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ABSTRACT With the rapid development of modern industry, while improving people’s living standards,
the over-exploitation of coal, oil and natural gas has led to a shortage of fossil energy, global warming
and an increasingly serious deterioration of the ecological environment. To mitigate the greenhouse effect
caused by excessive carbon emissions, the vigorous development of integrated electricity-gas system (IEGS)
dominated by clean energy is the future trend of sustainable development of energy systems. In this paper,
a bi-level optimal scheduling model is proposed for an IEGS considering carbon capture, utilization and
storage (CCUS), and the ladder carbon trading mechanism is introduced to convert carbon emissions into
economic benefits. The upper model is an optimal distribution model of natural gas network, and the lower
model is a day-ahead economic dispatch model of power system. Based on the Karush-Kuhn-Tucher (KKT)
condition and strong duality theory of the lower model, the bi-level model is transformed into a mixed integer
linear programming (MILP), which is solved by calling CPLEX through the Yalmip toolbox of the Matlab
platform. Finally, the reasonableness and validity of the model are verified by three arithmetic simulations.
The results show that the proposed bi-level model for low-carbon economic dispatch of IEGS considering
CCUS can effectively reduce the operating costs and carbon emissions of the system.

INDEX TERMS Low-carbon electricity, integrated electricity-gas system (IEGS), economic dispatch,
carbon capture, utilization and storage (CCUS), mixed integer linear programming (MILP).

NOMENCLATURE
Pi Active power of node i.
Qi Reactive power of node i.
U̇i Node voltage of node i.
U̇j Node voltage of node j.
Ẏij Conductivity of the power branch ij.
Ui,max Maximum values of voltage at node i.
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Ui,min Minimum values of voltage at node i.
Pi,max Maximum values of active power of

node i.
Pi,min Minimum values of active power of node

i.
Qi,max Maximum values of reactive power for

node i.
Qi,min Minimum values of reactive power for

node i.
δi Phase angle of node i.
δj Phase angle of node j.
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Lij Value of current flowing through line ij.
Lmax
ij Current transmission limit of branch ij.
Fmn(t) Flow of natural gas through natural gas

pipeline mn at time t .
Smn Direction parameter, indicating the direc-

tion of natural gas flow in the pipeline.
σmn Pipe parameters.
θm Air pressure of node m.
θn Air pressure of node n.
Sj(t) Natural gas supply from the gas source

station at time t .
Smin
j Lower gas supply limits at gas supply

stations.
Smax
j Upper gas supply limits at gas supply

stations.
Hc,mn Compressor operation energy consump-

tion.
τmn Equivalent flow of energy consumed by

compressor.
v1, v2, v3 Energy conversion efficiency constant.
θm,max Upper limits of node m pressure.
θm,min Lower limits of node m pressure.
SP2G(t) Amount of synthetic natural gas produced

by the P2G device at time t .
Sg(t) Amount of natural gas consumed by gas

turbine operation at time t .
Sload Gas load.
PCCPP(t) Energy consumed by the carbon capture

device at time t .
PCCPPr (t) Operating energy consumption of carbon

capture device at time t .
PCCPPb Basic energy consumption.
µ Energy consumed to capture per CO2.
ηt Carbon capture rate.
δt Carbon emissions intensity of generator

set.
Gi(t) Output power of the generator set at

time t .
QCCPP(t) CCPP actual carbon emissions.
PP2G(t) Power consumed by the P2G device at

time t .
ηP2G P2G efficiency.
PR,P2G Rated power of P2G device.
LHV Natural gas calorific value.
Pg(t) Output power of the gas turbine.
PR,GT Rated power of gas turbine.
Fc Carbon trading cost.
EIES Total carbon emissions of the system in a

dispatch period.
c Carbon emissions trading price.
s Carbon trading price growth rate for each

tier.
x Carbon emission range length.
Qt Carbon emission quota.
Qsto(t) Carbon storage at time t.
λc Carbon storage cost factor.

QR,sto Rated capacity of carbon storage device.
cj Natural gas price.
ci Thermal power unit operating cost factor.
cP2G P2G operating cost factor.
cg Gas turbine operating cost factor.
cw Wind curtailment cost factor.
ωt Wind power utilization.
Pw(t) Wind turbine output power.
cE Time-of-use electricity price.
λc Carbon storage cost factor.
Gmax
i Upper limits of the output power of the

generator set.
Gmin
i Lower limits of the output power of the

generator set.
Pmax
w Maximum value of wind power at time t.
QR,sto Rated capacity of carbon storage device.
U Decision variable.
Abbreviations
CCUS: Carbon capture, utilization and storage.
IEGS: Integrated electricity-gas system.
KKT: Karush-Kuhn-Tucher.
MILP: Mixed integer linear programming.
LSEs: Load serving entities.
SNG Synthetic natural gas.
CCPP: Carbon capture power plant.
IGCC Integrated gasification combined cycle.

I. INTRODUCTION
In recent years, with the rapid development of social pro-
ductivity, the energy utilization pattern mainly in the form
of fossil fuel combustion has caused serious environmental
pollution [1]. A large amount of CO2 emitted by combustion
is the main cause of the greenhouse effect. As a major energy-
consuming industry, the power sector accounts for 42% of
the world’s total CO2 emissions [2]. Therefore, the vigorous
development of low-carbon electricity is of great significance
to the reduction of carbon emissions and the sustainable
development of electricity [3]. With the development of gas
turbine power generation technology, natural gas has become
one of the important energy sources for power generation due
to its wide reserves, low cost and high safety [4]. The future
energy system is the product of a highly coupled electricity
and natural gas network.

Integrated electricity-gas system (IEGS) is a kind of inte-
grated energy system, which can consolidate primary energy
sources such as coal, oil, natural gas and renewable energy
sources such as wind and photovoltaic in a certain region by
using advanced physical information technology and innova-
tive management mode [5]. It realizes coordinated planning,
optimized operation, collaborative management, interactive
response and complementary mutual benefit between multi-
ple heterogeneous energy subsystems [6]. The IEGS contains
two energy networks, the electric network and the natural
gas network. The energy flow between the two systems is
bi-directional through gas turbines and power-to-gas (P2G)
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units. The P2G device converts excess wind energy into syn-
thetic natural gas (SNG) through an electrolytic water reac-
tion and a methane catalytic reaction, providing a different
solution for the consumption of clean energy [7]. CO2 from
primary energy combustion can be used as feedstock for SNG
production in the P2G device, which can effectively reduce
system carbon emissions.

At present, most of the research on IEGS has focused
on economic scheduling [8]. Paper [9] considers the effect
of power-to-gas equipment on wind power consumption in
the electricity-gas integrated energy system to improve the
system economy. In [10], an operation optimization strategy
of the integrated energy system of the park based on the
primary-secondary game of the source-load dual side is pro-
posed, which takes into account the interests of different sub-
jects in the process of operation optimization and improves
the economic benefits of each subject in the system. The
above paper investigates the overall dispatch of the system but
does not consider the economic dispatch under market inter-
vention. In [11], to address the complexity of bidding deci-
sions in the electricity market, a new strategic bidding model
for a load serving entities (LSEs) is proposed in which the
primary objective is to maximize the LSE’s profit by provid-
ing optimal load serving entities considering highwind power
penetration. The paper [12] proposes a model of an integrated
electricity-gas-heat energy system under the participation of
multiple markets by considering the market benefits and
operating costs, and the integrated benefits can be maximized
through system coordination and cooperation. The above
paper considers the economic benefits in a variety of markets
but ignores the issue of environmental pollution. Paper [13]
proposes a joint economic operation model for an integrated
electricity-gas interconnection energy system, and introduces
a carbon trading mechanism. The two low-carbon economic
operation states under the model of an integrated electricity-
gas interconnection energy system and a pure thermal power
generation system considering the carbon trading mecha-
nism are compared. Paper [14] proposes an opportunity
constrained and reliability planning optimization model that
minimizes the capital and operating costs of the electricity
and natural gas transmission system under probabilistic con-
straints to achieve the desired level of confidence in supply.

Carbon capture, utilization and storage (CCUS) technol-
ogy is considered to be one of the effective measures that can
reduce carbon emissions [15]. The CO2 captured and stored
by CCUS can be used as raw material for SNG production
from P2G in IEGS [16]. Therefore, the CCUS system can
significantly reduce the carbon emissions of IEGS. Existing
carbon capture technologies are divided into three categories:
pre-combustion capture, oxygen-enriched combustion cap-
ture and post-combustion capture.

A. PRE-COMBUSTION CAPTURE
Pre-combustion capture is the removal of CO2 from coal
or fossil fuels before the actual combustion process begins,

FIGURE 1. Pre-combustion capture flow chart.

in which an air separation unit delivers the separated oxygen
to the gas generator. The CO2 is separated and stored after the
mixture is desulfurized, and the remaining high concentration
of H2 is used as fuel. However, the application scope of
pre-combustion capture technology is limited to integrated
gasification combined cycle (IGCC) system, and it has the
disadvantages of high upfront investment cost and low relia-
bility. The specific process is shown in Fig. 1.

B. OXYGEN-ENRICHED COMBUSTION CAPTURE
In oxyfuel combustion carbon capture technology, a large
percentage of nitrogen is initially removed from the air in the
air separation unit by oxygen production technology, and a
mixture of highly concentrated oxygen and a portion of the
extracted flue gas is used directly in place of air. The fuel is
burned under this gas mixture, so the flue gas produced after
combustion consists mainly of high concentrations of CO2
and water vapor, which can be directly processed for carbon
sequestration. The challenges of oxygen-enriched combus-
tion capture technology are the high cost of oxygen pro-
duction and the high energy consumption ratio. The specific
process is shown in Fig. 2.

FIGURE 2. Oxygen-enriched combustion capture flow chart.

C. POST-COMBUSTION CAPTURE
Post-combustion capture is a technology that separates CO2
from aflue gas pipe filledwith amixture of gases after the fos-
sil fuel has been fully combusted. The main capture methods
are chemical absorption, adsorption, physical absorption and
membrane separation. Post-combustion capture technology is
simple in principle and has a wide range of applications. It is
considered to be the most feasible capture method at present.
The specific process is shown in Fig. 3.

There have been more studies considering CCUS in IES.
In [17], the operation mechanism and peaking performance
of carbon capture power plants were investigated in depth
with the basic principles of carbon capture technology, and
the problem of the significant decrease in carbon capture level
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FIGURE 3. Post-combustion capture flow chart.

occurs during peaking, so peak shaving measures need to
be considered. Paper [18] introduces an independent carbon
capture system on the basis of thermal power units to achieve
the purpose of improving the wind power consumption rate
and reducing carbon emissions, but it does not fully utilize
the captured CO2. While all of the above paper considers
methods to reduce carbon emissions, it does not investigate
the economic value of CO2 in depth. Based on the CCUS-P2G
coordinated operation framework, Paper [19] proposes a low-
carbon economic dispatchmodel for the IEGSwith combined
operation of CCUS and P2G. The simulation results show
that the proposed model can enhance the system’s renewable
energy consumption and reduce costs and carbon emissions.

The carbon trading mechanism is a market mechanism to
trade carbon emission credits as a commodity, and companies
can purchase or sell carbon emission credits according to
their demands. The ladder carbon trading mechanism divides
carbon emissions into multiple bands on the basis of the
traditional carbon trading mechanism, and each band corre-
sponds to a different unit carbon trading price, which can
more effectively drive the enthusiasm of enterprises to save
energy and reduce emissions. In [20], a low carbon economic
dispatch model considering scenario probability including
wind power is proposed. By introducing the traditional car-
bon trading mechanism, it is proved that it can effectively
reduce carbon emissions and increase the output of low-
carbon units. Paper [21] proposes an optimal dispatching
model of electricity-gas integrated energy system with the
introduction of carbon trading mechanism to analyze the
impact of carbon trading formulation on the economy and
carbon emission, which is a guideline for low-carbon eco-
nomic dispatching of the integrated energy system. However,
the model does not consider the case of the ladder carbon
trading mechanism.

Motivated by the above observations, a bi-level optimal
scheduling model of IEGS considering carbon capture, uti-
lization and storage is proposed. The upper model is the
optimal distribution model for the natural gas networks, and
the lower model is the day-ahead economic dispatch model
for power system. The introduction of a ladder carbon trading
mechanism has effectively reduced system carbon emissions
and carbon trading costs. The detailed contributions of this
article are as follows.

1) The proposed low carbon scheduling model consider-
ing CCUS has a positive impact on the IEGS in terms of
carbon emission reduction and economical operation.
Besides, CCUS can participate in the operation of the

system as a load, providing more solutions for clean
energy consumption and improving the operational
flexibility of IEGS.

2) The optimal scheduling problems of power system
and natural gas system are modeled hierarchically in
this paper. In comparison with the single-level model
that directly sums the objective functions of two sys-
tems [22], the bi-level model can obviously reduce the
operating cost of IEGS.

3) Compared with the traditional carbon trading mech-
anism [23], the ladder carbon trading mechanism in
this paper has a more reasonable intensity of carbon
emission rewards and penalties. It can effectively drive
the enthusiasm of enterprises to save energy and reduce
emissions.

The arrangement of paper is organized as follows. In Sec-
tion II, CCUS and ladder carbon trading mechanism models
are proposed. In Section III, the modeling of the bi-level
model is provided. In Section IV, the solution process of
the bi-level model is given. In Section V, three comparative
experiments are presented to prove the rationality of the
proposed model. Finally, some concluding remarks are given
in Section VI.

II. SYSTEM DESCRIPTION AND MODEL
A. POWER NETWORK MODEL
Power system tide calculation is a method to study the steady-
state operation of a power system, which determines the
operating state of the entire power system components based
on the given operating conditions and system wiring. In both
the design of power system planning and the study of existing
power system operation methods, it is necessary to use tidal
wave calculation to quantitatively analyze the rationality,
reliability and economy of the operation methods. As the
same as the traditional power system tidemodeling, the power
system in IEGS is calculated using the Newton-Raphson
method (N-L method), one of the common algorithms for
power system tide calculation, which has the advantages of
good convergence and low number of iterations.

1) Power balance constraint:

Pi + jQi − U̇i
n∑
j=1

ẎijU̇j = 0 (1)

where Pi is active power of node i. Qi is reactive power of
node i. U̇i and U̇j are node voltage of node i and node j
respectively. Ẏij is conductivity of the power branch ij.

2) Node voltage constraint:

Ui,min ≤ Ui ≤ Ui,max (2)

where Ui,max and Ui,min are maximum and minimum values
of voltage at node i.
3) Power upper and lower limits constraint:

Pi,min ≤ Pi ≤ Pi,max (3)

Qi,min ≤ Qi ≤ Qi,max (4)
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where Pi,min and Pi,max are minimum and maximum values
of active power of node i. Qi,min and Qi,max minimum and
maximum values of reactive power for node i.
4) Phase difference constraint:∣∣δi − δj

∣∣ <
∣∣δi − δj

∣∣
max (5)

where δi and δj are phase angle of node i and node j.
5) Line transmission constraint:

0 ≤ Lij ≤ Lmax
ij (6)

where Lij is value of current flowing through line ij. Lmax
ij is

current transmission limit of branch ij.

B. NATURAL GAS NETWORK MODEL
Natural gas is a key component of the energy transition and
it will play a critical role in the future energy grid. Compared
to other fossil fuels, natural gas power generation is char-
acterized by a lower environmental impact, high conversion
efficiency, low capital investment costs, short construction
time and high operational flexibility. The main components
of a natural gas network are gas source stations, compressors,
transmission pipelines and gas loads.

1) NATURAL GAS FLOW EQUATION
Natural gas pipeline flow is influenced by pipeline length,
width, operating temperature and node air pressure. For the
natural gas pipeline mn, similar to the node voltage of the
electrical network, the node air pressure at nodes m and n of
the natural gas pipeline network affects the flow of natural
gas, i.e., the flow flows from the node with high air pressure
to the node with low air pressure. The pipeline flow rate of
the natural gas system can be approximated by theWeymouth
equation, which is expressed as:

Fmn(t) = Smn · σmn

√∣∣θ2m − θ2n

∣∣ (7)

Smn =

{
1, θm ≥ θn

−1, θm < θ
(8)

where Fmn(t) is flow of natural gas through natural gas
pipeline mn at time t . Smn is direction parameter, indicating
the direction of natural gas flow in the pipeline, when the
pressure at nodem is higher than node n is taken as 1, and vice
versa is taken as −1. σmn indicates pipe parameters related
to pipe length, temperature, diameter, etc. θm and θn are air
pressure of node m and node n.

2) GAS SOURCE STATION CONSTRAINT
In actual operation, natural gas cannot be supplied indefi-
nitely, so the supply of natural gas from the gas source station
needs to be bounded by upper and lower limits, which can be
expressed as:

Smin
j ≤ Sj(t) ≤ Smax

j (9)

where Sj(t) is natural gas supply from the gas source station
at time t . Smin

j and Smax
j are lower and upper gas supply limits

at gas supply stations.

3) PRESSURE STATION MODEL
In the long-distance transportation of natural gas, in order
to offset the gradual decrease of the transportation pressure
caused by the flow resistance, and ensure the transportation
volume and the pressure at the destination, the pressure sta-
tion needs to be set up on the way.

Hc,mn = Z · Fmn

[(
θm

θn

)K

− 1

]
(10)

τmn = v1H2
c,mn + v2Hc,mn + v3 (11)

where Hc,mn is compressor operation energy consumption.
Z and K are constants. τmn is equivalent flow of energy
consumed by compressor. v1, v2, v3 are energy conversion
efficiency constant.

4) NODE PRESSURE CONSTRAINT

θm,min ≤ θm ≤ θm,max (12)

where θm,min and θm,max are lower and upper limits of node
m pressure.

5) NATURAL GAS FLOW BALANCE CONSTRAINT

Nj∑
j=1

Sj(t) +

Np∑
p=1

SP2G(t) −

Nm∑
m=1

Sg(t) − Sload = 0 (13)

where SP2G(t) is the amount of synthetic natural gas produced
by the P2G device at time t . Sg(t) the amount of natural gas
consumed by gas turbine operation at time t . Sload is gas load.

C. CCPP OPERATION CHARACTERISTICS
Retrofitting conventional thermal power plants with carbon
capture devices to form carbon capture power plants (CCPP).
The flue gas from the combustion of thermal power units is
captured by a carbon capture system and then passes through
a series of processes to reach the CO2 regeneration tower.
A portion of this is used to produce synthetic natural gas
for P2G and the other portion flows to CO2 compressor for
storage. After the decarbonisation process, themixed solution
flows to the CO2 absorption tower for subsequent use [24].
The energy consumption of carbon capture devices

includes operating energy consumption and primary energy
consumption. The basic energy consumption is fixed, inde-
pendent of the operation state of the carbon capture device.
Operating energy consumption mainly refers to the energy
consumption generated by the carbon capture system in cap-
turing CO2 [25]. Operating energy consumption is related to
the operating condition of the carbon capture system. The
carbon capture device can change the net output power by
adjusting the operating energy consumption of the carbon
capture system, thus improving the wind absorption capacity
of the system.

PCCPP(t) = PCCPPr (t) + PCCPPb (14)
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PCCPPr (t) = µ · ηt · δt ·

Ng∑
g=1

Gi(t) (15)

QCCPP(t) = (1 − ηt ) · δt ·

Ng∑
g=1

Gi(t) (16)

η ≤ ηt ≤ η (17)

wherePCCPP(t) is the energy consumed by the carbon capture
device at time t . PCCPPr (t) is operating energy consumption
of carbon capture device at time t . PCCPPb is basic energy
consumption. µ is the energy consumed to capture per CO2.
ηt is the carbon capture rate. δt is carbon emissions intensity
of generator set.Gi(t) is the output power of the generator set
at time t . QCCPP(t) is CCPP actual carbon emissions.

D. POWER-TO-GAS MODEL
P2G technology mainly includes two types: power-to-
hydrogen and power-to-methane [26]. The flow of P2G
implementation is shown in Fig. 4. P2G technology facili-
tates large-scale storage of natural gas, provides natural gas
directly to the gas load, and converts natural gas to electricity
via gas turbines when required by the electric load. It not only
promotes CO2 reduction by reducing the output of thermal
power units but also reduces the dependence on the natural
gas network at the gas source. The relationship that P2G
consumes power to generate SNG is formulated as (18). The
upper and lower limits of energy consumption and conversion
efficiency of P2G device in period t are shown in (19)-(20).

SP2G(t) =
PP2G(t) · ηP2G

LHV
(18)

ηmin
P2G ≤ ηP2G ≤ ηmax

P2G (19)

0 ≤ PP2G(t) ≤ PR,P2G (20)

where SP2G(t) is the amount of natural gas produced by the
P2G device at time t . PP2G(t) is the power consumed by the
P2G device at time t . ηP2G is P2G efficiency. PR,P2G is rated
power of P2G device. LHV is the natural gas calorific value.

Currently, the energy conversion efficiency of the complete
process of electricity to natural gas conversion can reach
45%-60%. In Germany, where conversion technology is more
developed, P2G has been used to improve the utilization
of renewable energy and achieve CO2 emission reduction
targets, and a commercial P2G demonstration project has
been built [27].

E. GAS TURBINE MODEL
For the power system, the gas turbine is the energy supply side
resource, while it is a load in the natural gas system [28]. The
power generation of the gas power plants is proportional to
the natural gas consumption, and the conversion relationship
can be approximately formulated as (21)-(22).

Pg(t) = Sg(t) · LHV · ηg (21)

0 ≤ Pg(t) ≤ PR,GT (22)

FIGURE 4. P2G flow chart.

FIGURE 5. Ladder carbon trading mechanism.

where Pg(t) is the output power of the gas turbine. Sg(t) is the
natural gas consumed during the operation of the gas turbine.
PR,GT is rated power of gas turbine.

F. LADDER CARBON TRADING MECHANISM MODEL
The carbon trading mechanism treats carbon emissions as
a freely tradable commodity. The regulator allocates carbon
credits to each source to control the total amount of carbon
emissions, carbon credits refer to the total amount of CO2
that enterprises are allowed to emit by the regulator for a
limited period of time, and if the actual carbon emissions
of the source are higher than the allocated amount, it is
required to purchase the excess credits in the carbon trading
market. Conversely, when the actual carbon emissions of a
source are less than the allocated amount, it can sell the
remaining credits in the carbon trading market. Thus, the car-
bon trading mechanism both punishes high carbon emitters
economically and rewards the energy-saving sector, which
makes carbon emissions have a great economic value [29].
The ladder carbon trading mechanism refers to the division of
carbon emissions into multiple bands, with the higher carbon
emissions corresponding to higher carbon trading prices [30].
In this transaction cost model, the relationship between car-
bon trading volume and price is shown in Fig. 5. In the figure,
x is an interval length, when carbon emissions are within the
interval from (0 ∼ x), the carbon trading price is c; when
carbon emissions are within the interval from (x ∼ 2x), the
carbon trading price for the part within the x interval is still
c, and the carbon trading price for the part beyond x is c(1 +

s), and so on.
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In summary, the system carbon transaction cost can be
formulated as (23).

FC =



. . .

−c(1 + s)x − c(1 + 2s)(Qt − x − EIES )
,Qt − 2x < EIES ≤ Qt − x
−c(1 + s)(Qt − x − EIES )
,Qt − x < EIES ≤ Q
c(EIES − Qt )
,Qt < EIES ≤ Qt + x
cx + c(1 + s)(EIES − Qt − x)
,Qt + x < EIES ≤ Qt + 2x
c(2 + s)x + c(1 + 2s)(EIES − Qt − 2x)
,Qt + 2x < EIES ≤ Qt + 3x
c(3 + 3s)x + c(1 + 3s)(EIES − Qt − 3x)
,Qt + 3x < EIES ≤ Qt + 4x
. . .

(23)

where Fc is the carbon trading cost. EIES is the total carbon
emissions of the system in a dispatch period. c is carbon
emissions trading price. s is the carbon trading price growth
rate for each tier. x is the carbon emission range length. Qt
carbon emission quota.

G. CARBON STORAGE MECHANISM MODEL
Carbon storage is the safe storage of captured carbon to
avoid emission into the atmosphere. At present, the research
direction of carbon storage is mostly deep-sea storage and
geological saline aquifer storage [31]. The principle is to
use the rich calcium and magnesium ions in seawater and
saline aquifer to react with CO2 to generate solid materials
for storage.

Fsto(t) = λc · Qsto(t) (24)

0 ≤

T∑
t=1

Qsto(t) ≤ QR,sto (25)

where Qsto(t) is carbon storage at time t. λc is carbon storage
cost factor. QR,sto is rated capacity of carbon storage device.

III. BI-LEVEL DISPATCH MODEL
The IEGS consists of wind farms, CCPP, gas source, P2G
device, gas turbine, carbon storage device, electricity load
and natural gas load. The diagram of the IEGS is shown in
Fig. 6. P2G and gas sources can participate in the scheduling
of IEGS as electricity and gas load. The CO2 required for the
production of synthetic natural gas can be taken away from
the CO2 captured by the carbon capture unit. This reduces
carbon emissions and environmental pollution. In addition,
when the wind energy is in surplus, P2G can convert the
unconsumable wind power to natural gas. The carbon capture
device changes the net power output by regulating the energy
consumption of carbon capture. The coordinated operation of
both greatly improves the wind power consumption capacity
of the system.

FIGURE 6. Integrated electricity-gas energy system structure diagram.

A. UPPER NATURAL GAS SYSTEM MODEL
In the natural gas system, gas resources are distributed to
consumers through the gas transmission network from the
gas source. In the natural gas network, it is assumed that
each gas source sells gas at different prices and its gas sales
cost is proportional to the gas sales volume. The objective
function of the optimal scheduling of the upper-level natural
gas system is to minimize the total cost of natural gas system
operation, and the constraint condition is the natural gas net-
work constraint. Therefore, the upper-level natural gas system
dispatching model can be expressed as (26)-(28).

Fg = min
T∑
t=1

Nj∑
j=1

(cj · Sj(t))

s.t. (7) − (13), (18) − (20) (26)
Nj∑
j=1

Sj(t) +

Np∑
p=1

SP2G(t) −

Nm∑
m=1

Sg(t) − Sload = 0 (27)

Sj,min ≤ Sj(t) ≤ Sj,max (28)

where cj is the natural gas price. Sj(t) is gas purchase volume.
Sg(t) is gas consumption of gas turbine. Sj,max, Sj,min are the
upper and lower limits of the gas supply volume of the gas
source station.

B. LOWER POWER SYSTEM MODEL
The objective of the day-ahead economic dispatch problem
of the lower power system is to minimize the operating
cost. Including thermal power generation costs, P2G and gas
turbine operating costs, wind curtailment costs, carbon cap-
ture device operating costs, carbon storage costs, and carbon
trading costs.

Fe = min
T∑
t=1

(
Ng∑
g=1

ci · Gi(t)+
Nw∑
w=1

cw(1 − ωt )Pw(t)

+

Nm∑
m=1

cg · Pg(t) +

Np∑
p=1

cP2G · PP2G(t)

+ cE · PCCPP(t) + λc · Qsto(t)) (29)
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s.t.
Ng∑
g=1

Gi(t) +

Nw∑
w=1

ωt · Pw(t) +

Nm∑
m=1

Pg(t)

−

Np∑
p=1

PP2G(t) − PCCPP(t) − Pload = 0 : λt

(30)

Gmin
i ≤ Gi(t) ≤ Gmax

i : µmin, µmax (31)

0 ≤ Pw(t) ≤ Pmax
w : φmin, φmax (32)

0 ≤

T∑
t=1

Qsto(t) ≤ QR,sto : γmin, γmax (33)

0 ≤ Pg(t) ≤ PR,GT : ηmin, ηmax (34)

0 ≤ PP2G(t) ≤ PR,P2G : πmin, πmax (35)

where ci is thermal power unit operating cost factor. Gi(t)
is the output power of the generator set at time t . cP2G is
P2G operating cost factor. PP2G(t) is the power consumed
by the P2G device at time t . cg is gas turbine operating cost
factor. Pg(t) is the output power of the gas turbine. cw is wind
curtailment cost factor. ωt is wind power utilization. Pw(t) is
wind turbine output power. cE is time-of-use electricity price.
λc is carbon storage cost factor. Qsto(t) is CO2 sequestered
at time t . Gmax

i ,Gmin
i are the upper and lower limits of the

output power of the generator set. Pmax
w is the maximum value

of wind power at time t . QR,sto is rated capacity of carbon
storage device. PR,GT is rated power of gas turbine. PR,P2G
is rated power of P2G. λt , µmin, µmax, φmin, φmax, γmin,
γmax, ηmin, ηmax, πmin, πmax are the Lagrange multipliers
corresponding to the objective function and constraints.

IV. BI-LEVEL MODEL MATHEMATICAL SOLUTION
The bi-level model established in this paper considers the
economics of the operation of the two systems separately.
Given that the lower-level model is a linear programming
problem. By reformulating the lower-level problem as its
KKT optimality condition, the dual objective function of the
lower-level model is then derived based on strong dual theory
and added to the upper-level model. Thus, the bi-level model
is transformed into a single-level model. Finally, eliminating
the nonlinear terms in it is considered to transform the model
into a more easily solvableMILP problem. The process of the
bi-level model converted to a single-level model is as follows:

L =

T∑
t=1

(
Ng∑
g=1

ci · Gi(t) +

Np∑
p=1

cP2G · PP2G(t)+
Nm∑
m=1

cg · Pg(t)

+

Nw∑
w=1

cw(1 − ωt )Pw(t) + cE · PCCPP(t) + λc · Qsto(t))

+ λt · (
Ng∑
g=1

Gi(t) +

Nw∑
w=1

ωt · Pw(t) +

Nm∑
m=1

Pg(t)

−

Np∑
p=1

PP2G(t)

− PCCPP(t) − Pload (t)) +

Ng∑
g=1

µmin(Gmin
i − Gi(t))

Ng∑
g=1

µmax(Gi(t) − Gmax
i ) +

Nw∑
w=1

φmin
· (0 − Pw(t))

Nw∑
w=1

φmax
· (Pw(t) − Pmax

w ) +

Np∑
p=1

πmin
· (0 − PP2G(t))

Np∑
p=1

πmax
· (PP2G(t) − PR,P2G) +

Nm∑
m=1

ηmin
· (0 − Pg(t))

Nm∑
m=1

ηmax
· (Pg(t) − PR,GT ) + γmin

· (0 − Qsto(t))

γmax
· (Qsto(t) − QR,sto) (36)

Firstly, the Lagrangian function of the lower model is
constructed, as shown in (36). The complementary relaxation
condition of the lower model can be written as (37)-(46).

0 ≤ µmax
⊥(Gmax

i − Gi(t)) ≥ 0 (37)

0 ≤ µmin
⊥(Gi(t) − Gmin

i ) ≥ 0 (38)

0 ≤ πmax
⊥(PR,P2G − PP2G(t)) ≥ 0 (39)

0 ≤ πmin
⊥PP2G(t) ≥ 0 (40)

0 ≤ φmax
⊥(Pmax

w − Pw(t)) ≥ 0 (41)

0 ≤ φmin
⊥Pw(t) ≥ 0 (42)

0 ≤ ηmax
⊥(PR,GT − Pg(t)) ≥ 0 (43)

0 ≤ ηmin
⊥Pg(t) ≥ 0 (44)

0 ≤ γmin
⊥Qsto(t) ≥ 0 (45)

0 ≤ γmax
⊥(QR,sto − Qsto(t)) ≥ 0 (46)

The complementarity constraints (37)-(46) are nonlinear.
The linearization for them is presented below. In accordance
with the big-M method. By introducing auxiliary decision
variable U , the complementary relaxation condition can be
linearized.

0 ≤ µmax
≤ Mmax

µ · Umax
µ (47)

0 ≤ Gmax
i − Gi(t) ≤ Mmax

µ · (1 − Umax
µ ) (48)

0 ≤ µmin
≤ Mmin

µ · Umin
µ (49)

0 ≤ Gi(t) − Gmin
i ≤ Mmin

µ · (1 − Umin
µ ) (50)

0 ≤ πmax
≤ Mmax

π · Umax
π (51)

0 ≤ PR,P2G − PP2G(t) ≤ Mmax
π · (1 − Umax

π ) (52)

0 ≤ πmin
≤ Mmin

π · Umin
π (53)

0 ≤ PP2G(t) ≤ Mmin
π · (1 − Umin

π ) (54)

0 ≤ φmax
≤ Mmax

φ · Umax
φ (55)

0 ≤ Pmax
w − Pw(t) ≤ Mmax

φ · (1 − Umax
φ ) (56)

0 ≤ φmin
≤ Mmin

φ · Umin
φ (57)

0 ≤ Pw(t) ≤ Mmin
φ · (1 − Umin

φ ) (58)

0 ≤ ηmax
≤ Mmax

η · Umax
η (59)
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0 ≤ PR,GT − Pg(t) ≤ Mmax
η · (1 − Umax

η ) (60)

0 ≤ ηmin
≤ Mmin

η · Umin
η (61)

0 ≤ Pg(t) ≤ Mmin
η · (1 − Umin

η ) (62)

0 ≤ γmax
≤ Mmax

γ · Umax
γ (63)

0 ≤ QR,sto − Qsto(t) ≤ Mmax
γ · (1 − Umax

γ ) (64)

0 ≤ γmin
≤ Mmin

γ · Umin
γ (65)

0 ≤ Qsto(t) ≤ Mmin
γ · (1 − Umin

γ ) (66)

where Umax
µ , Umin

µ , Umax
π , Umin

π , Umax
φ , Umin

φ , Umax
η , Umin

η ,
Umax

γ , Umin
γ are 0-1 variables. Mmax

µ , Mmin
µ , Mmax

π , Mmin
π ,

Mmax
φ , Mmin

φ , Mmax
η , Mmin

η , Mmax
γ , Mmin

γ are large enough
constant.

According to the strong duality theory, the objective of the
primal problem is equal to the objective of the corresponding
dual problem. For the lower model (29)-(35), the objective
function of the dual problem can be expressed as (67).

maxFDe =

T∑
t=1

(λt · Pload + µmin
· Gmin

i

− µmax
· Gmax

i − φmax
· Pmax

w

− γmax
· Qmax

sto − ηmax
· PR,g

− πmax
· PR,P2G) (67)

From the optimality conditions in KKT conditions, at the
optimal solution point of the lower model, ∇L = 0.

∂L
∂Gi(t)

=

Ng∑
g=1

((cE − λt ) · µ · ηt · δt

+ ci + λt + µmax
− µmin) = 0 (68)

∂L
∂PP2G(t)

=

Np∑
p=1

(cP2G − λt + (πmax
− πmin)) = 0 (69)

∂L
∂Pw(t)

=

Nw∑
w=1

(λt · ωt + cw · (1 − ωt )

+ (φmax
− φmin)) = 0 (70)

∂L
∂Pg(t)

=

Nm∑
m=1

(λt + (ηmax
− ηmin) + cg) = 0 (71)

∂L
∂Qsto(t)

=

T∑
t=1

(λc + (γmax
− γmin)) = 0 (72)

Then (67) and (23) are substituted into the upper model,
and the transformed single-level model can be obtained as
(73).

max −

T∑
t=1

Nj∑
j=1

(cj · Sj(t)) +

T∑
t=1

(λt · Pload+

µmin
· Gmin

i −µmax
· Gmax

i −

φmax
· Pmax

w −γmax
· Qmax

sto −

ηmax
· PR,g − πmax

· PR,P2G) − FC

FIGURE 7. Structure of 6-bus power system and 7-node natural gas
system.

s.t. (7) − (13), (18) − (20), (27) − (28),

(47) − (66), (68) − (72) (73)

V. CASE STUDIES
In this paper, a 6-bus power system/7-node natural gas system
is employed as shown in Fig. 7. IEGS model with CCUS is
constructed. In the power system, G1-G2 are gas turbines,
G3-G5 represent CCPP, with the original carbon emissions
coefficient δt = 1.1 t/MWh, and the CO2 capture energy
consumption coefficient µ = 0.23 MWh/t [32]. One end
of the P2G is connected to node 2 of the electrical system
and the other end is connected to node 1 of the natural gas
system, the rated power of P2G is 60 MW, and the operating
cost coefficient is 20 $/MW, and the conversion efficiency is
0.64. A wind farm with an installed capacity of 300 MW is
connected to node 5. The electric load is evenly distributed
at nodes 2, 3 and 6. The carbon trading market price is taken
as 40 $/t. The gas purchase cost coefficients of the two gas
sources S1 and S2 are 10.5 $/kcf and 13.5 $/kcf respectively.
The time-of-use electricity prices are shown in Table 1. The
electricity load, gas load, and wind power forecast are shown
in Fig. 8.

A. INFLUENCE OF CCUS SYSTEM ON SCHEDULING
RESULTS
The following two cases are set for comparative analysis to
investigate the influence of CCUS on the operation of the
integrated energy system.

Case 1: System operation and economic dispatch of IES
without CCUS.

Case 2: System operation and economic dispatch of IES
with CCUS.

The power distribution of each unit and the carbon emis-
sions of the system under the two cases are shown in
Fig. 9-Fig. 10. The comparison of scheduling results in the
two scenarios is shown in Table 2.

CCUS includes carbon capture, utilization and storage,
which can participate in system operation as a load and

VOLUME 11, 2023 25085



X. Liu et al.: Low-Carbon Economic Dispatch of Integrated Electricity-Gas Energy System Considering CCUS

FIGURE 8. Electricity load, gas load, and wind power forecast.

TABLE 1. Time-of-use electricity price.

improve the coupling between the power system and the
natural gas system. SNG generated by the P2G device can be
involved in the dispatch of the natural gas system and reduce
the cost of gas purchase. As can be seen from Fig. 9 and
Fig. 10, the thermal unit output of case 2 is higher because
of the addition of power-using equipment such as P2G and
carbon capture device, to achieve electrical power balance.
By comparing the two cases in Table 2, it can be found that
after the introduction of CCUS, since the CO2 generated by
the system operation can be captured and stored, compared
with case 1, the carbon emissions and carbon transaction costs
of case 2 are reduced by 3350 t and 237000 $, i.e. 51.9% and
71.8%, respectively. Because there is no P2G unit, no SNG
is produced in case 1. The overall comprehensive cost of the
system of case 1 is 16.1% higher than that of case 2. This
shows the effectiveness of CCUS in reducing system costs
and carbon emissions.

B. COMPARISON OF BI-LEVEL MODEL AND
SINGLE-LEVEL MODEL
In order to further prove the rationality and effectiveness
of the proposed model, the proposed bi-level and single-
level models are compared. The objective function of the
single-level optimization model is the sum of the upper and
lower objective functions, and the constraint conditions are
composed of the upper and lower model constraints. The
single-level model is as (58).

min {(13) + (16)}

s.t. (7) − (13), (18) − (19), (21), (27) − (28),

(30) − (35) (74)

FIGURE 9. Power distribution of case 1.

FIGURE 10. Power distribution of case 2.

Gas supply from each gas source under two models is
shown in Fig. 11, the carbon emissions and SNG production
of the two models are shown in Fig. 12, and the scheduling
results of the two models are shown in Table 3. From Fig. 11,
it can be seen that the gas supply of gas source 1 (S1) under
the bi-level model is 5527 kcf more than that of the single-
level model, and the gas supply of gas source 2 (S2) under
the bi-level model is 5782 kcf less than that of the single-level
model. This is because the gas purchase cost coefficient of S1
is lower than that of S2, and the economics of the natural gas
system can be considered independently under the bi-level
model, which can better respond to the natural gas price and
make S1 supplymore gas, so the cost of the natural gas system
under the bi-level model is lower than that of the single-level
model.

The objective function is the main difference between
the bi-level and single-level models. The cost of the natural
gas and electrical systems in the bi-level model are con-
sidered separately in the objective function. In contrast, the
single-level model is a direct sum of the two systems. Because
of the significant difference in the magnitude of the cost
of the two systems, the single-level model cannot consider
the economics of the two energy networks. The P2G unit
under the bi-level model can produce more SNG, which will
consume more CO2
and reduce system carbon emissions. As can be seen from

Fig. 12 and Table 3, compared with the single-level model,

25086 VOLUME 11, 2023



X. Liu et al.: Low-Carbon Economic Dispatch of Integrated Electricity-Gas Energy System Considering CCUS

TABLE 2. Comparison of dispatch results under two cases.

TABLE 3. Comparison results of two models.

TABLE 4. Comparison of two carbon trading mechanisms.

FIGURE 11. Gas supply from each gas source under two models.

under the bi-level model, the natural gas system cost is
reduced by 27000 $, the power system cost is reduced by
789000 $, carbon trading cost is reduced by 14000 $, the
total system cost is is decreased by 830000 $, i.e. 8.59%, the
carbon emission is decreased by 220 t, i.e. 6.63%, and the

FIGURE 12. Comparison of carbon emissions and synthetic natural gas
under two models.

SNG is increased by 150 kcf, i.e. 12.39%. It demonstrates the
bi-level optimizationmodel ismore conducive to reducing the
operation cost and carbon emissions of IEGS, and more SNG
are synthesized through the P2G process, which effectively
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FIGURE 13. Carbon emissions under two carbon trading mechanisms.

reduces the quantity of natural gas purchased from the gas
network.

C. COMPARISON OF TWO CARBON TRADING
MECHANISMS
In order to verify the effectiveness of the ladder carbon
trading mechanism in reducing system carbon emissions and
carbon trading costs, the system scheduling results under the
ladder carbon trading mechanism and the traditional carbon
trading mechanism are compared. The unit carbon trading
price is c = 40 $, carbon trading price growth rate for each
tier is s = 8 $, carbon emission range length x = 600 t,
carbon emission quota is Qt = 1200 t. System carbon emis-
sions under the two carbon trading mechanisms are shown
in Fig. 13, and the system scheduling results are shown in
Table 4.

As can be seen from Fig. 13 and Table 4, compared
to the traditional carbon trading mechanism, although the
total system cost under the ladder carbon trading mechanism
increases by 39000 $, i.e. 0.44%, the system carbon emission
decreases by 790 t, i.e. 20.3%. It proves the effectiveness of
the ladder carbon tradingmechanism in low-carbon economic
dispatch.

VI. CONCLUSION
In this paper, a bi-level optimal scheduling model of low-
carbon economic dispatch was presented for IEGS consid-
ering carbon capture, utilization and storage. The following
conclusions have been drawn:

1) Compared with the single-level model that directly
adds objective functions of the two systems, the bi-level
model proposed in this paper reduces the system oper-
ating cost and carbon emissions, which is economical
and reasonable.

2) CCUS can participate in system operation as a load and
improve the coupling of power system and natural gas
system operation.

3) The introduction of the ladder carbon trading mecha-
nism divides carbon credits into multiple bands. Each
band corresponds to a different carbon trading price.

Companies can purchase or sell carbon credits accord-
ing to their actual requirements. It effectively raises
the awareness of energy-saving and emission reduction
among enterprises, which makes carbon emissions a
substantial economic benefit.

In future work, we plan to consider the complementary
characteristics of wind power and photovoltaic, introducing
more energy into the functional side.
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