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A B S T R A C T   

An optimal planning method for an integrated energy system (IES) considering electric vehicles (EVs) swapping 
station (SS) and carbon capture power system (CCPS) is studied in this paper. Firstly, based on the analysis of 
swapping EV load, the model of SS is established. Then, we built the models of CCPS, and other energy supply 
and storage equipment in IES. Based on this, the annual comprehensive cost of planning is regarded as the 
optimization objective, a planning model of IES considering SS and CCPS is developed, and solved by CPLEX. 
Finally, an actual case was analyzed to verify the feasibility and effectiveness of the planning method proposed in 
this paper.   

1. Introduction 

Integrated energy system (IES) takes the grid as the core, coupling 
multiple energy sources, i.e., electricity, heating, cooling, and natural 
gas, and achieving efficient energy utilization via coordination and 
optimization of various energy production, transmission, storage, con
version, and distribution processes. Carbon capture power system 
(CCPS) can be an important technological choice for achieving low 
carbonization. Then, electric vehicles (EVs) swapping station (SS) is an 
EV centralized charging and swapping facility that integrates EV 
swapping and battery charging, with the advantages of high efficiency, 
energy saving, and low emissions. The comprehensive optimal planning 
of IES considering SS and CCPS will have a profound impact on the low- 
carbon planning and. 

operating of future transportation and multi-energy integration 
system, which has important research significance. 

One of the fundamental attributes of the Energy Internet, as outlined 
in the book "Third Industrial Revolution" by American scholar Rifkin, is 
its ability to support the electrification of transportation systems, and 
facilitate widespread access to EVs (Maier and Levesque., 2014). In this 
context, IES is an important physical carrier of the Energy Internet 
(Cheng et al., 2019). Considering the future integration of energy and 
transportation, there will be a growing interdependence between EV 

charging and swapping facilities and the planning and operation of IES 
(Shoja et al., 2022a; Wang et al., 2020a). Currently, there has been a 
notable growth of EV loads, leading to a heightened convergence be
tween the regional terminal multi-energy supply system, specifically the 
IES integrating combined heat and power (CHP), and swapping stations 
that offer swapping services for EVs. In light of the growing emphasis on 
decarbonization efforts, an increasing number of CHP systems are being 
equipped with carbon capture systems (Chen et al., 2023a; Kumar et al., 
2023). The adoption of carbon capture systems in CHP systems repre
sents a proactive measure towards achieving decarbonization targets 
and promoting more sustainable energy practices. By integrating carbon 
capture systems into CHP systems, the aim is to mitigate and reduce 
carbon emissions. It is important to emphasize that the planning and 
operation of each individual link within this integrated system have a 
profound impact on the others. The rationality and accuracy of planning 
and operations in any given link have far-reaching implications for the 
entire system. 

At present, there is no research on optimal planning of IES consid
ering SS. As an EV centralized charging and swapping facility, the SS is 
also an important energy consumption terminal for IES. However, many 
scholars have studied IES with EVs or charging station. A scheduling 
method of a wind-photovoltaic-gas-EVs community-IES considering 
uncertainty and carbon emissions reduction is developed in (Zhu et al., 
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2023). In (Hai et al., 2023), a planning model of IES in a microgrid 
incorporating EVs is built. An energy supply strategy of EV charging 
parks and hydrogen refueling stations integrated into local IES is pro
posed in (Shoja et al., 2022b). In (Yang et al., 2022a), an optimal 
economic-emission planning model of IESs integrated EVs is established. 
A configuration model of multi-park IESs considering EV charging sta
tions to assist services of shared energy storage power station is devel
oped in (Jianwei et al., 2022). A Nash bargaining energy trading 
approach for an IES and EV charging stations is proposed in (Wang et al., 
2020b). In (Rosato et al., 2017), the effects of EV charging on the per
formance of a residential building-integrated micro-trigeneration sys
tem are analyzed. Thus, the IES planning considering SS is needed to 
further research. 

Currently, there are few studies on IES considering CCPS, and there is 
no study on comprehensive planning of IES considering CCPS and SS 
further. In (Chen et al., 2023b), an optimization method on an IES of 
combined heat and power, carbon capture system, and power-to-gas is 
proposed. An operation optimization model of IES considering 
power-to-gas technology and carbon capture system is developed in (Li 
et al., 2023). In (Wu and Li., 2023), an operation model of hydrogen-based 
IES with refined power-to-gas and carbon-capture-storage technologies 
under carbon trading is established. A low-carbon operation approach of 
IES based on carbon capture technology and carbon trading is designed in 
(Wang et al., 2022). In (Dong et al., 2022), a low-carbon planning model of 
an IES considering combined power-to-gas and carbon capture systems are 
built. A dispatch problem in IES considering multi-energy demand 
response and carbon capture technologies is solved in (Yang et al., 2022b). 
A model of combined heat and power with a power-to-gas and carbon 
capture system in IES is established in (Ma et al., 2021). In (Zhang and 
Zhang., 2020), an environment-friendly and economical scheduling 
approach for IES considering carbon capture power plants is developed. 
Therefore, the study on optimal planning of IES considering SS and CCPS is 
needed research. 

Based on the above research background, the research content of this 
article is as follows: (1) Based on the modeling of charging and swapping 
systems, an optimal configuration model of SS is established; (2) Ac
cording to the structure and operational characteristics of CCPS, build 
configuration model of CCPS, and then the models of other energy 
supply and storage equipment (ESSE) in IES are established; (3) We 
establish an optimal planning model of IES considering SS and CCPS, 
which regards the planning annual comprehensive cost as the optimi
zation objective, and CPLEX is used to solve the model. 

2. The framework of IES integrating swapping station and 
carbon capture power system 

Firstly, we developed a framework of IES that incorporates two key 
components: the SS and the combined heat and power system with 
CCPS. Fig. 1 illustrates the framework of IES integrating SS and CCPS, 
which integrates electric network (EN), natural gas network (NGN) and 
heating network (HN) of IES. As the main energy supply devices in IES, 

the ESSE includes wind turbine (WT), photovoltaic (PV), CCPS, and SS. 
Furthermore, the EV loads in this region are serviced by the SS in IES. 

3. Swapping station modeling 

The establishment of the SS model serves as the basis for constructing 
the comprehensive planning model of the IES. By developing this sub- 
model, we lay the groundwork for the subsequent construction of the 
overall IES planning model. This sub-model provides focused and 
detailed models of specific components and their operations and con
figurations within the SS. 

3.1. EV load analysis of SS 

Except for different forms of energy supply (i.e., charging and 
swapping), the swapping EV (SEV) parameters (i.e., the capacity of EV, 
etc.) are the same as those of plug-in EVs. In addition, users’ driving 
habits of SEVs are similar to plug-in EVs. There is no doubt that the 
initial swapping time of the SEV and the initial charging time of the 
plug-in EV can be regarded as the same. In other words, the probability 
distribution of the initial swapping time of SEV can be described as (1) 
(Gong et al., 2017). And (2) represents the probability distribution of the 
daily travel distances of SEVs (Gong et al., 2017). 
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where μS and σS are the initial swapping time distribution parameters of 
the SEVs, and μS= 17.6, σS= 3.4, μD= 3.2, σD= 0.88. 

3.2. SS modeling 

The EV loads serve as a fundamental factor for the operation and 
configuration of the SS. Building upon the preceding analysis of the EV 
load within the SS, we develop a comprehensive SS model that takes into 
account both operational and configuration aspects. The structure of SS 
is shown in Fig. 2. 

The SS model is constructed by (3)-(11). The power and state of 
charge (SOC) of SS are described in (3) and (4), respectively. (5) rep
resents the number of high-level batteries in the SS needs to meet the EV 
loads. (6) and (7) give the charging and discharging power upper limits 
and power states of the battery charger. (8)-(10) calculates the number 
of swapping batteries, chargers, and swappers of the SS, respectively. 
The energy storage capacity of SS is given by (11). 

PSS
t = PSS

c,t +PSS
d,t =

∑NCH

i=1

(
PCH,c

i,t +PCH,d
i,t
)
, ∀t (3)  

Fig. 1. Structure of IES considering SS and CCPS.  
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NSEV
t ≤ NBA

h,t ,∀t (5)  

0 ≤ PCH
c,i,t,P

CH
d,i,t ≤ PCH

max,∀t (6)  

PCH
c,i,tP

CH
d,i,t = 0,∀t (7)  

ceil
{(

1+RBA

)
NBA

h,t

}
≤ NBA,∀t (8)  

ceil{(1+RCH)NBA/ZCH} ≤ NCH (9)  

ceil
{(

1+RSW
)
NSEV

t

/
ZSW

}
≤ NSW,∀t (10)  

ESS = ESEVNBA (11)  

where, PSS
c,t and PSS

d,t are the charging and discharging powers of the SS, 
respectively. PCH

c,i,t and PCH
d,i,t are the charging and discharging powers of 

the charger, respectively. RSW, RBA and RCH are the margin coefficients 
of the swappers, swapping energy storage, and chargers, respectively. 
NBA

h,t is the number of SS high-level batteries. NCH and NSW are the 
numbers of chargers and swappers, respectively. ZCH and ZSW the 
number of batteries simultaneously charged by a charger, and the 
number of SEVs simultaneously serviced by a swapper, respectively. 
ESEV is the capacity of the SEV battery. NBA and ESS are the numbers of SS 
battery swapping and the swapping energy storage capacity of SS, 
respectively. PCH

max is the upper limit of the charging and discharging 
powers of the charger, respectively. NSEV

t is the number of SEV loads of 
the SS at time t. SOCmax and SOCmin are the upper and lower limits of 
energy storage SOC, respectively. 

4. Modeling of IES 

In the preceding chapter, we successfully constructed a sub-model, 
specifically the SS, as part of the planning model within the IES inte
grating SS and CCPS. Building upon this achievement, the focus of the 
current chapter is to develop another sub-model within the IES frame
work. Specifically, this chapter will encompass the modeling of various 
types of ESSE, including the CCPS. By incorporating these sub-models 

into the broader IES framework, we aim to create a comprehensive 
planning model that considers both the SS and the ESSE. 

4.1. Modeling of carbon capture power system 

The structure of carbon capture system (CCS) is shown in Fig. 3. 
The model of CCPS based on a CHP and CCS is given by (12)-(17). 

The power outputs of the CCPS and CHP can be calculated by (12) - (14), 
respectively. And (15) restrain the CHP ramp constraint and the CCS 
power load, respectively. The equivalent power of the volume of CO2 
absorbed by the CCS is calculated by (16) and (17). 

PCCPS
e,t = PCHP

e,t − PCCS
t , ∀t (12)  

PCHP
e,t = ηCHP

e PCHP
g,t , PCHP

e, min ≤ PCHP
e,t ≤ PCHP

e, max,∀t (13)  

PCHP
h,t = ηCHP

h PCHP
g,t , PCHP

h, min ≤ PCHP
h,t ≤ PCHP

h, max,∀t (14)  

− ΔPCHP
e,d ≤ PCHP

e,t − PCHP
e,t− 1 ≤ ΔPCHP

e,u , ∀t (15)  

PCCS
a,t = αCO2 PCCS

t , ∀t (16)  

0 ≤ PCCS
a,t ≤ PCHP

e,t ,∀t (17)  

where PCCPS
e,t and PCHP

e,t are the electrical outputs of CCPS and CHP at time 
t, respectively. PCCS

t is the energy consumption power of CCS at time t. 
PCHP

e,max and PCHP
e,min are the upper and lower limits of CHP electrical power 

output at time t, respectively. ηCHP
e and ηCHP

h are the CHP electrical and 

Fig. 2. Structure of SS.  

Fig. 3. Structure of CCS.  

SOCSS
t = SOCSS

t− 1 +

[

Δt
∑NCH

i=1

(
ηCH

c PCH
c,i,t− 1 − PCH

d,i,t− 1

/
ηCH

d

)
−

(

SOCmax − SOCmin

)

ESEVNSEV
t− 1

]

/ESS,∀t (4)   
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heating efficiencies, respectively. PCHP
h,max and PCHP

h,min are the upper and 
lower limits of CHP heating power output at time t, respectively. ΔPCHP

e,d 

and ΔPCHP
e,u are the up-down climbing rates, respectively. αCO2 is the CO2 

absorption efficiency. PCCS
a,t is the equivalent power of the volume of CO2 

absorbed by the CCS at time t. 

4.2. Modeling of wind turbine 

The model of the wind turbine (WT) is given by (18)-(19): (18) 
represents the installed capacity of the WT is greater than the power 
output upper limit. (19) gives the WT power output. 

PWT,c
t

/
cos ϕDG ≤ SWT, SWT

min ≤ SWT ≤ SWT
max,∀t (18)  

0 ≤ PWT
t ≤ PWT,c

t ,PWT,c
t

=

⎧
⎪⎪⎨

⎪⎪⎩

0 , W(t) ≤ Wout or Wt ≥ Win

PWT
n (Wt − Win)/(Wn − Win), Win ≤ Wt ≤ Wn

PWT
n , Wn < Wt < Wout

,∀t (19)  

where PWT
t and PWT,c

t are the actual output of WT and the upper limit at 
time t, respectively. PWT

n is the WT-rated power. Wt is the wind speed at 
time t. Win, Wout and Wn are cut-in, cut-out, and rated wind speeds of 
WT, respectively. SWT, SWT

max and SWT
min are the WT installed capacity and 

capacity upper and lower limits, respectively. cosϕDG is the DG power 
factor. 

4.3. Modeling of photovoltaic 

The installed capacity of photovoltaic (PV) is greater than its upper 
output limit. And (20) to (21) give the installed capacity and operating 
models, respectively. 

PPV,c
t

/
cos ϕDG ≤ SPV, SPV

min ≤ SPV ≤ SPV
max∀t (20)  

0 ≤ PPV
t ≤ PPV,c

t ,PPV,c
t = RtSPV, ∀t (21)  

where, PPV
t and PPV,c

t are the actual output of PV and its upper limit at 
time t, respectively. Rt is the unit value of light intensity at time t. SPV,

SPV
maxand SPV

min are the PV installed capacity and capacity upper and lower 
limits, respectively. 

5. Planning model IES considering SS and CCPS 

By constructing the aforementioned sub-models and integrating 
them into the overall IES, we have successfully established an IES 
optimization planning model that takes into account the SS and CCPS. 
This optimization planning model enables us to analyze and optimize 
the entire IES system considering the SS and CCPS. 

5.1. Objective 

To minimize the planning annual comprehensive cost as the opti
mization objective, we establish the optimal planning model of IES 
considering SS and CCPS. The objective is as follows. 

min F = CI +CE +CO +CC (22)  

where, CI, CE, CO and CC are the costs of infrastructure, energy pur
chasing, operation-maintenance, and carbon trading of IES, respec
tively, which are calculated by (23)-(26). 

CI =
δ(1 + δ)Yi

(1 + δ)Yi − 1

∑

i∈ESSE
cESSE

i SESSE
i (23)  

CE = D
∑T

t=1

(
cEN,e

t PEN,e
t + cNGN,e

t PNGN,e
t

)
(24)  

CO =
∑

i∈ESSE

[

φESSE,s
i SESSE

i +D
∑T

t=1

(
φESSE,o

i

⃒
⃒
⃒PESSE

i,t

⃒
⃒
⃒

)]

(25)  

Fig. 4. Load, wind speed, light intensity, energy purchase prices of IES.  

Table 1 
Case study parameters I.  

Parameter Value Parameter Value Parameter Value 

RSW/RBA/RCH 0.2/0.2/0.2 ESEV(kWh) 50 ZCH/ZSW 4/6 
PCH

max(kW) 50 SOCmax/SOCmin 0.95/0.2 PCHP
h,max/PCHP

h,min(kW) 1000/500 
Win/Wout/Wn(m/s) 3/25/14 SWT

min/SWT
max(kW) 500/2000 cosϕDG 0.9 

δ 0.06 SPV
min/SPV

max(kW) 500/2000 ΔPCHP
e,d /ΔPCHP

e,u (kW) 250/250 

PCHP
e,max/PCHP

e,min(kW) 1000/500 D(days) 365 cC(104CNY/kWh) 0.001  
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CC =
DΔtcC

1000
∑T

t=1

∑

i∈ESSE,
i∕∈DG,i∕∈CCS

[(
1 − λESSE

i

)⃒
⃒
⃒PESSE

i,t

⃒
⃒
⃒ − PWT

t − PPV
t − PCCS

a,t

]
− EC

ba

(26)  

where, SESSE
i , cESSE

i and Yi are the configured capacity, unit capacity 
price, and service life of the type i ESSE, respectively. δ is the discount 
rate. D is the number of days per year. PEN,e

t and cEN,e
t are the interactive 

power between IES and the superior electric system, and the unit elec
tricity purchase price of IES, respectively. PNGN,e

t and cNGN,e
t are the 

interactive power between IES and the superior natural gas system, and 
the unit natural gas purchase price of IES, respectively. φESSE,s

i and φESSE,o
i 

are the annual operation-maintenance costs of unit capacity and unit 
operating power of the type i ESSE, respectively. PESSE

i,t is the operating 
power of the type i ESSE. ESSE, DG, and CCS are equipment sets of ESSE, 
DG, and CCS, respectively. λESSE

i is the operational efficiency of the type i 

ESSE. cC is the carbon trading cost per unit energy. EC
ba is the basic 

carbon quota of IES (equivalent energy). 

5.2. Constraints  

• Equipment capacity constraints. Due to configuration conditions i.e., 
equipment occupation, etc., (27) gives the capacity limit constraints 
of candidate equipment of IES. 

0 ≤ SESSE
i ≤ SESSE

i, max, i ∈ ESSE (27)  

where, SESSE
i,max is the maximum configuration capacity of the type i 

ESSE.  
• Energy balance constraints. 

PEN
e,t +PCCPS

e,t +PWT
t +PPV

t +PSS
d,t = PSS

c,t +PEN
l,t ,∀t (28)  

PNGN
e,t = PGT

g,t +PNGN
l,t ,∀t (29)  

PCHP
h,t = PHN

h,t , ∀t (30)  

where, PEN
l,t , PNGN

l,t , and PHN
h,t are the EN, NGN and HN loads, respectively. 

6. Case study 

6.1. Parameter settings 

The structure of the IES is visualized in Fig. 1. The basic load curve 
and the unit purchase energy prices of IES, wind speed, and light in
tensity are shown in Fig. 4. The other parameters of IES are shown in  
Tables 1 and 2. Then, the CPLEX is used to solve the planning model 
developed in this paper. 

This paper sets up two Cases to compare and study the planning 
methods developed: (1) Case1: SS participates in vehicle-to-grid (V2G) 
(Zhu et al., 2023) (i.e., charging and discharging powers of SS are 
flexible) to adjust IES; (2) Case2: the charging power of SS only to meet 
the load demands of EVs. 

6.2. Case study analysis 

Fig. 5 shows the EV loads of the service area. 
The optimal results of planning economy are shown in Fig. 6. The 

optimal configuration results of system are shown in Table 3. The annual 
comprehensive cost of Case 1 is the lowest, and the annual compre
hensive cost of Case 1 is 482.26 × 104 CNY lower than that of Case 2. 
This indicates that Case1 has the best economy. In terms of costs of 
infrastructure, operation-maintenance, and energy purchasing, Case 1 is 
8.72 × 104 CNY, 110.32 × 104 CNY, and 1084.29 × 104 CNY higher 
than Case 2, respectively. Then, due to the V2G participation of Case 1′s 
SS, which achieved the regulation of IES and assisted carbon reduction, 
the carbon cost of Case 1 is 1685.59 × 104 CNY lower than that of Case 
2. In addition, due to the participation of Case 1′s SS in V2G and IES for 

Table 2 
Case study parameters II.  

ESSE type WT PV CHP CCS Charger Swapper Swapping 
battery 

Unit capacity price 0.3(104CNY/ 
kW) 

0.5(104CNY/ 
kW) 

1.5(104CNY/ 
kWh) 

1(104CNY/ 
kWh) 

20(104 

CNY) 
25(104 

CNY) 
0.2(104CNY/ 
kWh) 

Service life (years) 20 20 20 20 20 20 10 
Operational efficiency — — 0.4 0.9 0.9 — 0.9 
Unit capacity annual operation-maintenance cost (103 

CNY/year) 
0.01 0.02 0.1 0.1 0.05 0.01 0.005 

Unit operating power operation-maintenance cost 
(CNY/kWh) 

0.05 0.03 0.5 0.5 — — 0.1 

Unit capacity 250(kW) 250(kW) 250(kW) 250(kW) — — 50(kW)  

Fig. 5. EV loads of the service area.  

Fig. 6. Optimal results of planning economy.  

Table 3 
Optimal configuration results of system.  

ESSE type Case1 Case2 

WT (kW) 1000 1000 
PV (kW) 1000 1000 
CHP (kW) 500 500 
CCS (kW) 400 300 
Charger 3 3 
Swapper 5 5 
Swapping battery (kWh) 400 400  
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carbon reduction, the system’s operational flexibility has been 
improved. Therefore, the CCS configuration capacity of Case 1 is higher 
than that of Case 2. 

The optimal operating status of system is shown in Fig. 7. Due to the 
participation of SS in V2G regulation of IES in Case1, SS can flexibly 
charge and discharge to regulate IES, while Case2 has a smaller regu
latory ability. So, the power outputs of WT, PV, and CCS (i.e., clean 
energy) in Case1 is higher than that in Case2. Besides, the operating 
power of Case1 and Case2 can meet the load demands of SEVs. 

7. Conclusion 

This paper develops an optimal planning method of IES considering 
SS and CCPS. The conclusion is as follows:  

1) Compared to cases of SS does not participate in V2G, the planning 
case of SS that participates in V2G has the lowest annual compre
hensive cost of IES, and has the best carbon trading costs, which has 
the best comprehensive economy and environmental protection.  

2) Compared to cases of SS does not participate in V2G, SS that can 
flexibly charge and discharge (i.e., participate in V2G) has the best 
operational coordination and complementarity with CCPS, has better 
energy storage regulation ability, and can better leverage the carbon 
reduction effect of CCPS in IES. 

The method proposed in this paper is feasible and effective for 
solving the optimal planning problem of IES considering SS and CCPS, 
and provides a certain theoretical basis for the comprehensive planning 
of future transportation and multi energy integrated system. 
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