
Citation: Yang, H.; Ding, M.; Li, M.;

Wu, S.; Zhang, Y.; Dou, X. Optimal

Operation of Generation Company’s

Participating in Multiple Markets

with Allocation and Exchange of

Energy-Consuming Rights and

Carbon Credits. Energies 2024, 17,

5884. https://doi.org/10.3390/

en17235884

Academic Editor: Guillermo Escrivá-

Escrivá

Received: 17 October 2024

Revised: 18 November 2024

Accepted: 20 November 2024

Published: 23 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Optimal Operation of Generation Company’s Participating in
Multiple Markets with Allocation and Exchange of
Energy-Consuming Rights and Carbon Credits
Hanyu Yang 1, Mengru Ding 1, Muyao Li 2, Shilei Wu 1, Ye Zhang 3 and Xun Dou 1,*

1 College of Electrical Engineering and Control Science, Nanjing Tech University, Nanjing 211816, China;
hanyu93@njtech.edu.cn (H.Y.); dmr@njtech.edu.cn (M.D.); wsl.12@njtech.edu.cn (S.W.)

2 China Electric Power Research Institute (Nanjing), Nanjing 210003, China; limuyao@epri.sgcc.com.cn
3 Inner Mongolia Power Electric Operations Control Company, Inner Mongolia Electric Power (Group)

Co., Ltd., Hohhot 010010, China; zhangye1@impc.com.cn
* Correspondence: dxnjut@njtech.edu.cn; Tel.: +86-139-1471-9418

Abstract: The proposal of the energy-consuming right (ECR) market may lead to generation com-
panies (GenCos) facing the risk of being overcharged due to the inaccurate calculation of carbon
emission reduction, since it claims the same credit as the carbon market does. To estimate the carbon
emission reduction accurately for the GenCos that participate in electricity, carbon, and ECR markets
simultaneously, this paper proposes a market framework where a flexible exchange mechanism
between the ECR and carbon markets is specially considered. To investigate the influence of the
allocation and exchange of ECR and carbon credits on the behavior of GenCos that participate in
multi-type markets, a bi-level model based on the leader–follower game theory is proposed. In
the upper level of the proposed model, a decision problem for maximizing the profit of GenCos
is developed, which is especially constrained to the primary allocation of ECR and carbon credits.
While the multi-type market clearing model and an exchange mechanism between the ECR and
carbon credits are proposed in the lower level of the model. The bi-level problem is converted into
the mathematical program with equilibrium constraints (MPECs) through the Karush–Kuhn–Tucker
(KKT) condition to solve. The results illustrate that the interaction between the ECR market and the
carbon market can improve the energy efficiency and reduce the carbon emissions of GenCos.

Keywords: energy-consuming right market; carbon market; electricity market; credit allocation;
credit exchange

1. Introduction

Global warming and excessive energy consumption pose great challenges to the
ecological environment [1,2]. As a major carbon emitter, China has adopted various
measures to improve energy efficiency, emission reduction, and the transformation to a
low-carbon economy [3]. The ECR market was first proposed in China [4] and piloted
in the Zhejiang, Fujian, Henan, and Sichuan provinces [5], aiming to control the total
regional energy consumption and force enterprises to save energy, while the carbon market
is a market-based carbon dioxide emission reduction transaction in the context of the
“Kyoto Protocol” [6,7], which has been nationally launched in China. Both claim the same
credit—carbon emission reduction, which lays the basis that they can be exchanged with
each other.

Take GenCo as an example, it sells electricity in the electricity market as revenue.
When GenCo makes a profit by selling electricity in the electricity market, it not only emits
carbon dioxide that costs carbon credits but also consumes energy that costs ECR credits.
Hence, the more electricity that GenCo generates, the more carbon and ECR credits it
needs. Therefore, the ECR market, carbon market, and electricity market that GenCos
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participate in simultaneously are not independent of each other. As a profit-driven party,
GenCo’s generation plan is strongly affected by complex market mechanisms and an
unknown competitive environment. Considering the synergistic effect of improved energy
efficiency and emission reduction, the ability to calculate the carbon emission reduction
in the coupled multi-type market becomes essential to the development of GenCos under
“double control”.

The ECR market is similar to the carbon market because both of them claim the same
carbon credit emission, which indicates that they can be exchanged with each other. For
research on the coupling of the carbon and electricity markets, the researchers in [8] de-
signed a novel framework to enable the exchange of energy and carbon credits, while those
in [9] proposed a Nash bargaining game model to assess the synergy of the carbon market,
tradable green certificate (TGC) market, and electricity market on the decision behavior of
non-renewable energy and renewable energy GenCos. The researchers in [10] proposed a
day-ahead coupled electricity–carbon–TGC market framework based on blockchain technol-
ogy and electricity purchasers for dealing with the contradiction between the independent
operation and the internal connection of the carbon market, TGC market, and electricity
market. The existing literature on the carbon market reveals the coupling quantitative
relationship between carbon emission and electricity generation.

Compared with the research on the carbon market, the attention on the ECR market is
much less because of its limited application in very few countries. ECR was first proposed
for motivating businesses to invest in new technologies and increase productivity to obtain
economic dividends, which is considered as the supplement to the emission trading plan to
alleviate global warming [11,12]. The existing research on the ECR or ECR market is usually
qualitative analysis instead of quantitative ones. Th group in [5] analyzed the ECR market
and concluded that it could reduce the intensity of CO2 emissions to cut down carbon
emissions with the proposed difference-in-differences method to explore the effect of the
ECR trading strategy on carbon emission intensity. The researchers in [13,14] stated that
energy consumption and carbon emissions are interrelated and interdependent and further
demonstrated the feasibility of the coordination of two markets. The above-mentioned
literature proves the effectiveness of ECR to carbon emission.

However, GenCos not only generate additional energy-saving quantity by investing
in new green technologies or increasing productivities but also bringing about carbon
emission reduction under the ECR control. Such carbon emission reduction caused by the
ECR control is usually ignored in the certificated carbon emission reduction measurement,
which leads to the overallocation of carbon credits to GenCos. To estimate the carbon
emission reduction accurately for the GenCos that participate in the electricity, carbon, and
ECR markets simultaneously, based on the above Nash bargaining game model and multi-
type markets coupling mechanisms, this paper proposes a market-based model for GenCos
who participate in muti-type markets. The detailed contributions are listed as follows:

1. For investigating the influence of the allocation and exchange of the ECR credit and
carbon credit on the behavior of GenCos that participate in multi-type markets, a bi-
level model based on the leader–follower game theory is proposed, where a decision
problem for maximizing the profit of GenCo is developed in the upper level, while
the multi-type markets clearing is modeled in the lower level;

2. To prevent the GenCos who took energy-saving measures from being overallocated
with the carbon credits, the carbon emission reduction caused by the energy-saving
measures that the GenCos has undertaken is deducted from the primary carbon
credits in this paper;

3. A flexible exchange mechanism between the ECR and carbon credits is proposed.
In this mechanism, the surplus ECR credits can be traded in the ECR market after
making its electricity generation plan or be converted later into carbon credit for
trading in the carbon market.
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2. Market Framework

Figure 1 illustrates the proposed market framework, where the GenCos participate in
the electricity, ECR, and carbon markets one day ahead simultaneously. In the electricity
market, the independent system operator (ISO) operates the energy market and is responsi-
ble for market clearing after the multiple electricity consumers and GenCos submit their
demands and offers. As for the ECR and carbon markets, both have been partitioned into
primary and secondary markets. The original allocation of ECR and carbon credit issued
by the environmental authority via legislative procedures is free of charge and known
as the primary market. It is worth mentioning that the ECR focuses on the source of the
production process while the carbon emission certification focuses on the end of that. The
primary allocation of the ECR and carbon credits may not perfectly match the actual usage
of them. Therefore, the secondary market is established for trading ECR and carbon credits
among surplus ECR and carbon credit holders.
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In the secondary market, once there are ECR credits remaining in the primary market,
then GenCos may decide whether to trade them in the ECR secondary market or to
exchange the remaining ECR credit into the carbon credit and trade them in the carbon
secondary market. Reversely, once the ECR credit is insufficient in the primary market
when making the electricity generation plan, GenCos will decide to purchase more ECR
credits from the ECR secondary market or the carbon secondary market.

3. Modeling of Bi-Level Problem

In this section, a bi-level optimal model is proposed for analyzing the influence of the
ECR and carbon markets on the economical behavior of GenCos as indicated in Figure 2,
here the upper level takes the profit maximization of GenCo as its objective function, and
the lower level takes the social welfare maximization as its objective function. The upper
and lower levels constitute a leader–follower game to analyze the market competition [15],
where the leader makes offering decision before the followers.

In the electricity market, GenCos, as the upper-level decision maker, submit the
offering interval to the lower level. Then, the consumer, as the lower-level decision follower,
submits the bidding price to the GenCos. Finally, the ISO clears the electricity market with
social welfare maximization and obtains the result of the electricity clearing price at node n,
the power produced through block b of generator i, and the power consumed by consumer
d of block k at time t. The result of the electricity clearing price and cleared power capacity
are later submitted to the upper level. In the ECR and carbon markets, the quantity of the
actual ECR and carbon credits used are passed to the two lower-level problems. Then, the
clearing prices of the ECR and carbon credits are submitted to the upper level by adopting
the Gournot model and credit exchange mechanism. Figure 2 presents the specific model
structure and information flows.
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3.1. Assumptions

To advance the modeling the GenCos’ participation in multi-type markets, the follow-
ing assumptions should be made:

1. The electricity market is a pool-based one, which is a centralized marketplace where
participants can submit their bids and offers for the certain amount of electricity [16].
In actual markets, the ECR and carbon credit markets are typically dominated by a
few large participants, especially in the early stages of development. These markets
tend to have low liquidity, with transactions primarily concentrated among a small
number of large participants. Considering that the ECR and carbon markets are both
emerging markets, the GenCos which sell the remaining carbon/ECR credits must
have market power. Therefore, the ECR and carbon markets can be considered as
oligopoly markets where GenCos compete in credit quantities rather than prices. This
is the reason why the Cournot model is adopted for the ECR/carbon market clearing.

2. The premise of the credit exchange mechanism is that the GenCos’ primary total
credits are sufficient. The ECR and carbon credits are only exchangeable when there
is a shortage of any certain type of credit. In other words, when the remaining carbon
credit is insufficient and the remaining ECR credit is in surplus, then GenCos can
exchange the remaining ECR credit for carbon credit, and vice versa.

3.2. Upper-Level Problem: GenCo’s Profit Maximization

The objective function of the upper-level model is to maximize the profit of a GenCo,
as shown in Equation (1).

maxUl = (UDA
l + UECR

l + UCET
l + UES

l ) (1)

where Ul denotes the total profit of GenCo l participating in the electricity market, ECR
market, and carbon market; and UDA

l , UECR
l , and UCET

l are the profits earned by GenCo l in
the electricity market, ECR market, and carbon market, respectively. UES

l denotes the profit
of GenCo l for energy efficiency.

The constraints of the upper-level model are listed as follows:

3.2.1. Profit of Selling Electricity

Constraint (2) demonstrates the profit of GenCo l in the electricity market, as follows:

UDA
l = ∑

i∈Ωl

∑
b

∑
t∈T

[χ(n:i∈Γn)t − χib]Pibt∆t (2)
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where i ∈ Ωl and i ∈ Γn denote generator i belongs to GenCo l and is located at node n;
χ(n:i∈ϕn)t is the locational marginal price at node n at time t; χib is the marginal cost of block
b of generator i; and Pibt is the power produced through block b of generator i at time t.

3.2.2. Profit of Energy Efficiency

Constraint (3) demonstrates the energy-saving benefit of the GenCo, as follows:

UES
l = ∑

i∈Ωl

(ρ1Si + ρ2) (3)

where Si is the energy-saving quantity of generator i; and ρ1 and ρ2 are the two parameters
of the first-order linear function of the energy-saving quantity of generator i, respectively.

3.2.3. Primary Credits Allocation

Constraints (4) and (5) demonstrate the free primary ECR and carbon credits allocated
to GenCos. This paper adopts the baseline method for allocating free primary credits to
GenCos to encourage them to improve their energy efficiency [5]. Constraint (6) demon-
strates the primary carbon credits after deducting the repetitive credits caused by the
energy-saving measures taken by GenCo l.

Efree
l = REl,refHl (4)

Cfree0
l = RCl,refHl (5)

Cfree
l = Cfree0

l − ∑
i∈Ωl

fiSi (6)

where Efree
l and Cfree0

l denote GenCo’s primary ECR and carbon credits; and Cfree
l denotes

GenCo’s primary carbon credits after deducting the repetitive credits. REl,ref is the energy
consumption baseline; and RCl,ref is the carbon emission baseline of the generator owned by
the GenCo l. Hl represents the historical average output quantity of GenCo l per day; fi is
the carbon emission factor of the generator i; Si is the energy-saving rate of the generator i.

Assuming that the remaining ECR and carbon credits in the primary market of GenCo
l are QECR

l and QCET
l , respectively, when QECR

l is greater than zero, the surplus ECR credits
can be sold in the ECR secondary market; otherwise, the insufficient ECR credits must be
brought from the ECR secondary market., as shown in constraints (7)–(10).

QECR
l = Efree

l − Ereal
l (7)

QCET
l = Cfree

l − Creal
l (8)

Ereal
l =

1
θ
( ∑

i∈Ωl

∑
b

∑
t

Pibt∆t− ∑
i∈Ωl

Si) fi (9)

Creal
l = ∑

i∈Ωl

∑
b

∑
t

[
(Ca)i + (Cb)iPibt + (Cc)iP

2
ibt

]
∆t− ∑

i∈Ωl

Si fi (10)

where Ereal
l and Creal

l denote the actual ECR and carbon credits used by GenCo l; and θ is
the exchange value of the ECR and carbon credits.

3.2.4. Offering Prices of the Generator

Constraints (11) and (12) demonstrate the offering prices, as follows:

αmin
ib ≤ αib ≤ αmax

ib (11)

αi(b−1) ≤ αib (12)
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where αib is the offering price for block b of generator i (b ≥ 2); αmax
ib and αmin

ib are the upper
and lower caps of the offering price for block b of generator i, respectively.

3.2.5. Enengy-Saving Constraint

Constraint (13) guarantees the total quantity of energy saved by the generator, as follows:

Si ≤ ∑
b

∑
t

Pibtσ (13)

where σ is the energy-saving rate of the generators.

3.2.6. Total Credits Constraint

Constraint (14) guarantees ample credits in the ECR/carbon market.

∑
l
(Ereal

l + Creal
l ) ≤ ∑

l
(Efree

l + Cfree
l ) (14)

3.3. Low-Level Problem: Multi-Type Market Clearing

The lower-level model is the multi-type market clearing based on their market charac-
teristics, including the electricity market, ECR market, and carbon market.

3.3.1. Electricity Market Clearing

The optimization object of electricity market clearing is to maximize the social welfare,
as shown in (15):

min(∑
i

∑
b

αibPibt − ∑
d

∑
k

χdkPdkt)∆t (15)

where χdk is the consumption utility of bidding block k of consumer d; and Pdkt is the power
consumed by consumer d of block k at time t.

Subject to the following:

∑
i∈ΓG

n

∑
b

Pibt − ∑
d∈ΓD

n

∑
k

Pdkt − ∑
m∈ΓN

n

Bnm(δnt − δmt) = 0 : χnt (16)

Pmin
ib ≤ Pibt ≤ Pmax

ib : ψmin
ibt , ψmax

ibt (17)

Pmin
dk ≤ Pdkt ≤ Pmax

dk : ψmin
dkt , ψmax

dkt (18)

Bnm(δnt − δmt) ≤ PLmax
nm : µLmax

nmt (19)

−π ≤ δnt ≤ π : ωmin
nt , ωmax

nt (20)

δ1t = 0 : ξδ1
t (21)

Constraint (16) represents the nodal energy balance, where i ∈ ΓG
n , d ∈ ΓD

n , and m ∈ ΓN
n

stand for the generator i, consumer d, and node m located at node n, respectively. Bnm is
the admittance of the line between node n and node m, δnt and δmt are the voltage angle of
node n and node m at time t, respectively. χnt is the dual variable of constraint (16), repre-
senting the electricity clearing price. Constraints (17) and (18) represent the power output
constraints and the power consumed constraints, where Pmax

ib and Pmin
ib are the upper and

lower caps of the available capacity of block b in the generator i’s offers; and PDmax
d,k and

PDmin
d,k are the upper and lower levels of the demand quantity of block k in the consumer

d’s bids. ψmin
ibt , ψmax

ibt , ψmin
d,k,t, and ψmax

d,k,t are the dual variables of constraints (17) and (18).
Constraints (19) and (20) are transmission line capacity constraints and power angle con-
straints, where PLmax

nm is the maximum transmission capacity of line mn. Constraint (21)
represents the reference node, where δ1t represents that node 1 is the balanced node. µLmax

nmt ,
ωmin

nt , ωmax
nt , and ξδ1

t is the dual variable of constraints (19)–(21). The derivation of the
Lagrangian function of the lower model and the optimality conditions can be seen in
Appendix A.
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3.3.2. ECR/Carbon Market Clearing

• The Cournot Model

This paper uses the Cournot model to portray the linear relationship between the price
and quantity of ECR/carbon credits, the inverse demand function could be calculated as in
(22) and (23) [17,18]. 

χE = α1 − β1∑
l

Ereal
l

α1 = χ1
β1 = (1 − ε0)χ1/γ0Q0

(22)


χC = α2 − β2∑

l
Creal

l

α2 = χ2
β2 = (1 − ε0)χ2/γ0Q0

(23)

Q0 = ∑
d,k,t

Pmax
dkt ∆t (24)

where χE and χC are the clearing price of ECR and carbon credit, respectively. α1, β1,α2,
and β2 are two parameters with positive values of the Cournot model in the ECR and
carbon market, respectively. χ1 and χ2 represent the highest acceptable ECR credit price
and carbon credit price for the subject of credit obligation, respectively. ε0 represents price
coefficient; ε0χ1 and ε0χ2 represent the consumers’ payment willingness; γ0 represents the
requirement ratio; and Q0 is the total maximization demand.

• Credit Exchange Mechanism

To prevent GenCos from using excess credits to exchange for insufficient credits
without restriction, which may lead to excessive carbon emission or energy waste. The
following two provisions are listed: (1) The proportion of carbon credits converted by
GenCos from their surplus ECR credits to offset their excess emissions shall not exceed 10%
of their primary carbon credits after deducting the repetitive credits; and (2) the proportion
of ECR credits converted by GenCos from their surplus carbon credits to offset their excess
energy consumption should not exceed 10% of their primary ECR credits.

According to Assumption (2) in Section 3.1, there is no case of QECR
l < 0 and QCET

l < 0
at the same time. The credit exchange mechanism can be expressed as in (25)–(29).

UECR
l = χE(QECR

l − ∆QECR
l + ∆QCET

l /θ) (25)

UCET
l = χC(QCET

l − ∆QCET
l + θ × ∆QECR

l ) (26){
−ξ+l M+ ≤ QECR

l ≤ (1 − ξ+l )M+

−ξ−l M− ≤ QCET
l ≤ (1 − ξ−l )M− (27)

{
0 ≤ ∆QCET

l /θ ≤ 10%ξ+l Efree
l

0 ≤ θ∆QECR
l ≤ 10%ξ−l Cfree

l
(28)

ξ+l + ξ−l ≤ 1
ξ+l ∈ {0, 1}, ∀l
ξ−l ∈ {0, 1}, ∀l

(29)

where ∆QCET
l denotes the amount of the remaining carbon credits exchanged for ECR

credits by GenCo l; ∆QECR
l denotes the amount of the remaining ECR credits exchanged for

carbon credits by GenCo l. M+, M− is an enough large number; ξ+l and ξ−l are 0–1 variables,
which reflect the flow of credit exchange. The specific exchange flows are as follows:

1. When ξ+l = 0 and ξ−l = 0, resulting in QECR
l > 0 and QCET

l > 0, no credit exchange
required at this time;

2. When ξ+l = 1 and ξ−l = 0, resulting in QECR
l < 0 and QCET

l > 0, the partial remaining
carbon credits (∆QCET

l ) shall be exchanged for ECR credits;
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3. When ξ+l = 0 and ξ−l = 1, resulting in QCET
l < 0 and QECR

l > 0, the partial remaining
ECR credits (∆QECR

l ) shall be exchanged for carbon credits.

4. Solution Technique and Procedure

The original model poses a bi-level programming problem, rendering it unsuitable
for direct resolution using existing commercial optimization solvers. In this section, the
model is initially reconstructed through KKT conditions [19,20]. The optimality conditions
and complementary slackness conditions are derived, facilitating the transformation of
the bi-level model into a MPEC. Subsequently, the non-convex constraints are piecewise
linearized to obtain a standard mixed integer linear programming model by the strong
duality theorem and a binary expansion method [21].

4.1. Mathematical Program with Equilibrium Constraints Reconstruction

By using the KKT condition, the lower-level problem of the electricity market clearing
is transformed into the optimality condition as shown in (30)–(32), and the complementary
slackness conditions of the lower-level problem are obtained as shown in (33)–(39).

αib − χ(n:i∈Γn),t − ψmin
ibt + ψmax

ibt = 0 (30)

χ(n:d∈Γn),t − χdk − ψmin
dkt + ψmax

dkt = 0 (31)

∑
m∈ΓN

n

Bnm(χnt
−χmt)

+ ωmax
nt − ωmin

nt + ∑
m∈ΓN

n

Bnm(µLmax
nmt

−µLmax
mnt )

+ ξδ1
t = 0 (32)

0 ≤ (Pibt − Pmin
ib )⊥ψmin

ibt ≥ 0 (33)

0 ≤ (Pmax
ib − Pibt)⊥ψmax

ibt ≥ 0 (34)

0 ≤ (Pdkt − Pmin
dk )⊥ψmin

dkt ≥ 0 (35)

0 ≤ (Pmax
dk − Pdkt)⊥ψmax

dkt ≥ 0 (36)

0 ≤ (PLmax
nm − Bnm(δnt − δmt))⊥µLmax

nmt ≥ 0 (37)

0 ≤ (δnt + π)⊥ωmin
nt ≥ 0 (38)

0 ≤ (π − δnt)⊥ωmax
nt ≥ 0 (39)

Then, the original lower-level electricity market clearing model is transformed into a
duality problem, and the optimality conditions and complementary slackness conditions
are used as constraints of the upper-level model to realize the model reconstruction. Since
there is no optimality objective in the lower-level ECR/carbon market clearing model, the
constraints (22)–(29) in the lower-level model can be directly integrated into the upper-
level model.

4.2. Linearization Technique

There are three kinds of nonlinear forms in the MPEC model, which cannot be directly
solved by commercial software. This paper adopts strong dual theory [22], the Big M
method [23], and the binary expansion method [24] to linearize the non-convex constraints
and obtain a mixed integer linear programming model.

4.2.1. Product of the Cleared Power Capacity Pibt and the Locational Marginal
Price χ(n:i∈Γn)t

The nonlinearities caused by Pibtχ(n:i∈Γn)t in (2) can be equivalently transformed by
the strong duality theorem in (40) to obtain the equality relation between the objective
functions in the original problem and the dual problem.
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∑
i

∑
b

αibPibt − ∑
d

∑
k

χdkPdkt + ∑
n(m∈ΓN

n )

PLmax
nm µLmax

nmt

+π∑
n

(ωmin
nt

+ωmax
nt )

+ ∑
d

∑
k

(ψmax
dkt Pmax

dk
−ψmin

dkt Pmin
dk )

+ ∑
i

∑
b

(ψmax
ibt Pmax

ib
−ψmin

ibt Pmin
ib )

= 0
(40)

According to (30), Constraint (2) is equivalently split into H1 and H2, as shown in (41)
and (42).

H1 = ∑
i∈Ωj

∑
b

αibPibt (41)

H2 = ∑
i∈Ωj

∑
b
(ψmax

ibt − ψmin
ibt − χib)Pibt (42)

H1 in (41) can be derived by the strong duality theorem in (40), ψmax
ibt Pibt and ψmin

ibt Pibt
in H2 can be replaced by (33)–(39). Finally, the equivalent transformed H1 and H2 are added
to obtain (43), and the linearization of (2) is completed.

UDA
l = ∑

d
∑
k

χdkPdkt − ∑
i/∈Ωj

∑
b

χibPibt − ∑
n,m∈ΓN

n

PLmax
nm µLmax

nmt

−π∑
n

(ωmin
nt

+ωmax
nt )

+ ∑
d,k

(ψmin
dkt Pmin

dk
−ψmax

dkt Pmax
dk )

+ ∑
i,b

(ψmin
ibt Pmin

ib
−ψmax

ibt Pmax
ib )

+ ∑
i∈Ωj

∑
b
(ψmax

ibt Pmax
ib − ψmin

ibt Pmin
ib − χibPibt)

= ∑
d,k

χdkPdkt − ∑
i/∈Ωj

∑
b

χibPibt − ∑
i∈Ωj

∑
b

χibPibt

− ∑
n,m∈ΓN

n

PLmax
nm µLmax

nmt − π∑
n

(ωmin
nt

+ωmax
nt )

+ ∑
d,k

(ψmin
dkt Pmin

dk
−ψmax

dkt Pmax
dk )

(43)

4.2.2. Product of Credit and Credit Price

The nonlinearities of χEQECR
l , χE∆QECR

l , χCQCET
l , etc. in (25) and (26) can be solved

by the binary expansion method. Take χEQECR
l as an example in (44)–(49), as follows:

χEQECR
l ≈ ∑

r
Qref

lr ς1
lr (44)

QECR
l −

∆Qref
l

2
≤ ∑

r
Qref

lr ς2
lr ≤ QECR

l +
∆Qref

l
2

(45)

{
0 ≤ χE − ς1

lr ≤ M0(1 − ς2
lr)

0 ≤ ς1
lr ≤ M0ς2

lr
(46){

∑
r

ς2
lr = 1

ς2
lr ∈ {0, 1}

(47)

∆Qref
l = Qmax

l /R0 (48)

Qref
lr = r∆Qref

l (49)

where Qref
lr is the rth approximative benchmark value of the QECR

l ; ∆Qref
l is the approxima-

tive precision; ς1
lr and ς2

lr are 0–1 ancillary variables; M0 is a large enough number; Qmax
l is

the maximization in the approximative process of GenCo l’s actual credit quantity used;
and R0 is the total number of bands.

4.2.3. Complementary Slackness Condition

The complementary slackness conditions (33)–(39) can be linearized for form
0 ≤ f (x)⊥g(y) ≥ 0 by introducing an auxiliary binary variable κ and a sufficiently
large constant M, as shown in (50) and (51) as follows:
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0 ≤ f (x) ≤ Mκ (50)

0 ≤ g(y) ≤ M(1 − κ) (51)

Finally, the original bi-level model is transformed into a standard form of mixed
integer linear programming model with the objective function as in (1) and the constraints
as in (2)–(14), (16)–(39), and (43)–(51).

5. Case Study
5.1. Basis Data

The illustrative example is performed on the modified IEEE 33-bus system, as shown
in Figure 3. There are six GenCos (C1, C2, C3, C4, G1, G2) and three consumers in the
network, where C1, C2, C3, C4 are the conventional coal-fired GenCos who own coal-fired
generators and G1, G2 represent gas-fired GenCos. The total generation capacity is 340 MW.
All the GenCos participate in the electricity market, ECR market, and carbon market at the
same time. Data on the relevant parameters, e.g., primary credit allocation, and carbon
emission factors, of each generator are shown in Table 1 [25]. The total demand of the
three consumers (D1, D2, D3) is 290MW, the parameters of which are shown in Table 2. An
electricity market where the supply exceeds the demand is considered a buyer’s market.
Here, GenCos and consumers all adopt a stepwise offer curve. According to the quality
conservation principle, the exchange coefficient between the ECR credit and carbon credit
is 1:2.54, i.e., θ is set as 2.54. Based on reference [26], ε0 is set as 0.3; γ0 is set as 40%; the
maximum price of ECR credit χ1 is set as 8; the maximum price of carbon credit χ2 is set as
10, and the energy-saving rate σ is 50%. The optimization analysis is carried out using the
Cplex 12.10 solver based on the GAMS in a Win11 operating system, i7 CPU, and 2.80 GHz
processor environment, which costs 2.036 s.
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Table 1. Parameters of Generators.

GenCo Energy Block
(MW)

Marginal Cost
($/MWh)

Primary ECR
Credit
(tCO2)

Primary
Carbon Credit
(tCO2)

Carbon
Emission Factor
(tCO2/MWh)

C1 20; 30; 30 18; 40; 44 590 1512 0.8938
C2 25; 25; 30 20; 45.1; 46.5 541 1473 0.8412
C3 15; 15; 20 18; 42; 47 312 921 0.7938
C4 20; 20; 15 21; 41; 47 337 959 0.7438
G1 10; 10; 10 34; 43; 57 95 611 0.3791
G2 15; 15; 15 35; 44; 53 112 669 0.3791

Table 2. Parameters of Consumers’ Bidding Strategy.

Consumer Demand Block (MW) Bidding Strategy ($/MWh)

D1 30; 20; 20 93.5; 73.5; 63.5
D2 40; 30; 10 88.0; 68.0; 58.0
D3 60; 50; 30 82.5; 62.5; 52.5
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5.2. Market Equilibrium Analysis

In order to verify the effectiveness of the optimal behaviors of profit-driven Gen-
Cos participating in multi-type market with ECR credit and carbon credit allocation and
exchange, the following three scenarios are set up for comparison and analysis:

1. Case 1: GenCos only participate in the electricity market. Neither the ECR nor carbon
markets exist;

2. Case 2: GenCos participate in the electricity, ECR, and carbon markets at the same
time, while the ECR and carbon credits cannot be exchanged with each other;

3. Case 3: GenCos participate in the electricity, ECR, and carbon markets at the same
time, and the ECR and carbon credits can be exchanged with each other.

5.2.1. Analysis of Profit of GenCos

Figure 4 shows the profit of each GenCo in Cases 1–3 proposed in this paper, as well as
a comparison of each GenCo’s profit percentage change under different cases. For Case 1,
where the GenCos only participate in the electricity market, the profit of each GenCo is
basically ranked by the capacity of the generators. As shown in Figure 5, for Case 1, coal-
fired GenCos have a higher cleared power capacity than that of gas-fired GenCos because
of their lower offering price in the bidding strategy for the electricity market, so they are
more profitable. However, for coal-fired C1 and C2 with the same generation capacity, the
profit of C2 is lower than that of C1 as the cost of C2 is higher than that of C1, resulting in
a lower cleared power capacity for C2 compared to that of C1 in Figure 5. When GenCos
are required to participate in the ECR and carbon markets (i.e., Cases 2 and 3), the overall
profit of GenCos decreases substantially, because the restriction of ECR and carbon credits
on the GenCos’ bidding strategy in Table 3 leads to a decrease in the locational marginal
price, as indicated in Figure 5.
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Table 3. Bidding Strategy of Each GenCo.

GenCo
Bidding Strategy ($/MWh)

Case 1 Case 2 Case 3

C1 18; 40; 44 18; 40; 44 18; 40; 44
C2 20; 45.1; 46.5 20; 45.1; 46.5 20; 45.1; 46.5
C3 18; 42; 47 18; 42; 45.1 18; 42; 47
C4 21; 41; 47 21; 41; 45.1 21; 41; 47
G1 34; 43; 52.5 34; 43; 45.1 34; 43; 47
G2 35; 44; 52.5 35; 44; 45.1 35; 44; 47

Compared to Case 1, the profits of C1, C2, C3, and C4, who own the coal-fired generator
with a higher carbon emission factor, experience a sharper percentage decrease in Case 2 of
27.7%, 21.3%, 24.6%, and 21.4%, respectively. This is because the higher the carbon emission
factor of a generator, the more primary ECR and carbon credits it consumes. As a result, the
remaining ECR and carbon credits are insufficient and should be purchased more from the
secondary market, increasing the additional cost. In contrast, the profit of G2 changes very
slightly and that of G1 increases by 11.4%. This is because the gas-fired generator usually
has a lower carbon emission factor than coal-fired ones so the gas-fired GenCos are more
profitable due to the additional revenue brought on by selling the remaining credit. To sell
more ECR and carbon credits in the secondary markets, the gas-fired GenCos reduce their
cleared power capacity in Figure 5. It can be seen that the quantity of credits will affect the
cleared power capacity. Changes in returns in the carbon market primarily reflect the costs
or profitability faced by GenCos in meeting carbon emission requirements. High-carbon
emitting power GenCos spend more in the carbon market, especially as the price of carbon
credits rises, which can significantly affect their overall profitability. Companies with low
carbon emissions can increase their earnings by selling their remaining carbon credits.

In Case 3, where GenCos participate in all three types of markets at the same time, the
profits of all GenCos increase compared to Case 2, which demonstrates the effectiveness of
the credit exchange mechanism proposed in this paper. The increasing rate of profit of coal-
fired C1, C2, C3, C4, and gas-fired G1, G2 are 18.37%, 16.16%, 16.49%, 15.92%, 44.64%, and
42.88%, respectively, which proves that gas-fired GenCos have higher competitiveness and
will force coal-fired GenCos to take up energy-saving technologies to reduce the generator’s
carbon emission factor. Comparing Cases 2 and 3, the specific profits of each GenCo in
the three markets are shown in Table 4, respectively. On the one hand, C3, C4, G1, and G2
submit an increased quantity–price bid, whose clearing price is more than their locational
marginal price to increase the revenue from the electricity market; on the other hand, the
total actual consumed credit decrease results in the increasing prices of ECR and carbon
credits, as indicated in Figure 6. Also, the profit of GenCos in both the ECR market and
the carbon market increase. But due to the sharp rise in carbon credit prices, C1 and C2
exchange their partial remaining ECR credits for carbon credits for more revenue in the
carbon market in Figure 7 (the red dashed line represents the quantity of each GenCo’s
ECR and carbon credits in the ECR and carbon secondary markets after credit exchange).
Thus, the profits of C1 and C2 in the ECR market drop and the profits in the carbon market
increase significantly. Furthermore, due to an increase in the locational marginal price,
G1 and G2 raise their cleared power capacity and consequently make more profits in the
electricity market than in Case 1. As their cleared power capacity rises and their actual
credit usage increases, their profits in the ECR and carbon markets both decline marginally,
as shown in Table 4, but their overall profit increases significantly.
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Table 4. Social Welfare of GenCos in Three Markets.

Social Welfare ($) GenCo Case 2 Case 3

Electricity Market

C1 16,016 21,120
C2 13,604 17,700
C3 9416 12,240
C4 12,080 15,360
G1 1628 4080
G2 2312 5400
Total 55,056 75,900

ECR Market

C1 1489.57 1341.12
C2 1317.57 1165.98
C3 1104.50 1181.53
C4 935.44 955.32
G1 367.18 350.50
G2 370.62 345.11
Total 5584.88 5339.56

Carbon Market

C1 −685.80 −473.11
C2 −477.50 −257.73
C3 960.88 1192.01
C4 173.26 226.63
G1 1492.58 1463.42
G2 1407.23 1350.91
Total 2870.65 3502.13
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primary carbon credits are unable to meet their actual carbon emissions, which leads to an
increase in the additional costs within the carbon market. As can be seen from Figure 6,
compared to Case 2, the price of carbon credit increases by 0.0508 $/tCO2 in Case 3 due to
the existence of the exchange mechanism.

5.2.2. Analysis of Credit of the Generation Companies

The actual ECR and carbon credit usage for Cases 2 and 3 are shown in Figures 8 and 9.
In Figures 8 and 9, the total actual ECR credit usage in Case 3 is 7.966 tCO2, which is
less than in Case 2. The total actual carbon credit usage is 20.235 tCO2, which is less
than in Case 2, indicating that the proposed credit exchange mechanism can reduce the
consumption of ECR and carbon credits, effectively reduce the total energy consumption,
and control the total carbon emission to achieve the effect of improved energy efficiency
and emission reduction.
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In Figures 8 and 9, for Cases 2 and 3, C1 and C2 do not exchange their actual ECR and
carbon credit usage, while C3 and C4 reduce their actual ECR and carbon credit usage, and
G1 and G2 both slightly increase their actual ECR and carbon credit usage. Considering
that C3 and C4 do not have a significant advantage in terms of their own capacity, cost, and
carbon emission factors, they choose to reduce a small amount of cleared power capacity
and actual ECR and carbon credit usage to improve the profits within the ECR and carbon
markets. And actual credit usage of G1 and G2 increases slightly because they own low
carbon emission generators, and they choose to obtain more profit by increasing their
cleared power capacity.

5.3. Sensitivity Analysis of Primary Allocation of Credits

Before the beginning of market operations for each trading period, the free primary
ECR and carbon credits will be allocated to GenCos. This allocation is established prior
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to the electricity market and credit trading, ensuring that GenCos have an initial stock of
credits available to plan and optimize their generation strategies accordingly.

The primary allocation of the ECR and carbon credits has a great impact on the results
of market equilibrium; this subsection focuses on the sensitivity analysis of the influence
of different percentage changes in the primary allocation of credits on the total profit, the
price of electricity and credit price, improved energy efficiency and emission reduction,
and credit exchange. Given that the baseline of the primary allocation of the ECR and
carbon credits is 100%, three percentage changes of the primary allocation of credits are
considered, e.g., 75%, 125%, and 150%, respectively.

Table 5 shows the impact of the primary credit allocation on the profits of all GenCos.
Obviously, the total profits of GenCos increase with quantity as the proportion of credit
fluctuation increases. The larger the primary credits obtained by the GenCo, the more the
remaining credits can be sold in the secondary market to gain greater competitiveness in
the ECR and carbon markets.

Table 5. Impact of Primary Credit on the Total Profit of GenCos, Electricity Price, ECR Credit Price,
and Carbon Credit Price.

Credit Type Percent-Age
Change

Electricity
Price
($/MWh)

ECR Credit
Price
($/tCO2)

Carbon
Credit Price
($/tCO2)

Total Profit
of GenCos
($10,000)

ECR Credit

75% 47 5.9227 3.411 12.24
100% 47 5.9227 3.411 12.53
125% 45.1 5.8693 3.242 10.56
150% 47 5.9227 3.411 13.12

Carbon
Credit

75% 47 5.9197 3.402 12.00
100% 47 5.9227 3.411 12.53
125% 47 5.9227 3.411 13.04
150% 47 5.9227 3.411 13.56

However, when the primary ECR credits increase to 125%, there is an obvious drop in
the total profit of the GenCos. This drop is caused by the GenCos’ revenue decrease from
the electricity market due to a reduction in the locational marginal price by lowering the
offering price, as shown in Table 6. In addition, as shown in Figure 10, a sharp increase
in the actual ECR and carbon credit usage decreases the prices of the ECR and carbon
credits, such that GenCos’ profit in the ECR and carbon markets decreases at the same time.
Once the amount of primary ECR credits increases by 25%, the total profit of the GenCos
decreases significantly, which proves that when the credits are not primarily allocated
properly, the GenCos do not have enough motivation to save energy or reduce carbon. This
requires the environmental authority to consider the energy efficiency, emission reduction,
and the market environment comprehensively when allocating the primary credits for
improving the overall profit.

Table 6. Impact of Primary Credit on Credit Exchange.

Credit
Type

Percentage
Change C1 C2 C3 C4 G1/G2

ECR Credit

75% 25.75 26.20 / / /
100% 25.75 26.20 / / /
125% 29.27 26.20 / / /
150% 25.75 26.20 / / /

Carbon
Credit

75% 10.86 11.70 13.60 12.95 /
100% 25.75 26.20 / / /
125% / / / / /
150% / / / / /

Note: / indicates that this part is not available.
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Figure 10. Impact of primary credits on energy efficiency/emission reduction.

The sensitivity analysis of the primary credit allocation to credit exchange is shown
in Table 6. Among them, the primary carbon credit has a greater impact on the credit
exchange of GenCos, while the primary ECR credit has a smaller impact on the credit
exchange of GenCos. When the primary carbon credit is tightened to 75%, the primary
carbon credits obtained by the coal-fired GenCos with higher carbon emission factors are
lower than the actual carbon credits used, and the partial remaining ECR credits need to
be exchanged for carbon credits; when the primary carbon credits are increased to 125%
and above, the primary carbon credit is sufficient and no exchange is required; when the
primary ECR credit is loosened to 125%, the carbon credit price is reduced, and the carbon
cost of coal-fired C1 is reduced, which makes its actual carbon credit usage too high, so a
surplus of the remaining ECR credits are exchanged for carbon credits.

5.4. Sensitivity Analysis of Energy-Saving Rate

Within this paper, the carbon credit resulting from the energy-saving measures that
GenCos took is deducted from the primary carbon credit to avoid being double counted.
Considering that the energy-saving rate of the generators will affect the market equilib-
rium, this example focuses on the sensitivity analysis of credit price, the actual credit
usage, and credit exchange under the energy-saving rates of 0.45, 0.5, 0.55, 0.6, 0.65, and
0.7, respectively.

It can be seen from Figure 11 that when the energy-saving rate of the generator increases,
the prices of the ECR and carbon credits both rise, thanks to the energy-saving measurements
taken by the GenCos, the actual credits used, the total energy consumption, and the carbon
emission; otherwise, they would decrease with the increased electricity generation.
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Table 7 illustrates the exchange amount between the carbon and ECR credits. In
general, the amount of credit exchange decreases as the energy-saving rate of the generators
increases. By upgrading the generators, the actual ECR and carbon credit usage of the
GenCos decreases and the primary carbon credits of the GenCos after deducting the carbon
credits increase, thus the remaining ECR credits and carbon credits increase.

Table 7. Influence of Energy Saving Rate on Credit Exchange.

Energy Saving Rate Credit Exchange C1 C2 C3/C4/G1/G2

0.45
Quantity +29.1243 +29.3781 /
Percentage change +13.335% +15.360% /

0.5
Quantity +25.7461 +26.1987 /
Percentage change +10.209% +11.745% /

0.55
Quantity +22.368 +23.0194 /
Percentage change +7.822% +9.032% /

0.6
Quantity +22.1569 +19.8401 /
Percentage change +6.500% +6.9213% /

0.65
Quantity +15.6117 +16.6607 /
Percentage change +4.416% +5.232% /

0.7
Quantity +12.2336 +13.4814 /
Percentage change +3.159% +3.849% /

Note: / indicates that this part is not available; + indicates that the ECR credits are exchanged for the carbon credits.

6. Conclusions

The emergence of ECR credit, which has been put forward for controlling energy con-
sumption, will definitely limit the GenCos’ electricity generation plan. To comprehensively
assess the influence of GenCos’ participation in a multi-type market, including the ECR
market, carbon market, and electricity market, on their economic behavior and to accurately
quantify carbon emission reductions, this paper proposes a market framework where a
flexible exchange mechanism between the ECR and carbon credits is specially considered.
The key findings are outlined as follows:

1. The proposed flexible exchange mechanism between the ECR and carbon credits can
improve the profit of each GenCo, with an increase of 20.4% in the total profit of all
GenCos. In particular, gas-fired GenCos are more competitive and profitable in the
market than coal-fired GenCos, which will force the coal-fired GenCos to upgrade
and retrofit their generators to save more energy.

2. The credit exchange contributes to improved energy effciency and emission reduction,
with the actual total ECR and carbon credit usage decreasing by 7.966tCO2 and
20.235tCO2, respectively.

The primary focus of this paper is to address the issue of repetitive credits caused by
energy-saving measures and propose a credit exchange mechanism without differentiating
the energy consumption characteristics of different types of energy sources for the time
being. Future research will concentrate on the credit exchange of ECR and carbon credits
for multi-type energy sources to enhance the practicality of the credit exchange mechanism
proposed in this paper.
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Appendix A

Firstly, the Lagrangian function of the lower model is constructed by weighted combi-
nation, as shown in (A1):

L(n) = ∑
i

∑
b

αibPibt − ∑
d

∑
k

χdkPdkt + χnt( ∑
d∈ΓD

n

∑
k

Pdkt

− ∑
i∈ΓG

n

∑
b

Pibt + ∑
m∈ΓN

n

Bnm(δnt − δmt)) + ψmin
ibt (Pmin

ib − Pibt)

+ψmax
ibt (Pibt − Pmax

ib ) + ψmin
dkt (Pmin

dk − Pdkt) + ψmax
dkt (Pdkt − Pmax

dk )
+µLmax

nmt (Bnm(δnt − δmt)− PLmax
nm )

+ωmin
nt (−π − δnt) + ωmax

nt (δnt − π) + δ1tξ
δ1
t

(A1)

The optimality conditions can be obtained by deriving the Lagrangian function
through the following:

∂L(n)
∂Pibt

= αib − χ(n:i∈Γn),t − ψmin
ibt + ψmax

ibt = 0 (A2)

∂L(n)
∂δnt

= ∑
m∈ΓN

n

Bnm(χnt − χmt) + ωmax
nt

−ωmin
nt + ∑

m∈ΓN
n

Bnm(µLmax
nmt − µLmax

mnt ) + ξδ1
t = 0

(A3)

∂L(n)
∂Pdkt

= χ(n:d∈Γn),t − χdk − ψmin
dkt + ψmax

dkt = 0 (A4)

The complementary slackness conditions in (33)–(39) are derived from constraints
(17)–(20). Thus, the lower-level problem is transformed into optimality conditions and
complementary slackness conditions, which act as constraints of the upper-level problem.
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