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Abstract: With the development of EVs (Electric Vehicles) and the rapidly developing policies on
low carbon and environmental protection, electric power systems and natural gas systems become
increasingly larger. Under these circumstances, the V2G (Vehicle-to-grid) and the coordinated
operation of an integrated electricity–gas distribution system (IEGDS), considering CO2 emissions,
can play a part together in the process of energy conservation. Firstly, the V2G model is discussed;
this paper presents the cost differences between out-of-order and order for the car. Secondly, the
IEGDS model presents coupling constraints of gas turbines and power-to-gas. Lastly, carbon emission
is considered in this paper; a carbon capture plant (CCP) captures the CO2 burning by fossil fuel
in the power generation process and stores it in a carbon storage tank. This paper also considers
trading with the carbon market via a carbon storage warehouse. With the cooperation of various
components, a comprehensive model considers the use of V2G to store power in the IEGDS system,
with consideration of the carbon trade. Numerical experiments validate the effectiveness of the
combination between V2G and IEGDS, considering carbon emissions and carbon trading.

Keywords: V2G; power system; evaluation methods; natural gas system; integrated electricity–gas
system; carbon emission; carbon trade

1. Introduction

Nowadays, with the development of the economy, the demand for energy is increasing
at a high speed. Conventional fossil energy contributes to carbon dioxide emissions which
can cause global warming. According to the World Meteorological Organization (WMO)
report, compared with the averages, the average temperatures in 1991–2000, 2001–2007
and 2008–2017 were 0.21 ◦C, 0.44 ◦C and 0.51 ◦C higher [1]. To curb this trend, we should
increase the development of green sustainable energy. Wind power and photovoltaics (PV)
generation as high-quality clean energy have received full attention [2]. However, in the
process of wind power generation and photovoltaics development, many problems slowly
appear, among which the problem of wind and PV power absorption has become the most
important, and the phenomenon of wind and PV curtailment is common in some places
where wind and PV energy is abundant. Because of the strong fluctuation of wind and
PV power optoelectronics and the limited regulation ability of traditional energy power
generation, it cannot absorb wind and PV power optoelectronics on a large scale, which
hinders the progress and development of wind power and PV generation [3]. However,
more and more countries in the world are vigorously developing PV and wind power to
reduce carbon emissions [4]. At the same time, China has asked for carbon neutralization
and an emission peak, striving to reach the emission peak by 2030 and carbon neutralization
by 2060 [5]. In this context, in order to further improve the absorption capacity of wind
and PV energy and low-carbon economic scheduling, this paper will study renewable
energy absorption and low-carbon economic scheduling in the context of a variety of
energy sources.

Due to good environmental and economic benefits, electric vehicles have been fully
developed, and the energy battery of an electric vehicle, as an energy storage resource,
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can actively participate in the active distribution network [6]. Under the background of
distributed energy, the orderly charge and discharge model of electric vehicle in the active
distribution network is established. In reference [3,7], an orderly charge–discharge model
for electric vehicles with wind power and photovoltaics access is established. It can be seen
that only the access of electric vehicles, a single variable, is considered in some literatures,
and the ability to absorb it is also relatively limited.

This paper further explores the above phenomena. It is found that power-to-gas
(P2G) is a great help to absorption. In reference [8], the power consumption of P2G
equipment is provided by the wind curtailment of wind power equipment, and a model
of directly absorbing wind curtailment is given. In this case, power–gas interconnection
is needed to ensure absorption. References [9,10] establishes the demand response of
power-gas interconnection to promote the coordination of the power grid and gas network.
Reference [11] states that the gas turbine is expected to replace some traditional generators
and carbon emissions are lower in this process. In reference [12], the model of an integrated
electricity–gas distribution system (IEGDS) is given, and the nonlinear natural gas power
flow containing a natural gas system in a gas–electric interconnection system. There are
two ways to deal with nonlinear natural gas power flow in gas–electric interconnection
system. 1© Convert the original problem to a mixed integer linear programming model
by linearization. 2© Convert the original problem to a mixed integer second-order conical
(SOC) solution using cone optimization. In reference [13], the famous Weymouth steady-
state natural gas power flow equation is linearized by a piecewise linearization method.
In reference [14], the power flow equation of the power system and natural gas system is
treated by a SOC programming method, and the power flow equation of gas network is
relaxed by SOC in reference [15], which is transformed into a mixed integer second-order
cone programming model. In references [16,17], a model of gas distribution with renewable
energy is given. Reference [18] establishes a model of gas distribution considering V2G.

In order to operate the low-carbon economy of the whole system, low-carbon technol-
ogy and a reasonable market mechanism are needed to intervene. For the power grid, in
addition to the increased use of renewable energy, carbon dioxide emission absorption from
the power grid is one of the options, CCS (carbon capture and storage) technology plays an
important role in carbon dioxide emission reduction, reference [19] proposed a technical
model for carbon dioxide capture and storage, reference [20] gave the CCS model in the
case of V2G, reference [21] considered the income in the energy market and the carbon
market when an electric vehicle was connected in an orderly manner. In order to reduce the
cost, reference [22] gave a model on the condition that the main power grid includes wind
power plants. For the model of carbon collection, the CCS model with the participation
of optoelectronics is given in reference [23]. In addition to the participation of the main
power grid, because of IEGDS, the emergence of a gas network also needs to introduce
CCP technology. The model of using CCP technology while including P2G equipment
is given in reference [21]. The cost calculation of combining carbon capture technology
with IEGDS in the case of V2G is given in reference [22]. To reduce the cost of the carbon
emission process, carbon trading is included in reference [24]. A model of carbon trading
with integrated energy systems is given in reference [25]. A model of carbon trading with
renewable energy is given in reference [26], reference [27] gave a carbon trading model
with V2G. Reference [28] gave a carbon trading model considering P2G devices.

On the basis of the above study, in order to complete peak shaving and valley filling,
control the cost of the main grid and reduce the carbon emission of whole system, the low
carbon dispatching problem of an integrated electricity and natural gas distribution system
considering V2G is studied in this paper.

(1) This paper introduces V2G to consume renewable energy as well as suppress the peak-
to-valley difference of the net load of the grid, and give full play to the advantages of
the orderly access of electric vehicles to the grid.

(2) After the access of P2G devices, the renewable energy consumption capacity of the
system is further improved and the cost is controlled Secondly, after the P2G devices
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are connected, the renewable energy consumption capacity of the system is further
improved and the cost is controlled.

(3) Carbon trading is considered in the whole system to meet the requirements of low-
carbon emissions, which also allows the cost of enterprises to be reduced.

(4) The low-carbon dispatch model of the integrated power and natural gas distribution
system considering V2G is obtained, and the innovative combination of the above
three types of grid dispatch schemes is used to obtain the positive effect of this paper
on the low-carbon dispatch of the integrated power and natural gas distribution
system considering V2G through simulation.

2. The Coordinated Operation of an Integrated Electricity–Gas Distribution System
Considering Carbon Trading

The IEGDS system considers the electrical system, the natural gas network and the
electric–gas interconnected system. In this paper, wind farms and photovoltaic power
generation are added to the grid. In addition, the carbon emission operation model of
the whole system is also considered. In Figure 1, the distribution network receives power
mainly from gas turbines and substations, while the rest is supplied by wind farms and
photovoltaic power generation. Because of the possibility of wind abandonment and light
abandonment due to the incorporation of renewable energy units, we have integrated
electric vehicles and P2G systems (which convert hydrogen and carbon dioxide from water
and electrolysis into methane) throughout the system to convert excess energy into the
energy battery of the electric vehicle and the chemical energy contained in the natural gas
system. In order to further “peak shaving and valley filling”, the system will ensure the
power supply of the main grid through the access of electric vehicles and the starting of
gas turbines when more power is needed. In this process, we will treat electric vehicle
clusters as distributed energy storage units. Carbon emissions generated during the entire
system operation will be: collected by CCP units, partially involved in the operation of
P2G devices, partially transported to nearby carbon storage warehouses, participating in
the local carbon trading market.
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3. Reliability Evaluation Method

In order to explore the impact of carbon trading price fluctuation on the total cost, this
paper will consider the change in carbon selling price in the future.

4. Scheduling Model
4.1. Objective

On the basis of the operation of the traditional integrated distribution system, this
paper analyses the operation of the V2G and IEGDS in the power grid for achieving low-
carbon economical operation. The carbon emission tax and carbon market trading are also
considered in this paper. The objective function, as shown in (1), is to get the minimum
operating cost Z, which includes the distribution network operating cost (2), penalty cost of
wind and PV power curtailment (3), natural gas system operating cost (4), carbon emission
tax (5) and carbon trading cost (6).

minZ =
(

ZE + Zloss + ZG + Z f + Zm

)
(1)

ZE = ∑
t

ct
EPt

E (2)

Zloss = ∑
t

ct
lossPt

loss (3)

ZG = ∑
t

cG
t GS

t (4)

Z f = ctax ∑
t

(
Eope

t − EL
t

)
(5)

Zm = cb∑
t

Ebuy
t − cs∑

t
Esell

t (6)

4.2. Power Distribution System Constraints
4.2.1. The Travel Habits Constraints of Users

1. Charging start time of electric vehicle

Home time of the fuel car from NHTS (National Highway Traffic Safety Administra-
tion) can be used as the time when the electric vehicle plugs in, as shown in (7).

fe(x) =


1√

2πσe
exp

(
− (x+24−µe)

2

2σ2
e

)
0 < x ≤ µe − 12

1√
2πσe

exp
(
− (x−µe)

2

2σ2
e

)
µe − 12 < x ≤ 24

(7)

2. The daily mileage of private vehicle from NHTS

The daily mileage of private vehicle can be used as the daily power consumption of
the EV, as shown in (8).

fm(l) =
1√

2πσml
exp

(
− (ln l − µm)

2

2σm2

)
(8)

3. Next day departure time of electric vehicle

Next day departure time of the electric vehicle can be used the next day plug-out time
of the EV, as shown in (9)

fs(x) =
1√

2πσs
exp

(
− (x− µs)

2

2σ2
s

)
0 < x ≤ 24 (9)
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4.2.2. Electric Vehicle Charging Load Model

Cluster charging loads (10) for EVs are accumulated on the basis of individual charging
loads for EVs.

Ps,t =
N

∑
n=1

Pn,t (10)

4.2.3. System Purchase Constraint from Substation

During the operation and dispatch of the system, the required power needs to be
purchased from the converting station continuously. However, in order not to destroy
the stability of the power network and consider the actual power supply capacity of the
substation, the purchased power should be within the output size of the substation, which
is shown in (11) and (12).

PE,min
t ≤ PE

t ≤ PE,max
t (11)

QE,min
t ≤ QE

t ≤ QE,max
t (12)

4.2.4. The Constraints of System Node Voltage and Branch Current

Node voltage is one of the important indicators of power quality. Its stability is related
to the quality and economy of the entire industrial production. Only when the system
voltage (13) and current (14) are maintained at the normal level, can the major devices
in the system operate normally and service life is not affected. Therefore, the operating
system voltage and current must be within a certain range.

Vmin
j ≤ Vjt ≤ Vmax

j (13)

Imin
ij ≤ Iij,t ≤ Imax

ij (14)

4.2.5. Output Limit of Wind Turbine and Wind Power Balance Constraints

Due to the influence of external factors such as power generation and wind speed of
wind turbines, the output size of wind turbines is also limited similar to the substation
(15). In the actual operation of the system, the absorbed wind power plus the abandoned
wind power should be equal to the original wind power prediction power (16). The wind
power and photoelectric processes are similar, and the predicted values are the portion that
contains the actual output and shear load in (17) and (18).

0 ≤ PWT
nt ≤ PWT,F

nt (15)

PWT,F
nt = PWT

nt + PWT,loss
nt (16)

0 ≤ PPV
pt ≤ PPV,F

pt (17)

PPV,F
pt = PPV

pt + PPV,loss
pt (18)

4.2.6. Balance of Active and Reactive Power Flow

Power conservation must be observed in the operation of the power grid system. From
the point of view of the whole system, the active and reactive power input of the power
network should be the same as its active and reactive power consumption. Internally, the
load power of each node should be equal to the sum of the power flowing into and out of
the node. Using DistFlow power flow model constraints (19):

PE
t = − ∑

n∈N(j)
PWT

nt −
(

Pij,t − I2
ij,tRij

)
− ∑

p∈P(j)
PPV

pt − ∑
g∈G(j)

PGT
gt + ∑

c∈C(j)
PC

ct

+ ∑
pg∈T(j)

PPtG
pgt + ∑

k∈K(j)
Pjk,t + ∑

d∈D(j)
PLD

dt − ∑
d∈D(j)

Ploss
dt

(19)
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The load power of each node should be equal to the sum of the power flowing into and
out of the node. GT flows into the current and P2G flows out of the gas storage station (20).

QE
t =

(
Qij,t − I2

ij,tXij

)
+ ∑

k∈K(j)
Qjk,t + ∑

d∈D(j)
QLD

dt − ∑
d∈D(j)

Ploss
dt · ϕdt (20)

4.2.7. The Constraints Node Voltage Drop, Branch Current and Power Relationship

The voltage of each node is related to its surrounding voltage and the voltage of the
branch, which is constrained by limiting the voltage of the node through the adjacent nodes
and branches, as shown in (21).

V2
jt = V2

it − 2
(

Pij,tRij + QijXij
)
+ I2

ij,t(R2
ij + X2

ij) (21)

Current is constrained by voltage through the node voltage, as well as by the relation-
ship between power and current voltage (22).

I2
ij,t = (P2

ij,t + Q2
ij,t)/V2

it (22)

Both formulations are non-linear and non-convex, which results in a large amount of
computation and high complexity in the optimization process. Therefore, in order to facilitate
the solution, it is necessary to relax it to obtain a second-order cone optimization model.

V̂jt = V̂it − 2
(

Pij,tRij + QijXij
)
+ Îij,t

(
R2

ij + X2
ij

)
(23)

Îij,t ≥ (P2
ij,t + Q2

ij,t)/V2
it (24)

By further processing the above Formulas (23) and (24), the second order cone relax-
ation equation is obtained and the lower Equation (25) is obtained.

(2Pij,t)
2 + (2Qij,t)

2 + ( Îij,t − V̂it)
2 ≤ ( Îij,t + V̂it)

2 (25)

where Îij,t = I2
ij,t,V̂jt = V2

jt, V̂it = V2
it.

4.2.8. The Constraints of Charge and Discharge State

The (26)–(29) constraints determine the state of the electric vehicle during its participa-
tion in the orderly charge and discharge process:

Iin
m,t = Is

m,t + Iall
m,t (26)

Ic
m,t ≤ Iall

m,t (27)

Id
m,t ≤ Iall

m,t (28)

Ic
m,t + Id

m,t ≤ 1 (29)

4.2.9. The Constraints of Charge and Discharge Power

When the electric vehicle is charged as shown in (30), Ic
m,t = 1

0 ≤ Pc
m,t ≤ Ic

m,tP
c,ra
m (30)

When the electric vehicle is discharged as shown in (31), Id
m,t = 1

0 ≤ Pd
m,t ≤ Id

m,tP
d,ra
m (31)
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4.2.10. The Constraints of the SOC

The initial SOC is equal to the SOC obtained at the time of access (32), and the SOC
value at the time of leaving the power grid (33) should be the expected value.

−
(
1− Is

m,t
)

M ≤ Sm,t − Sm,0 ≤
(
1− Is

m,t
)

M (32)

−
(
1− Ie

m,t
)

M ≤ Sm,t − Sm,T ≤
(
1− Ie

m,t
)

M (33)

4.2.11. The Constraints of Power Balance in Charge and Discharge Scheduling Process

The change of SOC in the state of charge at adjacent times must be equal to the SOC
increment obtained from the charging or discharging power at the same time (34), that is,
the charging or discharging power is balanced.

−
(

1− Iall
m,t

)
M ≤ Sm,t − Sm,(t−1) −

ηc
mPc

m,t

Em
+

Pd
m,t

ηd
mEm

≤
(

1− Iall
m,t

)
M (34)

4.2.12. The Constraints of Gas Turbine Limits

Minimum start and stop time(
IGT
j,t − IGT

j,t−1

)(
Uo f f

j,t−1 − To f f ,min
j

)
≥ 0 (35)(

IGT
j,t − IGT

j,t−1

)(
Uon

j,t−1 − Ton,min
j

)
≥ 0 (36)

4.2.13. The Constraints of Ramp

For the constraint of power generation at each moment, if the difference between the
power required at the two moments is too large, and the gas turbine’s power raising time
exceeds this, it will not be able to meet the power demand, and the same at reducing power.

PGT
j,t − PGT

j,t−1 ≤ Ru
j IGT

j,t−1 + PGT,min
j

(
IGT
j,t − IGT

j,t−1

)
+ PGT,max

j

(
1− IGT

j,t−1

)
(37)

PGT
j,t−1 − PGT

j,t ≤ Rd
j IGT

j,t + PGT,min
j

(
IGT
j,t−1 − IGT

j,t

)
+ PGT,max

j (1− IGT
j,t−1) (38)

4.3. The Constraints of Gas Distribution Network
4.3.1. Gas System Balance Constraints

Similar to the system power flow constraint, it ensures that the natural gas flow at
each node is within the normal range (39), and the demand for natural gas at each node of
the system is met.

∑
o∈N(n)

Gno,t − Gxy,t = GS
s,t − ∑

(m,n)∈Ωc
ηxyGxy,t + GPtG

pg,t − GGT
g,t − GLD

l,t (39)

4.3.2. Weymouth Model

At t this moment, the node needs to meet a certain gas pressure to ensure the normal
flow of gas in the natural gas system, as shown in (40) and (41).

Gxy,t = Kxy

√(
π2

x,t − π2
x,t

)
, (x, y) ∈ ΩP (40)

The gas pressure at the next node is determined by the gas pressure at the previous
node and the compression coefficient of the compressor (47). The reason why the gas
pressure is less, is because there is loss in the pipeline.

πx,t ≤ τxyπx,t, (x, y) ∈ ΩC (41)
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4.3.3. The Constraints of Coupling

The constraints of a gas turbine as an electrically coupled device. The natural gas
consumption function f

(
PGT

j,t

)
is related to the actual output of the gas turbine and is

summarized as follows (42):(
PGT

j,t

)
= aj

(
PGT

j,t

)2
+ bjPGT

j,t + cj (42)

Start-Stop

The gas turbine can only be started when the cost is met which is shown in (43)–(45)

Cup
j,t ≥ cup

j

(
IGT
j,t − IGT

j,t−1

)
, Cup

j,t ≥ 0 (43)

Cdown
j,t ≥ cdown

j

(
IGT
j,t−1 − IGT

j,t

)
, Cdown

j,t ≥ 0 (44)

GGT
g,t =

(
f
(

PGT
j,t

)
+ Cup

j,t + Cdown
j,t

)
/HHV (45)

4.3.4. The Operating Constraints of P2G

P2G is one of the important parts of IEGDS, especially when there are a quantity of
WTs and PVs. When there is too much power which cannot be fully absorbed by the IEGDS
shown in (46), the excess power will be stored by the P2Gs. Normally, P2G efficiency is
roughly in the range of 50–70%, and the high heat value HHV = 1.026 MBth/kcf, and
energy conversion factor ϕ = 3.4 MBtu/MWh.

GPtG
n,t =

φηPtG
j PPtG

n,t

HHV
(46)

During the conversion process, the P2Gs equipment needs to consume energy. This
Formula (47) ensures whether the P2G equipment is turned on or not.

IPtG
j,t + IGT

j,t = 1, where PtG, GT at node j (47)

4.3.5. The Network Constraints of Natural Gas

Similar to Formula (48), in Weymouth’s case it is the overall constraint on the natural
gas network:

(Gmn,t)
2 +

(
Kmnπn,t

)2 ≤
(
Kmnπm,t

)2, (m, n) ∈ ΩP (48)

4.4. The Constraints of Carbon Emission
4.4.1. The Constraints of IEGDS

Break our free carbon quota from the carbon market into two parts, one for the main
grid of electric vehicles (49) and one for the gas (50).

EL,mg
t = εmg ∑

j∈ΩT

Pmg
j,t (49)

EL,GT
t = εgt ∑

j∈ΩT

PGT
j,t (50)

4.4.2. The Constraints of Carbon Emission and Carbon Collection

Emg
j,t = emgPmg

j,t (51)

EGT
j,t = egtPGT

j,t (52)
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The following constraints (53) apply to the efficiency of carbon collection and gas
turbine emissions

0 ≤ Eccp
j,t ≤ ζEGT

j,t (53)

The total power loss during the carbon emission collection process (54) is divided into
two parts, one part is fixed loss, the other part is operational power loss and changes with
the amount of carbon captured.

Pc
j,t = P f ix

j,t + ηccpEccp
j,t (54)

4.4.3. The Constraints of Carbon Utilization

In the process of carbon neutrality, the primary purpose is to reduce carbon emissions,
so carbon capture and carbon storage are involved in this process; first, the capture and
then the storage. When the storage reaches a certain limit (55), transport this part of carbon
to IEGDS, and then use P2G to transform this part of carbon.

Mct
j,t = Mct

j,t−1 + Eccp
j,t −Mct,max

j Ict,dep
j,t (55)

The following Formula (56) expresses the balance constraint of the carbon storage warehouse:

Mcs
j,t = Mcs

j,t−1 + Mcs,in
t −Mcs,out

t + Mct,max
j Ict,arr

j,t (56)

The following Formula (57) expresses the consumption of carbon dioxide during P2G operation

EPtG
j,t = ρPtG

j PPtG
j,t (57)

4.4.4. The Constraints of Carbon Trade

In the model of this paper, the carbon trade (58) is divided in two parts, the first one is
based on the part free carbon emission tax trade, the second one is carbon trading income
and expenditure.

Mcs
j,t + Esell

t + ∑
j∈ΩPtG

EPtG
j,t = Mcs,out

t + Ebuy
t (58)

5. Case Study
5.1. Case Study Introduction

To test the validity of this example, the IEEE 33-node diagram and a modified 20-node
Belgian gas network [23] are used in this paper (Figure 2). In the whole system, this paper
uses 3WTs, 2 PVs, 3 P2Gs, 2 EV clusters and two GTs. The main grid is powered by the
substation located at Node 1. For the sake of integrated cost and more convenient access of
electric vehicles, this paper uses a time-sharing electricity price, which is shown in Table 1
as different time electricity price costs. In the process of EV access, the clustering of EVs is
processed in this paper, and half of the total number of EVs connected at Nodes 5 and 15 of
the main grid are subject to active and ordered scheduling. For WTs and PVs, photoelectric
and wind power output are shown in Figure 3.
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Figure 2. The IEEE 33-node electricity distribution grid and 20-node Belgian gas network.

Table 1. Time-of-use electricity price.

Time (h) Price (CNY)

Peak period 12–14, 18–20 2.83
Normal period 8–11, 14–17, 21–23 1.67
Valley period 0-7 0.58
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Figure 3. Power generation forecast of WT/PV.

For the gas network, this paper uses gas nodes 1 and 8 to supply the gas network,
including 2 compressors, 17 pipelines and 13 gas loads. The maximum capacities of the
GTs are 2MW. The maximum input power of P2Gs is 0.8 MW, and the conversion efficiency



Energies 2022, 15, 9524 11 of 18

of P2Gs is 0.64. The maximum output of gas suppliers at nodes 1 and 8 are 22 kcf/h and
25 kcf/h, natural gas prices are set to 10.8 ¥/kcf, 12.6 ¥/kcf, respectively. During the carbon
trading process, we designed the carbon storage tank around the CCP unit and designed a
capacity of 0.9 tons for it. Carbon is transported to the carbon storage warehouse by electric
truck, the maximum capacity of the carbon storage warehouse is 10 tons, and its maximum
input and output limit are 3 tons/h, and the maximum amount of carbon to be bought and
sold in each period is 1 ton.

During the process of carbon emission, the power generation in the main grid is set to
0.96 t/MW, and for natural gas power generation, the carbon emission of the gas turbine is
set to 0.65 t/MW. Consider renewable energy generating units as zero carbon emissions. In
this paper, the gas turbine is transformed into a carbon capture plant, with a carbon capture
rate of 84% and a power consumption factor of 0.269 MW/t. The carbon emission quota for
the main grid and gas turbines are 0.53 and 0.32 t/MW, respectively. In the carbon market,
at first, the carbon emission tax is 25 ¥/t. The following is an example analysis.

5.2. The Influence of Different Access Cases of Electric Vehicles on Load

Under the condition that the gas network load is normal and the gas turbine is started,
in the basic load of the power grid as shown in Figure 4, half of the total number of electric
vehicles are connected at nodes 5 and 15 in this paper, which can clearly see the impact of
electric vehicles on the total load of the power grid. In order to explore the impact of electric
vehicles on the operation of the power grid, this paper sets the number of electric vehicles
as 800 and 1200, respectively, The comparison is made under the condition of orderly access
and disordered access of electric vehicles. Disorderly access of electric vehicles is adopted
in Case 1. X, orderly charge of electric vehicles is adopted in Case 2. X. The number of
electric vehicles is shown in Table 2, where: “×” means that the number is not used in case;
“
√

” means that the number is used in case.
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Table 2. The different cases in V2G.

Electric Vehicles Number Case 1.1 Case 1.2 Case 2.1 Case 2.2

800
√

×
√

×
1200 ×

√
×

√

Figure 5 describes the comparison chart of net load of electric vehicles connected
to the power grid in order and disorder. Table 3 shows the different costs when only
electric vehicles are connected to the gas network of the power grid. Compared with Case
1.1, Case 1.2 increases the load during the peak period of power consumption, and puts
forward more stringent requirements for grid dispatching, which is consistent with the
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increase under the condition that more electric vehicles are connected. Compared with
Case 1.1, Case 2.1 can clearly see the role of “peak shaving and valley filling”. In the
original peak period of electricity use, the net conformity of the power grid from 7:00 to
12:00 has obviously shifted to the low valley of electricity use from 12:00 to 20:00. The peak
valley difference of net load has decreased by 0.80469 MW, and the cost has decreased by
3.46366 yuan. It can also be clearly seen that with the increase of the number of electric
vehicles connected, the phenomenon of “peak cutting and valley filling” is more obvious,
the cost is reduced more, which increases the controllability of electric vehicles, effectively
prevents electric vehicles from charging in peak hours, making the power grid safer and
the allocation more stable. With the increase of access, its positive role is more obvious.
However, in this paper, the electric vehicle plays the role of cutting the peak and filling the
valley. It has limited contribution to the renewable energy consumption, so P2G equipment
is introduced.
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Table 3. The different cost between different cases.

Case Case 1.1 Case 1.2 Case 2.1 Case 2.2

Cost (CNY) 7414.52 7417.07 7411.05 7410.50

By observing Table 3 and comparing Case1.1 with Case1.2, we can get that the EV
for renewable energy consumption has increased after the increase of EVs, which makes
the cost increase not much; comparing Case2.1 with Case2.2, we can also see that the total
system cost reduction is limited after the EVs are connected to the grid in an orderly manner,
in fact it is net load shaving and valley filling, which changes the EV charging time in The
cost reduction is limited after the number of EVs increases, but the net load shedding is
more obvious.

5.3. The Influence of Different Access Cases of Electric Vehicles on Load

In order to explore the impact of P2G devices on renewable energy consumption, this
paper introduces P2G devices to get Case 3 on the basis of Case 2.1. On the basis of Case 3,
the following settings are made considering the impact of different number of EVs on P2G
elimination EVs.

Case 3.1 Considering V2G with 800 EVs
Case 3.2 Considering V2G with 1200 EVs
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Figure 6 shows the total of wind and PV curtailment. From Figure 6, it can be seen that
Case 3.1 has a significant improvement on renewable energy consumption after considering
P2G devices. By comparing Case 2.1 and Case 3.1, it can be explored that during the
period of 8:00–18:00 when wind and PV curtailment was most, the absorbability has been
significantly improved, and the absorbance has a maximum improvement of 0.414 MW;
the effect is obvious, and effectively improves the system’s ability to consume renewable
energy. By comparing Case 3.1 and Case 3.2, we can see that P2G devices and their own EV
consumption have no impact, but the EV cluster’s ability to consume renewable energy
is limited.
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In Figure 7, after P2G equipment is connected, the cost of the whole system has
decreased significantly. After the consumption of renewable energy has increased, the total
cost has decreased by 1669.79 yuan. After more renewable energy has been consumed and
converted into natural gas, the gas purchase price has decreased significantly, reaching
1445.64167 yuan. P2G equipment has reduced the cost by converting renewable energy
with lower cost into natural gas with higher cost.

Energies 2022, 15, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 6. Wind and PV curtailment in Case 3. 

In Figure 7, after P2G equipment is connected, the cost of the whole system has de-
creased significantly. After the consumption of renewable energy has increased, the total 
cost has decreased by 1669.79 yuan. After more renewable energy has been consumed and 
converted into natural gas, the gas purchase price has decreased significantly, reaching 
1445.64167 yuan. P2G equipment has reduced the cost by converting renewable energy 
with lower cost into natural gas with higher cost. 

 
Figure 7. All costs in the different cases. 

4.4. Systematic Overall Impact Considering Carbon Emission Markets 
To explore the role of carbon capture devices in the whole system, carbon capture 

devices are set up in electrical nodes 8 and 26, where CCP1 can directly supply CO2 to 
P2G1. In order to analyze the impact of the introduction of carbon capture devices on the 
operation of the whole system, a carbon trading market is introduced in Case 4. 

Case 4.1 is based on Case 3.1 and the carbon market price is the selling price of carbon 
is 31 ¥/t, and the buying price of carbon is 35 ¥/t. 

Case 4.2 changes the selling price of carbon to 35 ¥/t and the buying price of carbon 
is 35 ¥/t in Case 4.1. 

0 4 8 12 16 20 24
0

1

2

W
i
n
d
 
a
n
d
 
P
V
 
C
u
r
t
a
i
l
m
e
n
t
(
M
W
)

 Case 1.1
 Case 2.1
 Case 3.1
 Case 3.2

Time(h)

7414.52 (CNY)

7417.07 (CNY)

7411.05 (CNY)

7410.50 (CNY)

5741.26 (CNY)

5740.43 (CNY)

Case 1.1

Case  1.2

Case  2.1

Case  2.2

Case  3.1

Case  3.2

Figure 7. All costs in the different cases.



Energies 2022, 15, 9524 14 of 18

5.4. Systematic Overall Impact Considering Carbon Emission Markets

To explore the role of carbon capture devices in the whole system, carbon capture
devices are set up in electrical nodes 8 and 26, where CCP1 can directly supply CO2 to
P2G1. In order to analyze the impact of the introduction of carbon capture devices on the
operation of the whole system, a carbon trading market is introduced in Case 4.

Case 4.1 is based on Case 3.1 and the carbon market price is the selling price of carbon
is 31 ¥/t, and the buying price of carbon is 35 ¥/t.

Case 4.2 changes the selling price of carbon to 35 ¥/t and the buying price of carbon is
35 ¥/t in Case 4.1.

Case 4.3 changes the selling price of carbon to 27 ¥/t and the buying price of carbon is
35 ¥/t in Case 4.1.

Figure 8 considers the total carbon emission of all cases in the carbon trading market.
From Figure 8, it can be seen that the total carbon emission of the system decreases
greatly after the introduction of the carbon trading market. It can be seen that during
the optimization process, both EV and P2G increase the total carbon emission of the system.
After the addition of the carbon capture device, the total carbon emission of the system
decreases greatly, with the maximum difference reaching 26.7226 t, the effect is obvious.
By comparing Case 4.1 and Case 4.2, it is found that increasing the selling price of carbon
will have less influence on the overall carbon emission of the system when the purchased
carbon is unchanged. By comparing Case 4.1 with Case 4.3, it will affect the total amount
of carbon capture and increase the total amount of carbon emissions when reducing the
selling price of carbon. Therefore, Case 4.1 is a better option in the carbon trading market.
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The negative number in Table 4 is the profit cost. By comparing the costs in Table 4,
the total cost of Case 4.1 and Case 4.2 differs by 100 yuan when the selling price differs by
only 4 yuan, which is considerable for the total cost of the system. So, in Figure 8, Table 4,
if the difference between Case 4.1 and Case 4.2 is not big, selling at a higher carbon cost is
beneficial to the cost control of the system. To sum up, when the selling price of carbon
increases positively, the carbon emissions of the system are almost unchanged, the cost is
reduced, the carbon emissions increase when the selling price is lower, and the total cost
increases at the same time.
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Table 4. The different cost between Case 4.x.

Running Case Power Purchase
Cost (CNY)

Gas Purchase
Cost (CNY)

Carbon Trade
Cost (CNY)

Total Cost
(CNY)

Case 4.1 77.42 6680.47 −657.59 6363.27
Case 4.2 63.02 6680.47 −745.39 6261.14
Case 4.3 65.53 6660.39 −564.72 6437.97

6. Conclusions

In view of the low-carbon scheduling of integrated electricity and gas distribution
system considering V2G, this paper has established a basic gas electricity interconnection
system, including the orderly dispatch of electric vehicles based on P2G equipment and
carbon storage equipment, combined carbon capture, carbon storage and low carbon
economic dispatch with fluctuating carbon prices, and obtained an effective model through
numerical example analysis. The conclusions are as follows:

(1) After considering the orderly dispatching of electric vehicles, the electric vehicles are
guided to actively participate in orderly charging and discharging, and are connected
to the power grid for charging when the net load is small at the low price valley,
which realizes peak shaving and valley filling, and increases the security, economy
and efficiency of energy storage of the power grid.

(2) After the P2G devices are connected, the multi-energy complementary capacity of the
system is significantly improved, the energy conversion efficiency is further enhanced,
and the dispatching of main grid is more flexible and convenient.

(3) Taking into account the electric vehicle access, the P2G equipment is connected to the
electrical interconnection system, which has significantly improved the renewable
energy consumption of the power grid, the high proportion of renewable energy
consumption capacity of the whole system, and significantly reduced the cost.

(4) After considering the carbon trading market, the implementation effect of low-carbon
economy for the whole system is obvious, and the overall carbon emissions of the
system are greatly reduced. Considering the fluctuation of carbon price, a better
carbon trading case is obtained. Considering the overall planning of carbon storage,
carbon emissions and transportation trading links, the total cost of the system can
be controlled to obtain the lowest cost, along with the fluctuation of the carbon
trading price.
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Nomenclature

Indices
t Index of hours
j,(i,j),d Index of voltage node/current of branch/load
n, p Index of wind power/PV node
pg Index of P2G node
Variables:
Z All costs of the system
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ZE The distribution network operating cost
Zloss The penalty cost of WT and PV power curtailment
ZG The natural gas system operating cost
Z f The carbon emission tax
Zm The carbon trading cost
Pt

E The active power from main grid at time t;
Pij,t The active power from main grid at time t of power line (i,j)
Pt

W/Pt
PV The active power of WT/PV at time t

Pt
loss The active loss power at time t

Pc,ra
m,t /Pd,ra

m,t Order to charge and discharge the rated power of electric vehicles
PWT

nt /PPV
pt The active power of WT/PV at time t at node n/p

PWT,F
nt /PPV,F

pt Forecast active power of WT/PV at time t at node n/p

PWT,loss
nt /PPV,loss

pt Loss active power of WT/PV at time t at node n/p
PGT

j,t /QGT
j,t Active/reactive power generation of GT at node j at time t

Pc
j,t/P f ix

j,t
Power consumption, and fixed power consumption of CCP at node
j at time t

QE
t Reactive power from main grid at time t

Qij,t Reactive power from main grid at time t of power line (i,j)
Eope

t Actual system carbon emission at time t
EL

t Total free carbon quota at time t
Ebuy

t /Esell
t Carbon bought and sold in carbon market at time t

Eccp
j,t The amount of carbon being captured at node j at time t

EGT
j,t Carbon production of GT at node j at time t

EPtG
j,t Carbon production of P2G at node j at time t

Esell
t /Ebuy

t Carbon bought and sold in carbon market at time t
Vjt Node voltage at node j at time t
Iij,t Current of branch (i,j) at time t
Iin
m,t, Is

m,t, Iall
m,t, Ic

m,t, Id
m,t Binary 0 and 1 variables that represent the state.

Iin
m,t

Whether the electric vehicle is connected to the grid at time t, yes is 1,
otherwise is 0

Is
m,t Indicate whether the electric vehicle is connected to the grid at time t

Iall
m,t

Indicate whether the electric vehicle is available for charging and
discharging at time t

Ic
m,t Indicate the charging state of the electric vehicle, only when charging is 1

Id
m,t

Indicate the discharging state of the electric vehicle, 1 when
discharging only

IGT
j,t /IP2G

j,t Status indicator that is equal to 1 if GT/P2G at node j is online at time t
Sm,t The SOC size of the electric vehicle at time t
Sm,0 The SOC size at the time of connection to the grid
Em Electric vehicle battery capacity
GPtG

n,t /GS
n,t Gas output of P2G/gas supplier at node n at time t

GLD
n,t /GGT

n,t Gas demand of gas load/GT at node n at time t
Sm,T The expected SOC size at the time of leaving the grid, respectively

Mct
j,t/Mcs

j,t
Capacity of carbon storage tank/carbon storage warehouse at node
j at time t

Mcs,in
t /Mcs,out

t Input/output of carbon storage warehouse at time t
Parameters
ct

E/cG
t The price of electricity/natural gas at time t

ct
loss The penalty price of WT and PV power curtailment

cmax The price of carbon emission tax
cb/cs The price of purchase/selling CO2
Cup

j,t /Cdown
j,t Startup/shutdown cost of GT at node j at time t

Rij/Xij Resistance/reactance of power line (i,j)
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γ Penalty coefficient of nodal pressure
πx,t Gas pressure at time t at node x
ΩP Set of pipelines
µ Mathematical expectations
σ Standard deviation
ζ Carbon capture rate of CCP
M One infinite large positive number
ρPtG

j Carbon consumption per unit of electricity in P2G at node
Kxy Gas flow constant of gas pipeline (x,y)
τxy Compressor factor at pipeline (x,y)
ηc

m/ηd
m Electric vehicle charging and discharging efficiency

εmg/εgt Carbon emission quota per unit of main grid/GT
emg/egt Carbon emission intensity of main grid/GT
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