efficiency of electricity markets.

Electricity is difficult to store, and an imbalance between supply and de-

mand causes instability in power systems that can result in large-scale black-

outs.1 Given these characteristics of power systems, coordination between

markets for different time periods (e.g., the forward and spot markets) plays

pivotal roll in ensuring stable supply and economic efficiency, particularly in

the electricity industry. In addition, market power has a considerable impact

even in the liberalized electricity markets of many countries.

In this context, many studies on electricity markets have focused on the

interrelationship between markets across different time periods. Allaz and

Vila (1993) is a pioneering work demonstrating the role of forward markets

from the perspective of firms’ strategic behavior in oligopoly markets. Al-

though their model is not particular to electricity markets, many subsequent

studies have focused on electricity markets (Adilov, 2012; Anderson and Hu,

2008; Holmberg, 2011; Ito and Reguant, 2016). While these studies primarily

focus on the supply side, the demand side has also played an increasing role

in maintaining the balance between supply and demand in electric power

systems (Pinson et al., 2014). The impacts of supply-side market structure

on the performance of demand response (DR) programs has attracted less

attention in the literature. In addition, the literature on incentive-based DR

is sparse, although many previous works focus on price-based DR programs

(Boßmann and Eser, 2016; Dahlkea and Prorok, 2019).

In their theoretical study on incentive-based DR, Chao and DePillis (2013)

demonstrate how the problem of baseline inflation occurs in a setting where

market prices are exogenously given. Their analysis focuses on consumer be-

1In this regard, developments and cost reductions in electricity storage and carriage

technologies (e.g., storage batteries, production and usage of hydrogen) deserve close at-

tention.
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havior but disregards supply-side market structures. By contrast, our study

focuses on the impact of supply-side market structure on DR performance.

To the best of our knowledge, there are no prior studies adopting this per-

spective. This study contributes to the literature in that it demonstrates

theoretically how the supply-side market structure affects demand-side flex-

ibility and total balancing costs in the framework of an incentive-based DR

program.

This study investigates the impact of market power in the day-ahead mar-

ket on balancing costs in an incentive-based DR program. The marginal cost

of demand reduction in a DR program corresponds to the marginal benefit

of energy service in baseline electricity consumption. When the baseline con-

sumption level is determined in the day-ahead market, the day-ahead market

price dictates the marginal cost of demand reduction in the balancing period.

That is, a lower (higher) day-ahead market price leads to a lower (higher)

marginal cost of demand reduction in the balancing period.

In this paper, we analyze an orthodox Cournot oligopoly model to ex-

amine the impact of strategic firm behavior in an imperfectly competitive

day-ahead market on the cost of DR and total balancing cost in the balanc-

ing period. An increase (decrease) in the cost of demand reduction leads

to an increase (decrease) in thermal power generation during the supply-

demand balancing period. The results indicate that the distortion of an

imperfectly competitive day-ahead market generates additional social costs

(welfare losses) in the balancing period by increasing the cost of DR.

Furthermore, we investigate the case where some firms in the day-ahead

market can also benefit from power generation in the balancing period. These

firms can indirectly influence the price of thermal power generation in the bal-

ancing period via the baseline transaction level determined in the day-ahead

market. The results show that the strategic behavior of these firms further

decreases total supply in the imperfectly competitive day-ahead market.

The remainder of this paper is organized as follows. Section 2 presents

the basic setting of our model and describes the impacts of market power

in the day-ahead market. Section 3 analyzes the case of integrated profit

maximization where some firms in the day-ahead market can also benefit

from thermal power generation in the balancing period. Chapter 4 provides

an overall summary and conclusions.

3



2 The model

2.1 Day-ahead market

The day-ahead market is assumed to be a Cournot oligopoly consisting of

homogeneous firms (i = 1, ...,m) that supply electricity from nonrenewable

energy sources with constant marginal cost c. Let qi denotes the output of

firm i (i = 1, ...,m). The total supply in the market is Q ≡
∑

i qi+qR, where

qR represents the supply from renewable energy sources, which is assumed to

be exogenous.2

The profit of firm i is given by

πi = pe(Q)qi − cqi, i = 1, ...,m, (1)

where pe(Q) is the inverse demand, which is assumed to be linear: pe(Q) =

a− bQ. From the first-order conditions for firms i = 1, ...,m, we obtain the

equilibrium outcomes as follows: 3

Q∗ =
m(a− c) + bqR

(m+ 1)b
, (2)

p∗e =
a+mc− bqR

m+ 1
. (3)

The equilibrium quantity of the day-ahead market Q∗ is used as the baseline

for demand reduction in the balancing period as described later.

The effects of the number of firms m, the marginal cost of nonrenewable

energy generation c, and the supply of renewable energy qR on the equilibrium

2We assume that the marginal cost of renewable energy generation is negligibly small.
3The supply from nonrenewable energy sources is

m∑
i=1

qi = Q∗ − qR =
m(a− c− bqR)

(m+ 1)b

It is reasonable to assume that the supply from nonrenewable energy sources is greater

than zero. To ensure this, we assume that a− c− bqR > 0 holds throughout the paper.
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outcomes are, respectively, as follows.4

dQ∗

dm
=

a− c− bqR
(m+ 1)2b

> 0,
dp∗e
dm

= −a− c− bqR
(m+ 1)2

< 0, (4)

dQ∗

dc
= − m

(m+ 1)b
< 0,

dp∗e
dc

=
m

(m+ 1)
> 0, (5)

dQ∗

dqR
=

1

(m+ 1)
> 0,

dp∗e
dqR

= − b

(m+ 1)
< 0. (6)

2.2 Demand response

Consider an incentive-based DR program in which a reward (monetary in-

centive) is paid for the amount of demand reduced from the baseline level. In

this section, we formulate the cost and supply functions of demand reduction

in DR.

2.2.1 Cost of demand reduction

Suppose that the equilibrium quantity of the day-ahead market Q∗ is used

as the baseline for demand reduction in the balancing period. The amount

of demand reduction subtracted from the baseline is the actual electricity

consumption: Q∗∗ = Q∗−qn, whereQ
∗∗ and qn represent the actual electricity

consumption and the amount of demand reduction in the balancing period,

respectively.

The cost of demand reduction Cn corresponds to the potential benefit of

energy services that would be produced from the reduced demand, which is

formulated as follows:

Cn(qn) =

∫ Q∗

Q∗−qn

pe(q)dq = p∗eqn +
b

2
q2n. (7)

Differentiating Eq. (7) with respect to qn yields the marginal cost of demand

reduction,

mcn(qn) = p∗e + bqn. (8)

Eq. (8) shows that the marginal cost of DR depends on the day-ahead

market price, p∗e. An increase (decrease) in the day-ahead market price cor-

responds to an increase (decrease) in the marginal benefit of energy services

4The integer constraint onm is discarded here, but it does not affect the main discussion

of this study.
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at baseline electricity consumption, resulting in an increase (decrease) in the

marginal cost of DR—in other words, a decrease (increase) in demand-side

flexibility.

From Eqs. (4)-(6) and Eq. (8), we have

d

dm
mcn(qn) =

dp∗e
dm

< 0,

d

dc
mcn(qn) =

dp∗e
dc

> 0,

and
d

dqR
mcn(qn) =

dp∗e
dqR

< 0.

The following proposition summarizes the above results.

Proposition 1

1. An increase (decrease) in the number of firms in the day-ahead market

leads to a decrease (increase) in the marginal cost of DR.

2. An increase (decrease) in the marginal cost of nonrenewable electricity

generation in the day-ahead market leads to an increase (decrease) in

the marginal cost of DR.

3. An increase (decrease) in the renewable energy supply in the day-ahead

market leads to a decrease (increase) in the marginal cost of DR.

2.2.2 Consumer’s choice

We examine the decision-making on demand reduction. Consider the frame-

work of an incentive-based DR program in which consumers receive a mon-

etary incentive r for each unit of demand reduction in the balancing period.

Let Q∗ and Q∗∗ denote the baseline and final electricity consumption,

respectively. The baseline Q∗ is the equilibrium quantity in the day-ahead

market. Assuming that Q∗ > Q∗∗, the amount of demand reduction and

the reward consumers receive are given by qn = Q∗ − Q∗∗ and r(Q∗ − Q∗∗),

respectively.

A demand-side aggregator acts as consumers’ representative and deter-

mines the amount of demand reduction to maximize the consumer surplus,

taking r as given. The per-unit reward r is determined by the system oper-

ator during the balancing period.
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The consumer surplus obtained under the final electricity consumption

Q∗∗ is given by

CS =

∫ Q∗∗

0

pe(q)dq − p∗eQ
∗∗ + r(Q∗ −Q∗∗). (9)

The first term of Eq. (9) is the benefit from electricity consumption, the

second term represents the expenditure on it, and the third term represents

the monetary incentive paid for demand reduction. Substituting Q∗∗ = Q∗−
qn into Eq. (9) and rearranging terms yields

CS =

[∫ Q∗

0

pe(q)dq − p∗eQ
∗
]
− Cn(qn) + (p∗e + r)qn. (10)

The terms in braces in Eq. (10) represent the surplus at the baseline

consumption level, which is determined in the day-ahead market and given

in the balancing period. The problem for the demand aggregator in the

balancing period is to choose the amount of demand reduction qn to maximize

consumer surplus, given the unit incentive r and the equilibrium price p∗e in

the day-ahead market.

Differentiating Eq. (10) with respect to qn and rearranging terms yields

the first-order condition C ′
n(qn) = (p∗e + r); the left-hand side is the marginal

cost of demand reduction, and the right-hand side is the sum of the elec-

tricity price saved and the monetary incentive received per unit of demand

reduction. The marginal cost function of demand reduction is given by Eq.

(8). Then, we obtain the amount of demand reduction qn(r) and its inverse

r(qn) as follows:

qn(r) =
r

b
, r(qn) = bqn. (11)

In the balancing period, the system operator sets the unit incentive r(qn)

such that the required amount of demand reduction qn is achieved.

2.3 Balancing period

Consider a situation in which renewable power generation causes a supply

shortage ∆Q after the equilibrium quantity (the baseline for demand reduc-

tion) is set in the day-ahead market.5 The amount of renewable electricity

5Since we are analyzing a linear model, regarding ∆Q as a random variable and taking

expected values for each output does not make a significant difference to the results or

discussion in this paper. However, note that the expected value of ∆Q may be affected

by the renewable energy supply qR. See Appendix 3 for a discussion on this point.
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actually generated is qR −∆Q. This causes the total supply to be Q∗ −∆Q,

which is ∆Q less than baseline demand. During the balancing period, the

system operator takes the role of a social planner to address the imbalances

between supply and demand, which threaten the stability of the power sys-

tem. Incentive-based DR and thermal power generation are utilized for this

purpose.

The system operator determines the amount of demand reduction qn and

thermal generation qf to restore supply-demand balance at minimum cost.

Suppose that the system operator, as a social planner, has an information

advantage and knows the cost functions for both thermal power generation,

Cf (qf ), and demand reduction, Cn(qn). The cost function of demand reduc-

tion Cn(qn) and its inverse function r(qn) are given by Eqs. (7) and (11),

respectively.

The cost function of thermal power generation in the balancing period is

given by the following quadratic function.6

Cf (qf ) = cfqf +
1

2
bfq

2
f (12)

The thermal power producer decides the amount of electricity to produce to

maximize its profit, given the price pf set by the system operator.

max
qf

pfqf − Cf (qf )

From the first-order condition pf = C ′
f (qf ), we obtain the supply function

for thermal power generation qf (pf ) = (pf − cf )/bf and its corresponding

inverse function pf (qf ) = cf + bfqf .

2.3.1 System operator’s choice

The system operator’s objective is to minimize the total cost of balancing,

Cf (qf ) + Cn(qn), while ensuring that the supply-demand balance is restored

6We assume a constant marginal cost c in the day-ahead market, whereas in the bal-

ancing period, the marginal generation cost is represented as a quadratic function. This

is because power generation needs to be more reactive during the balancing period.
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by satisfying the constraint qf + qn = ∆Q.

min
qn,qf

Cf (qf ) + Cn(qn)

s.t. qf + qn = ∆Q,

qf ≥ 0,

qn ≥ 0,

(13)

We obtain the interior solution for this problem as follows.7

q∗∗f =
(p∗e − cf ) + b∆Q

b+ bf
, p∗∗f =

b(cf + bf∆Q) + bfp
∗
e

b+ bf
, (14)

q∗∗n =
bf∆Q− (p∗e − cf )

b+ bf
, r∗∗ =

b{bf∆Q− (p∗e − cf )}
b+ bf

. (15)

From Eqs. (14) and (15), the total balancing cost resulting from opti-

mization by the system operator is given by 8

TC∗∗
A (p∗e) ≡ Cn(q

∗∗
n (p∗e), p

∗
e) + Cf (q

∗∗
f (p∗e)). (16)

Note that the overall cost of balancing is a function of the day-ahead market

price p∗e, as q
∗∗
f and q∗∗n are both functions of p∗e.

2.3.2 Impact of m

As Eqs. (14) and (15) indicate, the amounts of demand reduction and ther-

mal power generation during the balancing period are influenced by the day-

ahead market price p∗e. This is because the marginal cost of DR depends

on p∗e as shown by Eq. (8). A higher day-ahead market price leads to a

higher marginal cost of DR and less flexible demand, resulting in decreased

DR utilization and increased thermal power generation during the balancing

period.

7To ensure the interior solution, we assume that cf − b∆Q ≤ p∗e ≤ cf + bf∆Q. See

Appendix 1 for the derivation process and references to the case of corner solutions.
8Substituting q∗∗n obtained in Eq. (15) into Eq. (7), we obtain

Cn(q
∗∗
n (p∗e), p

∗
e) ≡ p∗eq

∗∗
n (p∗e) +

1

2
bq∗∗n (p∗e)

2
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To see how the number of firms in the day-ahead market affects the

outputs during the balancing phase, differentiating Eqs. (14) and (15) with

respect to m yields

dq∗∗f
dm

=
1

b+ bf

dp∗e
dm

< 0,
dq∗∗n
dm

=
−1

b+ bf

dp∗e
dm

> 0. (17)

Regarding the effect on the total balancing cost, taking the derivative of Eq.

(16) with respect to m, we obtain 9

d

dm
TC∗∗

A = q∗∗n
dp∗e
dm

< 0. (18)

The results of Eqs. (17) and (18) are summarized in the following proposition.

Proposition 2

An increase (decrease) in the number of firms in the day-ahead market de-

creases (increases) the marginal cost of DR, which increases (decreases) DR

utilization and decreases (increases) thermal generation during the balancing

period, resulting in a decrease (increase) in total balancing cost.

That is, a smaller number of firms in the day-ahead market leads to

increased thermal generation and total balancing cost, indicating that dis-

tortions caused by imperfect competition in the day-ahead market will spill

over into the balancing period, creating additional costs (or welfare losses

in other words) by reducing demand-side flexibility. This also means that a

procompetitive policy in the day-ahead market will lead to greater use of DR

and lower balancing costs.

2.3.3 Impact of c

Differentiating Eqs. (14) and (15) with respect to c yields

dq∗∗f
dc

=
1

b+ bf

dp∗e
dc

> 0,
dq∗∗n
dc

=
−1

b+ bf

dp∗e
dc

< 0. (19)

Taking the derivative of Eq. (16) with respect to c, we obtain

d

dc
TC∗∗

A = q∗∗n
dp∗e
dc

=
m

m+ 1
q∗∗n > 0. (20)

The results of Eqs. (19) and (20) are summarized in the following proposition.

9See Appendix 2 for the derivation process.
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Proposition 3

An increase (decrease) in the marginal cost of nonrenewable power genera-

tion in the day-ahead market increases (decreases) the marginal cost of DR,

which leads to decreased (increased) DR utilization and increased (decreased)

thermal generation during the balancing period, resulting in an increase (de-

crease) in total balancing cost.

The marginal cost of nonrenewable generation in the day-ahead market is a

relevant factor that affects the marginal cost of DR and balancing costs.

2.3.4 Impact of qR

To determine the effect of renewable energy supply in the day-ahead market

on the output of the balancing period, differentiating Eqs. (14) and (15)

with respect to qR yields

dq∗∗f
dqR

=
1

b+ bf

dp∗e
dqR

< 0,
dq∗∗n
dqR

=
−1

b+ bf

dp∗e
dqR

> 0. (21)

Regarding the effect on the total balancing cost, taking the derivative of Eq.

(16) with respect to qR, we obtain

d

dqR
TC∗∗

A = q∗∗n
dp∗e
dqR

< 0. (22)

An increase in renewable energy supply in the day-ahead market increases

baseline consumption and decreases the marginal cost of DR, leading to in-

creased DR utilization during the balancing period. An increase in renewable

energy supply has a similar effect to an increase in the number of firms in that

it narrows the strategically controllable range of supply (residual demand)

and reduces the influence of market power. However, the overall effect be-

comes ambiguous when considering the impact of renewable energy supply

on ∆Q. Please refer to Appendix 3 for further discussion on this point.

3 Integrated profit

The previous discussion has shown that the day-ahead market price affects

the cost of DR and influences the results during the balancing period, as-

suming that firms in the day-ahead market make their decisions without

considering the impact on the balancing period. In this section, we explore a
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situation where some firms participating in the day-ahead market also have

thermal generation resources available in the balancing period and act to

maximize the sum of the profits from the day-ahead market and the bal-

ancing period. During the balancing period, the system operator, acting as

a social planner, determines the amount of thermal generation. However,

if an integrated firm that owns the generation resource available during the

balancing period influences the day-ahead market price, it can indirectly in-

fluence the amount of thermal generation in the balancing period through its

impact on the cost of DR.

Suppose that firms i = 1, ..., k (k ∈ [1,m]) participating in the day-ahead

market are integrated firms that also have thermal generation resources avail-

able for the balancing period. In this section, we analyze a situation where

power generation facilities with the same cost structure as in the previous

discussion are equally distributed among firms i = 1, ..., k.10 In other words,

it is assumed that the following equation holds, where cA(x) represents the

generation cost function of each integrated firm:

kcA(x) = Cf (kx).

Then, we obtain the cost function for each firm as follows:11

cA(x) = cfx+
1

2
(kbf )x

2. (23)

To ensure a total qf of thermal generation at a minimum cost, the system

operator allocates the generation in such a way that the marginal costs of

all the integrated firms are equal. Since it is assumed that all integrated

firms have identical cost structures, total generation costs are minimized by

equally allocating generation. Then, each integrated firm produces x = qf/k,

and its production cost is

cA

(qf
k

)
=

cfqf
k

+
bf
2k

q2f =
1

k
Cf (qf ). (24)

10For simplicity, we assume here that the generation resources used in the balancing

period are equally divided into k units and owned by each integrated firm, but even if

we consider the case where the division is not equal, the discussion in this paper will not

make any substantial difference.
11The derivation process is shown below.

cA(x) =
1

k
Cf (kx) =

1

k

[
cf (kx) +

1

2
bf (kx)

2

]
= cfx+

1

2
(kbf )x

2.
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Aggregating the generation costs of all integrated firms yields

kcA

(qf
k

)
= Cf (qf ). (25)

The system operator determines the amount of thermal generation and de-

mand reduction based on the aggregated generation function given by Eq.

(25). Thus, the problem for the system operator is equivalent to that of Eq.

(13). From Eq. (14), the amount of thermal generation and the monetary

incentive per unit of demand reduction can be represented by the following

expressions:

qf (Q) =
{pe(Q)− cf}+ b∆Q

b+ bf
, (26)

pf (Q) =
b(cf + bf∆Q) + bfpe(Q)

b+ bf
. (27)

The price and amount of thermal generation in the balancing period are

represented as a function of Q; they both depend on the day-ahead market

price pe(Q). Thus, even in the situation where the outcomes in the balancing

period are directly determined by the system operator acting as a social

planner, the integrated firms can indirectly influence the price and output of

thermal generation by influencing the total supply in the day-ahead market.

The profit obtained by each integrated firm i = 1, ..., k from thermal

generation in the balancing period is

πA(Q) = pf (Q)
qf (Q)

k
− 1

k
Cf (qf (Q)) (28)

The total profit of each integrated firm is the sum of the profits from the

day-ahead market and the balancing period and is represented by

πi = pe(Q)qi − cqi + wπA(Q), (i = 1, ..., k), (29)

where w ∈ [0, 1] is a parameter representing the degree of capital relationship

that the integrated firms have with the thermal generation resources used in

the balancing period.

The profit of nonintegrated firms, which benefit only from the day-ahead

market, is equivalent to that of Eq. (1), represented by

πi = pe(Q)qi − cqi. (i = k + 1, ...,m) (30)
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From Eqs. (29) and (30), the first-order conditions for the integrated and

nonintegrated firms are obtained,

∂πi

∂qi
= (a− bQ)− bqi − c+ w

∂πA

∂qi
= 0, (i = 1, ..., k) (31)

∂πi

∂qi
= (a− bQ)− bqi − c = 0. (i = k + 1, ...,m). (32)

Adding each side of Eqs. (31) and (32) yields

m(a− c) + bqR − (m+ 1)bQ = −w

k∑
i=1

∂πA

∂qi
. (33)

Substituting Eq. (A.18) into Eq. (33), we obtain12

m(a− c) + bqR − (m+ 1)bQ∗ = w
bbf

b+ bf
qf (Q

∗), (34)

where Q∗ is the total supply in the day-ahead market in equilibrium.

From Eq. (34), we obtain the following expression, which indicates that

an increase in w leads to a decrease in the total supply of the day-ahead

market.13

dQ∗

dw
= −

bbf

b+ bf
qf{

(m+ 1)−

(
b

b+ bf
·

bf

b+ bf
· w

)}
b

< 0 (35)

The parameter w represents the degree of capital relationship between the

integrated firms and the thermal generation resources to be used in the bal-

ancing period. If w = 0, indicating the absence of integrated firms in the

market, then the total supply in the day-ahead market given by Eq. (34) is

equal to that of the Cournot equilibrium, which is given by Eq. (2). When

w is greater than 0, meaning that some of the firms participating in the

day-ahead market also benefit from thermal generation during the balancing

period, the total supply in the day-ahead market becomes even smaller than

that in the Cournot equilibrium, and an increase in w results in a further

increase in distortion. Then, we obtain the following proposition.

12See Appendix 4 for the derivation process.
13See Appendix 5 for the derivation process.
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Proposition 4

When w = 0, it is equivalent to the Cournot equilibrium presented in Eq.

(2), and the distortion due to oligopoly is further magnified as w increases.

Note that the right-hand side of Eq. (35) is not dependent on k. This

indicates that dividing the power resources utilized during the balancing

period among multiple firms does not alleviate the distortions discussed in

this context, as shown by the following equation:

d

dk

∣∣∣∣dQ∗

dw

∣∣∣∣ = 0.

Although an increase in k reduces distortions in the behavior of individual

firms, the overall impact remains the same because the distortions created

by individual firms are aggregated across the market. This can be seen from

the fact that the right-hand side of Eq. (34) is derived by adding Eq. (31)

for i = 1, ..., k.

Proposition 5

Splitting the power generation resources used in the balancing period among

multiple firms (increasing k) is not effective in reducing the distortion caused

by the increase in w.

The source of the strategic behavior of the integrated firms is the market

power in the day-ahead market, which allows them to manipulate the gains

in the balancing period by influencing the day-ahead market price pe(Q).

Without market power in the day-ahead market, integrated firms cannot

influence output during the balancing period; thus, capital ties would not

be a factor that causes distortions. The impact of capital linkages decreases

(increases) as m increases (decreases) and converges to zero in a perfectly

competitive market, as shown by the following equation.14

d

dm

∣∣∣∣dQ∗

dw

∣∣∣∣ < 0, lim
m→∞

∣∣∣∣dQ∗

dw

∣∣∣∣ = 0.

This indicates that an effective measure for reducing the distortion caused by

capital ties is not to increase k (i.e., to split the power generation resources

14This is apparent from the fact that the absolute value of the denominator of Eq. (35)

is an increasing function of m and the absolute value of the numerator is a decreasing

function of m.
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used in the balancing period among multiple firms) but to implement mea-

sures that mitigate market power in the day-ahead market or to separate the

capital ties between the integrated firms and the power resources used in the

balancing period. This result is summarized in the following proposition.

Proposition 6

Mitigating the impact of market power in the day-ahead market (increasing

m) is effective in alleviating the distortions caused by the increase in w; if

the day-ahead market is perfectly competitive, there is no distortion even

when w is greater than zero.

Next, let us examine the impact of c. An increase (decrease) in the

marginal cost of nonrenewable electricity generation in the day-ahead market

increases (decreases) the distortion caused by the strategic behavior of the

integrated firms, as shown by the following equation.15

d

dc

∣∣∣∣dQ∗

dw

∣∣∣∣ > 0

This can be intuitively interpreted as follows. An increase in the marginal

cost of nonrenewable generation in the day-ahead market raises the marginal

cost of DR by increasing the day-ahead market price. This leads to a higher

price for thermal generation and an increased marginal profit in the balancing

period, which accelerates the strategic behavior of integrated firms to reduce

supply in the day-ahead market to increase their output in the balancing

period. Similarly, an increase in the day-ahead market price caused by an

increase in the marginal cost of nonrenewable generation is amplified by the

strategic behavior of the integrated firms, because an increased day-ahead

market price increases the marginal profit during the balancing period. The

effect of c is summarized in the following proposition.

Proposition 7

An increase (decrease) in the marginal cost of nonrenewable power generation

in the day-ahead market magnifies (diminishes) the effect of w by increasing

(decreasing) the marginal cost of DR and the price of thermal generation in

the balancing period.

15From Eq. (19), qf is an increasing function of c. Thus, the numerator of Eq. (35)

increases with increasing c.
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4 Conclusion

This paper examines the impact of market power in the day-ahead market on

the balancing costs of an incentive-based DR program. An increase (decrease)

in the day-ahead market price increases (decreases) the marginal cost of DR,

resulting in increased (decreased) thermal generation in the balancing period

and total balancing costs. The results indicate that the distortions caused by

market power in the day-ahead market spill over into the balancing period

and create additional social costs (welfare loss). Conversely, implementing a

procompetition policy in the day-ahead market could yield additional benefits

by lowering the balancing costs through increased utilization of DR.

Furthermore, we investigate the case where the firms participating in the

day-ahead market have a financial interest in the generation resources used

in the balancing period and benefit from thermal generation in the balancing

period. These integrated firms can increase the marginal cost of DR by

influencing the day-ahead market price, thereby increasing the profit from

thermal generation in the balancing period. It was shown that the distortion

of imperfect competition is further magnified by the strategic behavior of

these integrated firms, which accounts for profits in the balancing period. To

prevent such strategic behavior by integrated firms, it would be effective to

weaken or entirely separate the financial relationship between suppliers in the

day-ahead market and generation resources that are used in the balancing

period or to implement measures to mitigate market power in the day-ahead

market. On the other hand, measures to divide the financial interest of

generation resources used in the balancing period between multiple firms

were found to be ineffective in deterring such strategic behavior.

The results of this paper suggest that mitigating the influence of market

power in the day-ahead market is a factor that increases flexibility on the

demand side, leading to greater use of DR in the balancing period and lower

balancing costs.
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Appendix 1. Solution of Eq. (13)

In the problem faced by the system operator during the balancing period,

the equality constraint qn+qf = ∆Q must be satisfied along with qn ≥ 0 and

qf ≥ 0 to restore the supply-demand balance that is essential for maintaining

the stability of the power system. The objective function is given by

TCA(qn, qf ) ≡ Cn(qn) + Cf (qf ).

The Lagrangian for this problem is written as

L(qn, qf , λ, µ1, µ2) = Cn(qn) + Cf (qf ) + λ(∆Q− qn − qf )− µ1qn − µ2qf .

Then we obtain the KKT (Karush-Kuhn-Tucker) conditions:

C ′
n(qn) = λ+ µ1 (A.1)

C ′
f (qf ) = λ+ µ2 (A.2)

qn + qf −∆Q = 0 (A.3)

qn ≥ 0, µ1 ≥ 0, µ1qn = 0 (A.4)

qf ≥ 0, µ2 ≥ 0, µ2qf = 0 (A.5)

The following three cases are possible.

(i) If µ1 > 0, then qn = 0, qf = ∆Q, and µ2 = 0. This corresponds to the

case of a corner solution where only thermal generation is utilized in

the balancing period. From Eqs. (A.1) and (A.2),

C ′
n(0) > C ′

f (∆Q)

holds. From Eqs. (7) and (12), we obtain

C ′
n(0) = p∗e and C ′

f (∆Q) = cf + bf∆Q.

To summarize the above, qn = 0 and qf = ∆Q if p∗e > cf + bf∆Q.

(ii) If µ2 > 0, then qf = 0, qn = ∆Q, and µ1 = 0. This corresponds to

the case of a corner solution where only DR is utilized in the balancing

period. From Eqs. (A.1) and (A.2),

C ′
f (0) > C ′

n(∆Q)

holds. From Eqs. (7) and (12), we obtain

C ′
f (0) = cf and C ′

n(∆Q) = p∗e + b∆Q.

To summarize the above, qn = ∆Q and qf = 0 if p∗e < cf − b∆Q.
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(iii) If µ1 = µ2 = 0, then

C ′
n(qn) = C ′

f (qf )

holds from Eqs. (A.1) and (A.2). This corresponds to the case of

an interior solution discussed in the main part of this paper. In this

case, qn and qf are determined such that the marginal costs of DR

and thermal generation are equal. From Eqs. (7) and (12), we obtain

C ′
n(qn) = p∗e + bqn and C ′

f (qf ) = cf + bfqf . From this and Eq. (A.3),

we obtain the results presented by Eqs. (15) and (14)

qn =
bf∆Q− (p∗e − cf )

b+ bf
, qf =

b∆Q+ (p∗e − cf )

b+ bf
.

Furthermore, we need

p∗e ≤ cf + bf∆Q and p∗e ≥ cf − b∆Q

to ensure qn ≥ 0 and qf ≥ 0. To summarize the above, if cf − bf∆Q ≤
p∗e ≤ cf + bf∆Q, we obtain the interior solution where qn and qf are

determined such that C ′
n(qn) = C ′

f (qf ).

In the main part of the paper, we focus on the case of the interior solution

presented in (iii) above, where qn is a strictly monotonically decreasing func-

tion of p∗e. However, even if we account for the corner solutions presented in

(i) and (ii), qn(p
∗
e) is still a decreasing function of p∗e, as shown below.

qn(p
∗
e) =


∆Q if p∗e < cf − b∆Q,

bf∆Q− (p∗e − cf )

b+ bf
if cf − b∆Q ≤ p∗e ≤ cf + bf∆Q,

0 if p∗e > cf + bf∆Q.

Thus, discarding corner solutions in the main discussion does not have any

essential impact on the implications obtained from the analysis.

Appendix 2: Derivation of Eq. (18)

Taking the derivative of Eq. (16) with respect to m yields

d

dm
TC∗∗

A =
∂Cn

∂p∗e

dp∗e
dm

+
∂Cn

∂q∗∗n

dq∗∗n
dm

+
dCf

dq∗∗f

dq∗∗f
dm

. (A.6)
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From Eq. (17), then dq∗∗f /dm = −dq∗∗n /dm. Substituting this into Eq. (A.6)

yields

d

dm
TC∗∗

A =
∂Cn

∂p∗e

dp∗e
dm

+

(
∂Cn

∂q∗∗n
− dCf

dq∗f∗

)
dq∗∗n
dm

. (A.7)

From Eq. (7), then ∂Cn/∂p
∗
e = q∗∗n . In addition, as a result of optimization

by the system operator, the marginal cost of demand reduction is equal

to the marginal cost of thermal generation, so ∂Cn/∂q
∗∗
n − dCf/dq

∗∗
f = 0.

Substituting these into Eq. (A.7), we obtain Eq. (18),

d

dm
TC∗∗

A = q∗∗n
dp∗e
dm

.

Appendix 3: Case where ∆Q depends on qR

Even if we regard ∆Q as a random variable, the results and discussions

presented in this paper remain valid when we calculate the expected value

of each outcome. However, regarding the renewable energy supply qR, it

is considered a factor that will influence the expected value of ∆Q, so we

provide additional discussion on this point.

First, we can rewrite Eq. (21), which was obtained by taking the deriva-

tive of Eqs. (14) and (15) with respect to qR, in the following manner.

dq∗∗f
dqR

=
1

b+ bf

(
dp∗e
dqR

+ b
d

dqR
(∆Q)

)
(A.8)

dq∗∗n
dqR

=
1

b+ bf

(
− dp∗e
dqR

+ bf
d

dqR
(∆Q)

)
(A.9)

Here, we assume that ∆Q is an increasing function of qR.
16

For the effect of qR on thermal generation in the balancing period, the

first term in parentheses in Eq. (A.8) is negative, and the second term is

positive; then, the sign of the overall effect depends on which of the effects in

the different directions outweighs the other in magnitude. The former is an

indirect effect via a decrease in the marginal cost of DR, while the latter is a

direct effect due to an increase in ∆Q. If the magnitude of the latter effect

16The specific impact of qR on ∆Q likely depends on the unique conditions of each

country or region, including geographical conditions. Even if there were a situation in

which an increase in qR would result in a decrease in ∆Q, the discussion here could easily

be extended.
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is smaller (larger) than the former, the amount of thermal power generation

in the balancing period decreases (increases) due to an increase in renewable

energy supply in the day-ahead market. The overall effect is likely to depend

on different national and regional conditions, such as geographical conditions.

For the effect of qR on DR, the overall effect is positive because the signs

of the indirect and direct effects represented by the first and second terms

in parentheses in Eq. (A.9) are both positive. This indicates that an in-

crease (decrease) in renewable energy supply in the day-ahead market leads

to an increase (decrease) in the amount of demand reduction in the balancing

period.

Next, we explore the impact on the total balancing cost. For the sake

of simplicity, we focus here on the case of the interior solution presented by

(iii) in Appendix 1. Considering the case of corner solutions does not make

any significant modification to the discussion in the paper, as mentioned in

Appendix 1.

To account for the impact of ∆Q, we will modify Eq. (16) as follows.

TC∗∗
A (p∗e,∆Q) ≡ Cn(q

∗∗
n (p∗e,∆Q), p∗e) + Cf (q

∗∗
f (p∗e,∆Q)). (A.10)

A change in qR has two effects on the balancing cost: the effect via p∗e and

the effect via ∆Q. The former corresponds to the effect of the marginal cost

of DR, expressed by (22). The latter is an effect added by considering the

influence of qR on ∆Q.

From Eqs. (A.1) - (A.3), we obtain

∂Cn

∂q∗∗n
=

dCf

dq∗∗f
= λ∗∗ > 0 (A.11)

q∗∗n + q∗∗f = ∆Q (A.12)

We can see from Eq. (A.11) that λ∗∗ corresponds to the marginal costs of

DR and thermal generation at the optimum. Eq. (A.12) holds for any ∆Q

and p∗e, so partially differentiating both sides with respect to each variable

maintains equality.

∂q∗∗n
∂(∆Q)

+
∂q∗∗f

∂(∆Q)
= 1,

∂q∗∗n
∂p∗e

+
∂q∗∗f
∂p∗e

= 0 (A.13)
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Here, differentiating Eq. (A.10) with respect to qR yields

d

dqR
TC∗∗

A =
∂TC∗∗

A

∂p∗e

dp∗e
dqR

+
∂TC∗∗

A

∂(∆Q)

d(∆Q)

dqR

=

{(
∂Cn

∂q∗∗n

∂q∗∗n
∂p∗e

+
∂Cn

∂p∗e

)
+

∂Cf

∂q∗∗f

∂q∗∗f
∂p∗e

}
dp∗e
dqR

+

(
∂Cn

∂q∗∗n

∂q∗∗n
∂(∆Q)

+
∂Cf

∂q∗∗f

∂q∗∗f
∂(∆Q)

)
d(∆Q)

dqR

(A.14)

Substituting Eqs. (A.11) and (A.13) into Eq. (A.14) yields17

d

dqR
TC∗∗

A = q∗∗n
dp∗e
dqR

+ λ∗∗d(∆Q)

dqR
(A.15)

The first term on the right-hand side of Eq. (A.15) represents a negative

effect due to a decrease in the marginal cost of DR, as shown in Eq. (22).

The second term is a positive effect resulting from an increase in ∆Q. When

the latter effect exceeds (falls below) the former in magnitude, the balancing

cost increases (decreases) due to an increase in renewable energy supply in

the day-ahead market.

Appendix 4: Derivation of the right-hand side

of Eq. (33)

From Eq. (28), the gain that each integrated firm obtains in the balancing

period is given by

πA =
1

k
{pfqf − Cf (qf )}

An integrated firm i ∈ {1, ..., k} can indirectly influence the quantity qf (pe(Q)

and the price pf (pe(Q) of thermal generation in the balancing period by

influencing the day-ahead market price pe(Q). The effect of its supply in

the day-ahead market qi on the profit obtained in the balancing period is

represented by the following equation:

∂πA

∂qi
=

dπA

dQ

∂Q

∂qi

=
1

k

[(
pf − C ′

f (qf )
) dqf
dpe

dpe
dQ

+
dpf
dpe

dpe
dQ

qf

]
∂Q

∂qi

(A.16)

17Note that ∂Cn/∂q
∗∗
n = q∗∗n from Eq. (7).
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From the optimization during the balancing period, pf = C ′
f (qf ). In addition,

we have ∂Q/∂qi = 1 from Q ≡
∑m

i=1 qi + qR, dpe/dQ = −b from pe(Q) =

a − bQ, and dpf/dpe = bf/(b + bf ) from Eq. (14). Substituting these into

Eq. (A.16) yields

∂πA

∂qi
=

1

k

dpf
dpe

dpe
dQ

qf = −1

k

bbf
b+ bf

qf (A.17)

From this, the right-hand side of Eq. (33) is obtained as follows:

−w
k∑

i=1

∂πA

∂qi
= w

bbf
b+ bf

qf (A.18)

Appendix 5: Derivation of Eq. (35)

Since Eq. (34) holds for any w ∈ [0, 1], the equality still holds when both

sides are differentiated by w.

−(m+ 1)b
dQ∗

dw
=

bbf
b+ bf

qf + w
bbf

b+ bf

−b

b+ bf

dQ∗

dw
(A.19)

We can rewrite the right-hand side of Eq. (A.19) as follows:

bbf
b+ bf

qf − b

(
b

b+ bf
· bf
b+ bf

· w
)

dQ∗

dw
(A.20)

Because

0 <
b

b+ bf
< 1, 0 <

bf
b+ bf

< 1, w ∈ [0, 1],

the value in parentheses in Eq. (A.20) is greater than or equal to 0 but less

than 1.

0 ≤ b

b+ bf
· bf
b+ bf

· w < 1 (A.21)

From Eq. (A.19), we obtain

dQ∗

dw
= −

bbf

b+ bf
qf{

(m+ 1)−

(
b

b+ bf
·

bf

b+ bf
· w

)}
b

(A.22)

From m+ 1 ≥ 2 and Eq. (A.21), the sign of the denominator in Eq. (A.22)

is positive. Therefore,
dQ∗

dw
< 0. (A.23)
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