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of integrated energy system
based on liquid carbon dioxide
energy storage
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School of Electrical Engineering, Xinjiang University, Urumgi, Xinjiang, China, 2School of Electrical
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To realize the integrated energy system (IES) low-carbon and economy
dispatches and renewable energy utilization, the integrated energy system
economic dispatch model introduces the liquid carbon dioxide energy
storage (LCES) and carbon capture system (CCS). This paper proposes a
low-carbon economic dispatch model for an integrated energy system that
considers LCES and carbon capture system. The paper considers the impact of
carbon trading mechanisms on systemic carbon emissions, aims to minimize
the total operating cost of the system, and comparison of integrated energy
system dispatch for two scenarios: integrated energy system equipped with
LCES and integrated energy system equipped with battery energy storage.
CPLEX simulation software simulates this comprehensive energy system.
Analyzing the dispatching results from different perspectives, such as electric
energy, thermal energy, and CO, emissions. These results show that the
proposed model effectively reduces carbon emissions, improves energy
utilization, and achieves comprehensive low-carbon economic operation of
the integrated energy system.

KEYWORDS

integrated energy system, liquid carbon dioxide energy storage, carbon capture
system (CCS), renewable energy (RE), dispatch

Introduction

As a key element of residential life and industrial production, energy is the basis of
human survival and social development. However, with the massive use of nonrenewable
energy, supply and demand becoming an increasingly prominent shortage of energy
reserves, unreasonable structures, low utilization efficiency, and insecurity of supply have
become problems in the energy field. The shortage of energy reserves, unreasonable
structure, low utilization efficiency, and insecurity of supply have become problems in the
field of energy (Min et al., 2022).

The integrated energy system (IES) increases the proportion of renewable
consumption, improves the efficiency of integrated energy use, and promotes energy’s
green and ecological development through the coordinated planning of multiple energy
sources (Qiu et al., 2022; Shen et al., 2022). China proposes peaking its carbon emissions
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Integrated energy system energy flow diagram

by 2030 and achieving carbon neutrality by 2060 (Liu et al,
2022), which requires a carbon capture system (CCS) (Paltsev
etal, 2021) and carbon trading mechanisms (Yan et al., 2022; Shi
et al., 2022) to achieve carbon emission reduction. Wind power
(He et al,, 2022), and photovoltaic (Yuan et al., 2022; Fu et al,,
2022) permeability increases yearly. This situation leads to
increased uncertainty in power system operation, so it is
significant to allocate energy storage equipment to consume
the load
power are

renewable energy and reduce peak-to-valley

(CCPP)
retrofitted from thermal power plants with carbon capture

difference. Carbon capture plants
devices (Ouyang et al, 2022). The range of carbon capture
output can be further increased by changing the carbon
capture energy consumption to achieve low carbon emissions
from high carbon thermal power Xi et al. (2023). Zhang et al.
(2022), analyzed the coordinated operation of carbon capture
power plants with the power to gas (PtG). Liao et al. (2022)
indicated that CCPP flexibly uses storage tanks to regulate the
electric load while improving the carbon capture level.

Among the many large-scale power storage technologies,
only pumped hydro storage is currently widely used. (Li et al.,
2022). Compressed air energy storage (CAES) has experience
in megawatt-scale commercial operations. CAES is considered
one of the most promising energy storage technologies for the
future due to the geographic dislocation of pumped storage
technology and the limitations of China’s specific geographic
location. Yu et al. (2022). Compared with air, CO, has a higher
critical pressure and critical temperature, and it is not difficult
to reach a liquid or supercritical state. LCES using CO, as a
working fluid has attracted the attention of scholars at home
and abroad. Coupling heat and power, improving the
utilization efficiency of renewable energy, and recovering
waste heat. The compressed gas energy storage system
using CO, as a medium is still in its infancy. Wang et al.
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(2015) showed that CO, energy storage systems have the
functional attributes of CAES systems and can also serve as
connected to distributed energy sources such as wind power
and photovoltaic to store excess power. A trans-critical CO,
energy storage system proposed by Li et al. (2018), was used to
optimize the thermal performance of the system. Wu et al.
(2016) used a new trans-critical CO, energy storage system to
realize the wind power storage process without analyzing the
characteristics of the CO, energy storage system for electricity
and thermal multi-energy supply. In Liu et al. (2019), CO,
energy storage is combined with a regeneration system, which
combines cooling, heating, and electricity to provide
energy the
economics and low-carbon nature of this system are not

diversified sources for users. However,
analyzed. Wang et al. (2015) compared the optimized LCES
system with an advanced adiabatic compressed air energy
storage (AA-CAES) system and concluded that LCES has
significant advantages in terms of energy density. LCES was
adopted in the solar collector system to increase the
expander’s output power and improve the LCES energy
storage efficiency in (Xu et al, 2020). Han et al. (2022)
compared two distinct models of compressed CO, energy
storage with a single output of electrical energy and
multiple works of electricity and heat, showing that the
has the highest

profitability and the best economy.

multi-energy output model annual

The CPLEX solver is a general-purpose mathematical
modeling solver developed by IBM, which is commonly used
to solve multi-constrained linear programming problems,
including linear programming (LP), quadratic programming
(QP), mixed integer linear programming (MILP) (Yang et al,
2020), and mixed integer quadratic programming problems
(MIQP). It is also applied in the study of power system
energy storage configuration. With the support of CPLEX, the
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efficiency of MATLAB for large-scale problems and linear
programming has been improved by leaps and bounds
(Wouters et al., 2015).

Most of the above literature studies consider the
thermodynamic analysis of the LCES energy storage cycle.
Nevertheless, there is no detailed analysis of the impact of the
pluripotent supply of LCES on IES. For this reason, this
paper considers the good electricity-heat interconnection
characteristics of LCES and the carbon emission reduction
characteristics of carbon capture power plants, constructs a
low-carbon economic dispatch model with the lowest total
cost of IES operation as the target function, and uses
different cases to compare and analyze the impact of
equipping LCES and CCS the low-carbon economic
operation of the IES.

This paper considers the shortage of a single energy supply
of traditional energy storage systems and the shortcomings of
the high carbon emissions of IES. This paper adopts LCES as
the energy storage device of an IES, which can effectively
consume renewable energy while assisting other devices for
and heat supply.
transformation of thermal power plants. CCS will help to

power Perform carbon capture
reduce the cost of the integrated energy system, optimize
energy efficiency and reduce carbon emissions. Specifically,
considering the relationship between low electric-thermal
energy efficiency and high carbon emissions in IES, this
paper constructs an integrated electric-thermal energy
system model based on LCES and CCS. The main

contributions of this paper are as follows.
(1) Considering different kinds of energy devices and their

coupling relationship in the IES and constructing the
mathematical model of the IES;
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(2) Establishing the LCES model, in the project of storing and
discharging electricity, part of the heat is supplied to the
thermal load at the same time.

(3) Considering the economy and low-carbon nature of the
integrated energy system in the objective function and
analyzing the uncertainty of the carbon trading price.

(4) The validity and economy of the proposed model are proven
by analyzing computational examples.

The rest of the paper is organized as follows: Inroduction
introduces the structure of the IES and the working principle of
the LCES. In Section 3, the IES’s low-carbon economic dispatch
objective function is discussed in detail, including the constraints.
In Section 4, different arithmetic cases are created to compare
and analyze the effectiveness of the proposed method;
Inroduction presents the numerical simulation results. Finally,
the conclusion and the outlook for future work are outlined in
Inroduction.

Mathematical model of IES
IES structure introduction

The proposed IES structure is shown in Figure 1; the IES
consists of CCPP, wind turbine (WT), photovoltaic (PV), gas
turbine (GT), gas boiler (GB), LCES, PtG, etc. The electric load is
supplied by CCPP, WT, PV, GT, and LCES. GT, GB, and LCES
provide the system thermal load.

Introduction to the working mechanism of
LCES

The structure (Wu et al., 2016) of the LCES is illustrated in
Figure 2, which consists of a compressor, hot water tank
(HWT), cold water tank (CWT),
preheater, low-pressure CO, storage tank (LPT), high-
pressure CO, storage tank (HPT), etc. LCES uses multi-
stage compression and multi-stage expansion for electrical

turbine, intercooler,

energy storage and release, which need to be completed
through compressors and turbines, with the compressor in
an electric state for energy storage and the turbine in a power
generation state for energy release. The process of energy
storage and energy release cannot coincide.

LCES consists of two working liquids, CO, and water. The
charging process can be summarized as evaporation,
compression, and cooling. The liquid CO, stored in the LPT
(7.4 MPa, 30°C) is evaporated by absorbing heat in the
evaporator (32°C). The low-pressure CO, is then compressed
to a high-pressure state by a compressor powered by renewable
energy or electricity during low electric load periods. The

compressed CO, entered the intercooler and returned to the
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FIGURE 3
Electric and thermal load forecast values.

liquid state storage in the high-pressure tank. At the same time,
the thermal compression is transferred to the water cycle in the
hot water tank. Similar to the charging process, the discharging
method comprises preheating, expansion and condensation.
During peak electrical load hours, the high-pressure liquid CO,
in the HPT absorbs the heat of compression in the preheater. It
then converts the pressure and heat energy in the CO, into
controlled mechanical work in the turbine. After expansion, the
CO, condenses into a liquid state using cooling water and is stored
in the LPT.

The mathematical model for compressor and turbine
operation in LCES.

LCESc
P t

= ZCpTict]imc,t/T’Ic,miyc)ist<lc()'*1)/ncy _ 1)
i=1
. g . o
pLosse _ qu)mqg)istcPTgimg‘t(l 0 I)M)
i=1

Where, P'icssc is the compression power; Pt is the
expanding power of the turbine; m, is the mass flow rate
of the working mass in the compressor; g is the mass flow
rate of the working mass in the turbine; y is the adiabatic
index; T is the CO, temperature entering the ith stage
COmpressor; Tig"’i is the CO, temperature entering the ith
stage turbine; n. is the compressor stages; is the turbine
stage; is the constant pressure specific heat capacity of CO,;
Nem is the efficiency of the compressor; 71 1, is the efficiency of
the turbine; is the shaft efficiency of the compressor; A is the
shaft efficiency of the turbine; A, is the compression ratio, and
is the expansion ratio.

The HWT in the LCES can be involved in storing heat and
providing heat load, and the mathematical model of an LCES
HWT is as follows:
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t t
Q' = Q" + Y Hoe At = ) Hog At + HyAt — H; ™At

=1 =1

@

Where Q4 is the heat storage capacity of the HWT at time t;
QU is the initial heat storage capacity of the HWT, the value of
which is equal to the heat storage capacity of the HWT at the end
of the previous dispatch cycle; Hq,; is the heat-absorbing power
of the heat exchanger at time t; Hqg; is the exothermic power of
the heat exchanger at time t; HL°E¢ is the thermal storage power
of the LCES, and H tLCESg is the exothermic power of the LCES.
The CO, pressure of the remaining gas in the HPT can reflect its
remaining storage energy, and the relationship between the CO,
pressure of the HPT and the inlet and outlet mass flow rate is:

. R.TSC R.TSC
psc 8% in 3
T TysC Met T 750 Mt

‘o ®)
P =PC+ Y Pt
T

Where PtSC is the CO, pressure of the HPT at time t; PfC is the
rate of change of CO, pressure in the HPT at time t; T5C is the
CO, temperature at the inlet of the HPT at time t; T5C is the
temperature inside the HPT; Ry is the ideal gas constant; VSC s
the volume of HPT, and P5€ is the initial CO, pressure of the
storage chamber; At is the time interval (set to 1 h in this paper).

Mathematical model of CCPP

In this paper, the CCPP operates in conjunction with WT
and PV to provide electrical load. Part of the wind and
photovoltaic power is supplied to the CCS; another part is
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TABLE 1 Fixed value and Optimization variables of LCES.

Parameters Value
Number of compressor stages 4
Compression power range 10-100
Compression ratio 4
Compressor efficiency/% 80
Compressor conversion efficiency/% 90
Minimum pressure of CO,/MPa 0.6-7.4
Ambient temperature/K 298

used as a power supply for PtG, and the rest of the power is fed
into the grid. A portion of the power generated by the CCPP is
utilized as carbon capture energy to supply the CCS, and the rest
of the power is fed into the grid. The mathematical model of a
carbon capture power plant (Liu et al,, 2019) is

Py = PN + Pe©

P =P + PP

PYP = 2°Q®

0<QF* < ppespOm
= Qe paQt

Q; = e8P,

4)

Where P, is the electricity generated off the CCPP; P{™N is the net
output electricity of the CCPP; P5¢ is the energy consumption of the
CCPP; P is the operational energy consumption of CCS; P is the
primary energy consumption for CCS; A is the operating energy
consumption per unit of COy; " js the mass of CO, being
processed, # is the maximum working condition factor of the
regeneration tower; f3 is the carbon capture efficiency; e® is the
carbon emission intensity of CCPP; QtCG is the reservoir that
provides the mass of CO, waiting to be processed by the resolving
tower; QtG is the total amount of CO, released from CCPP; and

PEm s the maximum power of the thermal power plant.
IES low carbon economic model
Objective function

In this paper, to minimize the total operating cost in the IES
dispatch, the dispatch plan is prepared by solving for the optimal

output of each unit. The objective function is.

Ce = (5)

M=

(CY +Cr+CPS + CH + CHB - C)

-
I

1

Where C}¥ is the cost of running the system, CR is the cost of
generating electricity from CCPP; CP2¢ is the PtG cost; C is the

LCES
Ct

cost of natural gas; is the LCES energy storage maintenance cost;

and I€ is the carbon trading revenue. The specific formula is as follows:
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Parameters Value
Number of turbine stages 4
Power generation range 10-120
Expansion ratio 3
Turbine efficiency/% 80
Turbine conversion efficiency/% 90
Maximum pressure of CO,/MPa 20-30
Minimum temperature of CO,/°C 35
TABLE 2 Other system parameters in the IES system.
Parameters Value Parameters Value
a; (($/kweh)) 14.6 a, ($/kweh) 12.3
4y ($/kWeh) 24.1 U, ($/kWeh) 14.2
a* ($/h) 200 b ($/kWeh) 17
c" ($/(kw)*eh) 0.04 A6 ($/kWeh) 20
¥ ($/m?) 0.149 LCES 90
y© ($/1) 20 AC (kWeh/t) 0.269
1 0.75 B 90%
e5(t/kWeh) 96%
[ CY =a,P%" +a,P% 4+ P+, PY
CR=a" +b'PS + & (PS)
e Seppe " U
t =X (Vt +VE -V )
1 CtLCEs _ Zt: kS ( ptLCEsc + PtLCESg) At ©)
7=1
t
I€=y° chP?N QY
L 7=1

Where, a; and a, are the operating cost factors of the GT and
GB; PST and PCP are the active powers of the GT and GB; y,
and y, are the unit maintenance costs of WT and PV; P}V and
P} are the power generation of WT and PV; a", b and c" are
the fuel cost factors; y*2C is the PtG operating cost factor; y*H
is the price per unit of natural gas; VST and VP are the natural
gas consumption of GT and GB; VF?¢ is the amount of natural

LCES

gas produced for PtG; a-“* is the LCES unit power cost factor;

y¢ is the price of carbon trading, and QN is the carbon

emissions from CCPP.

Constraints

IES operation is required to satisfy the operating balance
constraints for electrical and thermal power:
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TABLE 3 Abbreviations and symbols used in the equations and mathematical formulations.

10.3389/fenrg.2022.1051630

1ES LCES

integrated energy liquid carbon

CCSs

CCPP

carbon capture carbon capture power

CAES

Compressed air

WT

AA-CAES

advanced adiabatic wind turbine

system dioxide energy system plants energy storage compressed air energy
storage storage
13% GT GB HWT CWT LPT HPT
photovoltaic gas turbine gas boiler hot water tank cold water tank low-pressure high-pressure
CO2 storage tank CO2 storage tank
Pticese Plicesg me, Mgy y T::x:! Tg:x
Compression expanding power of  the mass flow rate of  the mass flow rate of the  adiabatic index CO2 temperature CO2 temperature
power of LCES LCES the working mass in ~ working mass in the entering the ith stage entering the ith stage
the compressor turbine compressor turbine
ne ng Cp Hem Mgm Heist Hgist
Compressor stages  turbine stage constant pressure is the efficiency of the the efficiency of the ~ Shaft efficiency of the shaft efficiency of the
specific heat capacity ~ compressor turbine compressor turbine
of CO,
Ac /\g }-[A ()HA HQC.T HQg.r H}CESC

Compression ratio  expansion ratio

heat storage capacity  initial heat storage

heat-absorbing

exothermic power of the  thermal storage power

of the HWT at time t  capacity of the HWT power of the heat  heat exchanger of the LCES
exchanger
e psC PC T5¢ T5¢ Ry Vse
exothermic power CO2 pressure of the  rate of change of CO2 temperature at the  the temperature ideal gas constant volume of HPT
of the LCES HPT at time t CO2 pressure in the inlet of the HPT at inside the HPT
HPT at time t time t
P3¢ At Py PEN pe P? pB
initial CO2 pressure time interval electricity generated net output electricity of  energy operational energy primary energy
of the storage off the CCPP the CCPP consumption of the  consumption of CCS consumption for CCS
chamber CCPP
A Qe U B e Qe Qt
Operating energy mass of CO2 being maximum working carbon capture the carbon Mass of CO, waiting to  the total amount of

consumption per processed condition factor of the efficiency emission intensity ~ be processed by the CO2 released from
unit of CO2 regeneration tower of CCPP analysis tower CCPP

pomax cw CR CP6 o CLCEs ©

Maximum power of  cost of running the  cost of generating cost of PtG cost of natural gas  LCES energy storage carbon trading revenue
the thermal power  system electricity from CCPP maintenance cost

plant

a a, POt PGB Uy 2] Py

Operating cost
factors of the GT

operating cost
factors of the GB

PV r

+ a

Power generation fuel cost factors

active powers of
the GT

br

active powers of the GB

fuel cost factors fuel cost factors

unit maintenance
costs of WT

P2G
X

PtG operating cost

unit maintenance costs
of PV

power generation
of WT

XCH, V?T

price per unit of natural gas

of PV factor natural gas consumption of GT
vGB VPG (LCES )© I pyN PYN
Natural gas amount of natural ~ LCES unit power cost price of carbon trading  carbon emissions power of WT to provide power of PV to provide

consumption of GB  gas produced

for PtG
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TABLE 3 (Continued) Abbreviations and symbols used in the equations and mathematical formulations.

EL GT GB HL LCESc, mi LCESc, LCESg, mi
P! H H H ploBsemin plOESe max pLCESg min
Electrical load the thermal power  the thermal power thermal load minimum maximum compression  minimum expansion
output of the GT output of the GB compression power — power for compress power for turbine
for the compressor
plossgmax pSCmin pScmax Qua Ve PG
Maximum the minimum the maximum maximum heat storage ~ Variable of controls  power to gas
expansion power atmospheric atmospheric pressure  capacity of the HWT the LCES operating
for turbine pressure of the HPT  of the HPT status
PON 4 pST 4 PN 4 pYN pyerse = Pt 4 pLetse (7) Regarding its daily electricity load and heat load data, as

HE" + H® + Hog, = H™ + Hq.,, (8)

Where P}'N is the power of WT to provide electrical load; PYN is

the power of PV to provide electrical load; PEL is the electrical

load; HtGT is the thermal power output of the GT; HtGB is the

thermal power output of the GB, and H! is the thermal load.
LCES operating state constraints:

P%CESC, minV: < P%CESC < P}CESC, maxv: (9)
PtLCESg, minv;g < PtLCESg < PtLCESg, max 8 (10)
piemin ¢ p3C ¢ pSG max (11)
0<QM<Q™ (12)
W<l (13)

Where, PFCESe™in g pLCESemax j¢ the minimum and maximum
PLCESg, min

compression power for compressor operation; P, .

LCESg, max . .. . .
P, is the minimum and maximum expansion power

P?C, min P?C, max

for turbine operation; is the minimum and
maximum atmospheric pressure of the HPT; QM2 is the
maximum heat storage capacity of the HWT; v is the
variable that controls the operating status of the compressor
and indicates whether the LCES is in charging condition, When
LCES is in charging state, v = 1, otherwise v¢ = 0; Similarly, v is
the variable that controls the operating condition of the turbine.

The planning variables of the model in this paper include the
LCES charging and discharging power at each moment, the issued
power of each unit, and the natural gas market supply volume, and the
constraints are mostly inequality constraints with upper and lower
bounds. The TES day-ahead optimization scheduling model with
LCES established in this paper is a mixed integer linear
programming, which can be resolved by calling the CPLEX solver
based on the YALMIP platform in MATLAB software.

Experimental verification
Test parameters

The experimental example model in this paper takes a
small regional IES in northern China as the research object.

Frontiers in Energy Research

shown in Figure 3, the predicted output of WT and PV is
shown in Figure 4. The carbon trading price is 19.8 $/t, the
natural gas transaction price is 0.42 $/m’, the dispatch period
is 24 h, and the unit dispatch time is 1hour. The LCES
operating parameters (Wu et al., 2016; Wang et al., 2015)
are shown in Table 1. The paper assumes that renewable
energy is all consumed. Other system parameters in the IES
system are shown in Table 2. Abbreviations and symbols used
in the equations and mathematical formulations are shown in
Table 3.

Results of analysis

This paper verifies the advantages of the LCES over the
battery on the operational benefits of IES and the low carbon
impact of CCS on IES. Four scenarios are set up in this paper for
comparison.

Scenario one assumes that the IES contains battery energy
storage without CCS.

Scenario two assumes that the IES contains battery energy
storage and CCS.

Scenario three assumes that the IES contains LCES
without CCS.

Scenario four assumes that IES contains LCES and CCS.

TABLE 4 Cost of IES in different scenarios ($/kWeh).

Costs Scenariol Scenario2 Scenario3 Scenario4
($/KWeh)

System operating 572 730 563 697
costs

CCPP costs 48023 45505 46920 45347
PtG costs 470 465 446 407
Natural Gas 154 160 157 153
Costs

LCES costs 1263 1362 1273 1377
CO2 trading -512 1152 —489 1201
revenue

Total Cost 50993 46903 49848 46695
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TABLE 5 The output of different units in each scenario.

Scenarios Scenariol
CCPP Electricity generation/kWeh 8086

WT Electricity generation/kWeh 3825

PV Electricity generation/kWeh 1117

GT Thermal generation/kWeh 8275

GT Electricity generation/kWeh 6365

GB Thermal generation/kWeh 2196

PtG Electricity consumption/kWeh 341

CO, Emissions/Tonss 6110

CO, Capture/Tons 0

According to the four scenarios, each unit’s cost and revenue

results and the dispatching situation results are optimized and

obtained as shown in Tables 4, 5. Where, a negative carbon

trading cost indicates that the system gains from the carbon

trading mechanism, and conversely, a positive one pays a

Cor:

foll

1)

Power/kW

responding cost The comparative analysis shows the
owing:
Scenario two compared to Scenario 1, equipped with CCS,

CO, trading revenue increased by $1 664 and CO, emissions
decreased by 2 472 tons, while renewable energy and CCPP
will provide carbon dioxide capture energy consumption,
resulting in an increase in electricity generation and a
corresponding increase in the cost of electricity generation,
but the total cost of the two combined is reduced by $3,924.
Similarly, scenario 4 has 3222 tons fewer carbon emissions
and 3069 $ fewer total costs than scenario 3. Thus, it can be
seen that introducing CCS into the IES can reduce CO,
emissions. At the same time, it achieves efficient use of
internal resources and reduces the total costs.
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Scenario2 Scenario3 Scenario4
7351 7715 7252

3286 4032 3319

693 1117 783

8990 8648 8979

6915 6652 7163

1481 1715 1358

139 133 121

3638 6386 3164

2123 0 2618

2) Scenario three compared to scenario 1, the total costs are

reduced by $1145. CO, transactions in both scenarios
show punitive costs and the same value, with the most
obvious cost difference between the two scenarios being
the CCPP cost. The combined electricity-thermal supply
of the LCES will provide more power, reducing the CCPP
and system operation costs, and the WT and PV with a
high ratio of 220 kW feed-in power. Thus, LCES has the
advantage of promoting renewable energy consumption
and reducing the total system operation cost over the
battery in the IES.

3) Scenario four compared to scenario 2, the renewable
energy feed-in power increases, the CCPP output
decreases, the cost reduces by $158, the PtG cost
decreases by $59, and the total cost decreases by $291.
At the same time, CO, emissions are reduced by 474 tons,
and CO, trading revenue is increased by $48. It can be seen
that equipping LCES and CCS in IES can not only reduce
the total system operation cost but also significantly
increase the renewable energy consumption rate. At the
1000
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FIGURE 6
Thermal power balance.
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same time, it reduces the CO, emissions of the system and
realizes the low carbon operation of the IES.

The optimization results, the results obtained from Scenario
four optimization, are shown in Figure 5 to Figure 8. According
to Figure 5, it can be seen that the electric load is provided by
CCPP, WT, PV, GT, and LCES. The electrical load is low from 22:
00 to 4:00, and the producer uses surplus wind power for PtG to
produce methane for the GT and GB while the remaining part of
the power is stored in LCES. When the CCPP supply cannot meet
the electric load during the peak load period, the LCES discharges
energy to replenish the shortage.
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CO, trading price uncertainty analysis.

Figure 6 demonstrates the output of each heating
unit, and the GT, GB, and LCES supply the heat load.
Because GT generates a large amount of waste heat in
the the heat
predominantly supplied by GT and assisted by GB during
the peak period of 8:00-17:00. During the rest of the period,
the heat load also requires the LCES to supply part of the heat.

Figure 7 shows the system carbon trading results. CCS

process of providing power, load is

captures the CO, generated in the carbon capture power plant
and provides it to PtG to reduce CO, emissions. During the
period of 7:00-19:00, the electric load is higher, and the
electric load is mainly supplied by the carbon capture
plant, which generates more CO,. Meanwhile, as renewable
energy output increases, some of the electricity will be
provided to the CO, capture plant, making the carbon
capture plant capture more CO, and increasing CO,
trading revenue.

Figure 8 displays the charging and discharging of the energy
of LCES with the variation of HPT air pressure. LCES can operate
within its regular operation interval using the optimized model in
this paper.

Figure 9 shows the curve of CO, trading benefits and
emissions with the CO, trading price. When the price of CO,
is 0, the CO, trading cost of IES is 0. When the trading price
is low, the system’s CO, emissions are higher than the CO,
emission allowances. As the price increases, the CO, trading
revenue (which starts to be expressed as trading penalties
slowly increases. Trading revenues begin to fall when the
price exceeds $10 per ton. During this time, emissions
remain above emission allowances, and the system still
has to pay the cost of the CO, trading penalty. When the
price is $15 per ton, the emission decreases to an amount
equal to the CCPP emission allowance. The CO, trading
revenue of the IES drops to 0, and after that, as the price
increases, it starts to gain trading revenue (as a negative
value); when the price exceeds $22 per ton, the emission
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remains unchanged, and the decreasing trend of trading gain
is slow.

Conclusion

This paper proposes an optimized scheduling model
for an integrated energy system. The integrated energy
system with liquid carbon dioxide energy storage
combines the operation of four output units of WT, PV,
CCPP, and LCES to realize the optimized electricity-heat
scheduling and carbon reuse, making the internal
resources more effectively used. The following
conclusions are made through a comparative analysis of
the scheduling results.

(1) heat-electricity —multi-energy which can

supply,
effectively reduce the operation cost of the IES and
improve the energy utilization efficiency of IES after
participating in the optimized operation of the
integrated energy system.

(2) CO, capture equipment can gain CO, trading revenue by
participating in the operation of IES. At the same time, it
improves the utilization rate of renewable energy, which
verifies the economy and low carbon of CO, capture
equipment.

(3) The integrated energy system scheduling model is sensitive
to changes in the CO, trading price and can coordinate the
CO, emission situation and system cost by setting the
appropriate CO, trading price.
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