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ABSTRACT The power to gas (P2G) technology can realize the large-scale storage of electric energy in the
form of natural gas, so that the power system and the natural gas system have the ability to flow energy, and
the degree of coupling between the power system and the natural gas system is deepened. As the coupling
between the power system and the natural gas system continues to increase, an integrated energy system (IES)
with the power grid as the core has emerged. However, under uncertain conditions, the current planning
methods still cannot guarantee the optimal interests of each manufacturer, so a collaborative planning
method for gas-electric systems based on non-cooperative game theory is proposed. With each energy unit
and electricity and gas network companies as independent interest groups, and with the maximum annual
net income as the optimization goal, establishing a comprehensive non-combination of wind turbines, gas
turbines, electric-to-gas turbines, transmission lines and natural gas pipelines in the gas-electric integrated
system linear programmingmodel. Aiming at the uncertainty of wind power and load, an improved two-stage
robust optimization method is proposed. Finally, the modified IEEE 39-node power system and 20-node
natural gas system gas-electric network verify the application value of the model and algorithm.

INDEX TERMS IES, game theory, P2G, collaborative planning, robust optimization.

I. INTRODUCTION
The development of renewable energy such as wind power
and photovoltaics is an important countermeasure to solve the
fossil energy crisis and environmental degradation. However,
with the expansion of the installed scale of wind power and
photovoltaic power generation, the randomness and intermit-
tentness of the grid will affect the grid during the process
of grid connection. Safety, stability and operation scheduling
have brought many hazards, and have also led to increasingly
serious problems of abandonment of wind and solar, restrict-
ing the large-scale application of new energy power gener-
ation [1]. In the first half of 2016, wind power curtailment
alone reached 32.3 billion kW·h, andXinjiang andGansu cur-
tailed wind power as high as 45% and 47%. The contradiction
between the rising number of new energy installed capacity
and the curtailment of wind and solar power is extremely
prominent [2].
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Traditional power grids have adopted various solutions on
the supply side and demand side for the consumption of
intermittent renewable energy such as wind power. The use
of conventional peak shaving power and energy storage to
cope with the intermittent and volatility of renewable energy
has a significant effect, but the configuration and operation
cost of the two are too high, and the large-scale configuration
is inefficient [3]; the response solution using demand-side
management has low cost advantages, but was affected by
the lack of project promotion and the uncertainty of the load
itself, the response capability and response reliability need
to be improved, and there are many participants, the bene-
fit transmission method is complex, the policy mechanism
requires high, and the conditions for large-scale application
are not available in the short term [4]. To alleviate envi-
ronmental pollution and improve the efficiency of end-use
energy, the integrated energy system has become an important
direction for multi-country energy structure adjustment.

In recent years, with the continuous increase in the
scale of gas-electricity installations and the maturity of
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P2G technology, the coupling relationship between power
and natural gas systems has deepened. When the wind power
output is surplus, the opening of the P2G device not only pro-
vides a new solution for the large storage and transportation
of abandoned wind power, but also realizes the two-way flow
of energy between the electricity and gas subsystems. There-
fore, the electricity-gas interconnection system with P2G has
become one of the important trends in the development of the
energy field in the future.

Literature [5] analyzed the principles of P2G technology
in detail and studied the application of P2G technology in
integrated energy networks. Literature [6] regards wind farms
and electricity-gas interconnection systems as two interest
groups, and establishes a two-layer model to configure the
capacity of P2G equipment. Literature [5], [6] mainly stud-
ies the operation planning of P2G equipment. Literature [7]
proposed a peak-shaving and valley-filling model for gas
turbines and P2G devices to reduce the fluctuation of power
load in the system and increase the consumption of surplus
wind power output. The above researches result paying more
attention to the advantages and reliability problems brought
by P2G technology to the power system, and do not consider
the impact of P2G technology on the surplus output of wind
power. The surplus output was transformed into natural gas,
and coordinated planning research was carried out on the
power and natural gas network.

Literature [6] considered the uncertainty of the output of
new energy sources such as wind power and photovoltaics
at the power generation end, and established a new energy
micro-grid economic operation optimization model, which
reduces the operating cost of the micro-grid. Literature [8]
analyzed the relationship between different stakeholders on
the basis of considering the uncertainty of new energy at the
power generation end, and constructed a dynamic/static game
planning model. Literature [9] studied the master-slave game
relationship between microgrid operators and the microgrid
operation plan driven by electricity prices, and established
a corresponding optimization model. The above researches
result paying more attention to the uncertainty brought about
by the integration of new energy into the integrated energy
system and the interest relationship between all stakeholders
under the cooperative game. However, in the actual microgrid
operation process, due to the different cost-benefit identi-
fication directions among the main stakeholders involved,
sometimes it is not necessary to consider only the operation
scheduling plan under the cooperative game mode.

Literature [10] studied the distribution network planning
model containing natural gas, in which the natural gas power
plant is regarded as a kind of distributed power source.
Literature [11] proposed a large-scale multi-cycle generator,
transmission line, and natural gas network expansion plan-
ning method. Based on the simulation of Iran’s large-scale
power-natural gas system, the effectiveness of the proposed
method was verified. In order to improve the resilience of
the power grid under extreme conditions, literature [12] pro-
posed a comprehensive planning algorithm for power and

natural gas transportation systems. Although the focus on the
above research is different, it is basically based on the overall
rational thinking, using a unifiedmulti-objective optimization
model to make planning decisions, and does not consider the
individual rational behavior of different investment entities.
However, in the actual integrated energy system, the power
network and the natural gas network may be invested and
constructed by different investment entities. These investors’
interest appeals are independent of each other, and their
decision-making behaviors are based on individual ratio-
nality and are formed in the process of gaming. Balanced
results. Under this circumstance, the above-mentioned plan-
ning model based on overall rationality cannot effectively
describe the widespread multi-agent game phenomenon in
the actual integrated energy system; on the other hand,
the planning method based on the overall perspective is
difficult to consider every market in the market. The inter-
est appeals of investment entities, thereby reducing market
vitality.

The above documents all simply attribute the comprehen-
sive cost and benefits to the gas-electric integrated system,
and do not analyze each subject under uncertainty. Therefore,
this paper proposes a comprehensive energy game planning
method that takes into account uncertain factors such as wind
power load, and converts the surplus output of wind power
photovoltaic into natural gas through P2G devices, and con-
ducts collaborative planning research on power and natural
gas networks. Establishing a multi-interest group model and
listing the benefit function of each interest group. In order
to be more suitable for the power system planning market
model, an improved non-cooperative game strategy is used
for planning. For each uncertain parameter in the model,
an improved two-stage robustness is adopted. Optimization.
Compared with the traditional method, this article is oriented
to the planning of the electricity-natural gas integrated energy
system, fully considering the game relationship between dif-
ferent investment entities, and conducting a collaborative
planning study on the electricity and natural gas network,
which can be viewed from the overall gas-electric integrated
energy system. From a perspective, it can ensure the econ-
omy, safety and reliability of planning decisions; it can also
ensure that each market entity maximizes its own profits in
the game process, thereby enhancing the market vitality of
the integrated energy system and the effectiveness of planning
decisions. The feasibility and effectiveness of the method
proposed in the paper are verified by the IEEE 39 node and
the planning of a 21-node natural gas network in Belgium.

II. INTEGRATED ENERGY SYSTEM
A. INTRODUCTION TO INTEGRATED ENERGY SYSTEM
The IES contains electricity, heat, and gas which consist
of a power system, a thermal system, a natural gas system
and multi-energy conversion equipment as a coupling link
distributed in a region, as shown in Figure 1. The power
network transmits electric energy from the power supply side
to the load side; the thermal system is composed of a heat
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FIGURE 1. IES contains electricity, heat and gas.

source, a heating network, a heat recovery network and a heat
load. The high-temperature hot water transports heat from the
heat source to the heat load through the heating pipe, and the
heat is transferred through the radiator. After the heat energy
transmitted to the user, it is transformed into low-temperature
hot water, and then flows back to the heat source through the
heat recovery pipeline; the natural gas system is composed
of a gas source, a gas supply pipeline, a compressor and a
load, and a compressor driven by a gas turbine or an electric
motor is used to increase the gas supply pressure to ensure
the air supply. CHP units, electric boilers, gas boilers and
other equipment can realize the conversion between different
energy sources according to demand. In addition, in order to
improve economy and operational flexibility, electric energy
storage, thermal energy storage and gas storage equipment
are also installed in the system. The comprehensive dispatch,
coordination and optimization of multiple energy sources
under the IES framework are of great significance to meet
the increasing energy demand of mankind and reduce car-
bon emissions. Therefore, it has good universality and broad
promotion prospects. Countries are pursuing policies in the
energy field. At the time of its formulation, the emphasis on
it has gradually increased.

B. P2G TECHNOLOGY
The multi-energy coordinated operation scheme involves the
largest amount of energy, flexible energy conversion meth-
ods, and the widest range of energy transmission is the coor-
dinated operation of the power grid and the gas grid, and
the power-to-gas (P2G) technology as its energy conversion
hub is also receiving increasing attention. P2G technology
mainly includes 2 types [13]: 1) Electro-hydrogen technol-
ogy, which decomposes water into oxygen and hydrogen
through electrolysis. 2) Electric conversion to methane tech-
nology, that is, water is first decomposed into oxygen and
hydrogen through electrolysis, and then hydrogen and car-
bon dioxide are reacted to synthesize methane [14], [15].
The reaction efficiency of electricity-to-hydrogen technol-
ogy is higher than that of electricity-to-methane technology,
but hydrogen cannot be injected into natural gas pipelines
on a large scale (hydrogen injection into existing natural
gas pipelines will cause pipeline hydrogen embrittlement

and permeation), but methane can be directly injected into
natural gas pipelines and storage devices to achieve Large-
scale storage and long-distance transportation of energy. The
electricity-to-gas technology introduced in this article specif-
ically refers to electricity-to-methane technology, which pro-
vides a new idea for the large-scale storage and utilization of
renewable energy: P2G equipment converts surplus electric-
ity into man-made natural gas, and injects it into the natural
gas network for storage and transmission, By coordinating
the operation between the power system and the natural gas
network, improve the system’s ability to accept intermittent
renewable energy power generation [16].

Features of P2G technology:

1) IMPACT ON THE POTENTIAL CONSUMPTION CAPACITY
OF RENEWABLE ENERGY
1) Long-distance energy transportation when the transmis-
sion network is insufficient.

2) Realize large-scale storage of electric energy in the form
of gas.

2) REDUCE CARBON EMISSIONS AND ENHANCE
ENVIRONMENTAL BENEFITS
P2G technology mainly includes two processes in converting
surplus power generation into natural gas for storage [17].
First, renewable energy or power grids are used to decompose
water into hydrogen and oxygen through electrolysis. The
hydrogen produced then reacts with carbon dioxide. The
two gases are converted into methane through the sabatier
catalytic reaction, and the heat energy released can be used
in cascades. The increase in carbon dioxide emissions is
an important cause of global warming. The development of
P2G technology provides technical support for the large-scale
power generation of renewable energy, which can indirectly
reduce the use of fossil fuels for power generation. At the
same time, P2G consumes a large amount of carbon dioxide
resources during the operation, which further reduces car-
bon emissions, thereby improving environmental benefits.
The specific reaction process is shown in Figure 2. There
are many sources of CO2, the reactant of the methana-
tion reaction, so the electricity-to-gas can be co-produced
with other projects such as biogas plants, sewage treatment
plants, breeding farms, coal-fired power plants, etc., effec-
tively saving investment and realizing comprehensive benefit
optimization.

3) IMPACT ON FLEXIBILITY AND RELIABILITY OF
GAS-ELECTRIC SYSTEM
The impact of P2G technology on the gas-electric system is
shown in Figure 3. Through themutual conversion of electric-
ity and gas, P2G technology can not only solve the problem of
grid connection of renewable energy, improve the utilization
rate of renewable energy, but also promote the coordination
of electrical systems. Operation increases the flexibility of the
gas-electric coupling system. The operation process is also an
environmental protection process to eliminate carbon.
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FIGURE 2. Power to gas process.

FIGURE 3. Influence of P2G technology on gas-electric coupling system.

FIGURE 4. Gas-electricity interconnected integrated energy system.

C. GAS-ELECTRICITY INTERCONNECTED INTEGRATED
ENERGY SYSTEM
The maturity of the electricity-to-gas technology and the
cooperation with gas turbines have realized the circulation of
energy between the power grid and the natural gas network,
and increased the coupling of the electricity-gas network.
Together, the electricity-to-gas unit and the gas turbine have
become a pivotal component of the gas-electric integrated
network [18]. The schematic diagram of the gas-electric inte-
grated energy system is shown in Figure 4.

III. MULTI-AGENT NON-COOPERATIVE GAME
FRAMEWORK
A. THE BASIC ELEMENTS OF NON-COOPERATIVE GAMES
The basic elements of non-cooperative games generally
include participants, strategies and benefits [19]. In order to
promote the promotion and application of non-cooperative
game theory, non-cooperative games have formed two typ-
ical purely mathematical normative expression forms. The
two forms are standard (strategy) games and mixed strategy
games. The difference between the former and the latter lies
in the simultaneity of decision-making, which is applicable
to static and dynamic games respectively. This article adopts
dynamic game, and the mathematical expression of dynamic
game is introduced below.
Definition 3.1: Mixed strategy game, the game contains

three basic elements:
(1) Player in independent game: N = {1,2,. . . ,n-1,n}
(2) The mixed strategy of game participant i, the strategy

set σ = {σm1 , σ
m
2 , . . . , σ

m
n−1, σ

m
n };

(3) The expected return under the law of probabil-
ity density distribution is as follows: ui(σi, σ−i) =∑
s−i∈S−i

∑
s−i∈S−i

ui(si, s−i)σi(si)σ−i(s−i)

The mathematical form of the mixed game is: 0 =

{N , σ, u} = {N ; σm1 , σ
m
2 , . . . , σ

m
n−1, σ

m
n ; u1, u2, . . . , . . . , un}

B. DEFINITION OF NON-COOPERATIVE GAME
EQUILIBRIUM AND THEORY OF EXISTENCE
The equilibrium of non-cooperative games is the Nash equi-
librium. This equilibrium was proposed by John Nash and
has been unified for academic circles and engineering appli-
cations and has been retained to this day.
Definition 3.2: For the gam 0 = {N , σ, u} =

{N ; σm1 , σ
m
2 , . . . , σ

m
n−1, σ

m
n ; u1, u2, . . . , . . . , un}, existence

strategy response set σ ∗ = {σm
∗

1 , σm
∗

2 , . . . , σm
∗

n−1, σ
m∗
n },

satisfy ∀s′i ∈ Si, s
′
i 6= s∗i ,∀i ∈ N following:

ui(σ ∗1 , . . . , σ
∗

i−1, σ
∗
i , σ

∗

i+1, . . . , σ
∗
n )

≥ ui(σ ∗1 , . . . , σ
∗

i−1, σ
′
i , σ
∗

i+1, . . . , σ
∗
n )

Then, σ ∗ = {σm
∗

1 , σm
∗

2 , . . . ., σm
∗

n−1, σ
m∗
n } is Nash

equilibrium.
Based on the above definition, it is easy to know that the

existence of a Nash equilibrium solution needs tomeet certain
specific conditions. For the existence of equilibrium, Nash,
Debru, Glicksberg, Fan1, Dasgupta, Maskin and others have
conducted in-depth discussions and proposed four existences.
Theorems and the four theorems all inherit the ideas of Kaku-
tani’s fixed point theorem to some extent, and expand on this
basis [20]. This article only describes an existence theorem
involved in the following.
Definition 3.3: For any game with limited strategies, there

must be an equilibrium solution.
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IV. RESEARCH ON MODELING OF GAS-ELECTRIC
COUPLING SYSTEM BASED ON P2G COUPLING
P2G technology can promote the integration of power sys-
tems and natural gas systems, but bring new challenges to
the operation of energy systems. Modeling a gas-electric
coupling system based on P2G coupling is a fundamental key
issue for the safe and economic operation of the gas-electric
coupling system under the high penetration rate of intermit-
tent renewable energy and the P2G planning and configura-
tion. The existing gas-electric coupling system research is
shown in Figure 5, involving the modeling of P2G’s own
equipment, power generation and transmission network mod-
eling, natural gas network modeling, and the construction
of loads and renewable energy with forecast uncertainties.
Model to form a more complete gas-electric coupling system
model with P2G devices.

FIGURE 5. Gas-electric coupling system model.

A. P2G DEVICE MODELING
When wind abandonment occurs in the electricity-gas inter-
connection system, the surplus wind power can be converted
into natural gas by turning on the P2G device and injected
into the gas pipeline of the natural gas system for storage and
transportation. Therefore, the following relationship between
the power consumption of the P2G device and the injected air
flow can be established:

FP2G,K

=



ηP2G,kPP2G,k
GHV

,

NW∑
i=1

1PW ,i > 0

0,
NW∑
i=1

1PW ,i > 0

, k = 1, 2, 3, . . . ,Nc

(1)

where PP2G,k , FP2G,k , ηP2G,k respectively are the power
consumption, injection airflow and conversion efficiency of
P2G device k; GHV is the high heating value of natural gas;
Nw and Nc are the total number of wind farms and P2G
installations respectively.

B. GAS UNIT MODEL
Gas generating units and gas-fired cogeneration units are
common gas-fired units in the electricity-gas interconnection
system. The latter generally adopts the operation mode of
‘‘power by heat’’ in China, and the output power of the
unit is determined according to the heat demand and the
heat-to-power ratio. The following equations are satisfied
between the air flow consumption and the output electric
power of the above two gas-fired units:

FGAS,k =
[αk + βkPGAS,k + γk (PGAS,k )2

GHV
,

× k = 1, 2, 3, . . . ,Na (2)

FCHP,k = PCHP,k/(ηCHP,kGHV ), k = 1, 2, 3, . . . ,Nb
(3)

PCHP,k = HCHP,k/vCHP,k , k = 1, 2, 3, . . . ,Nb (4)

where PCAS,k , FCAS,k respectively are the active power out-
put and the consumed air flow of the gas generator set k;
αk , βk , γk is the consumption coefficient of gas generator
set k; PCHP,k , FCHP,k , HCHP,k , vCHP,k , ηCHP,k are the active
power, air consumption, heat load, heat-to-electricity ratio,
and conversion efficiency of gas-fired cogeneration unit k;
Na and Nb are the total number of gas-fired generating units
and gas-fired cogeneration units, respectively.

C. NODE INJECTION POWER AND AIRFLOW EQUATION
The calculation formula for the injected active and reactive
power at node i of the power system and the injected air flow
at node m of the natural gas system is as follows:

Pi = Vi
Ne∑
j=1

Vj(Gij cos θij+Bij sin θij), i = 1, 2, . . . ,Ne

(5)

Qi = Vi
Ne∑
j=1

Vj(Gij sin θij−Bij cos θij), i = 1, 2, . . . ,Ne

(6)

Fm = Vi

N1∑
r=1

AmrLr +
Np∑
r=1

EmrCr +
Np∑
r=1

Tmrτr ,

×m = 1, 2, . . . ,Nm (7)

where Vi is the voltage amplitude of node i in the power
system; θij is the voltage phase angle difference between
nodes i and j of the power system; Gij and Bij are the real and
imaginary parts of the elements in the i-th row and j-th column
of the nodal admittance matrix; Lr , Cr and τr are the flow
through the gas pipeline r, the compressor branch r, and the
flow consumed by the compressor branch r in the natural gas
system, The specific calculation formula can be found in the
literature [21];Amr ,Emr and Tmr are the node-pipe correlation
matrix A, the node-compressor correlation matrix E, and
the node-compressor inlet node correlation matrix T in the
mth row and rth column elements respectively; Nl , Np is
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the total number of gas pipelines and compressor branches
respectively.

D. POWER SYSTEM CONSTRAINTS
The power system constraints mainly include: output con-
straints, node voltage constraints, line transmission power
constraints, line power flow equation constraints, and
network active power balance constraints, as shown in
equations (9) to (12):

PW ,min
i ≤ PWi,h + P

P2G
i,h ≤ P

W ,max
i (8)

Umin
i ≤ Ui,h ≤ Umax

i (9)

−Pmax
L ≤ Pl,h ≤ Pmax

L (10)
Pi,h − Ui,h

N∑
i=1

Uj,h(Gij cos θij,h + Bij sin θij,h) = 0

Qi,h − Ui,h
N∑
i=1

Uj,h(Gij sin θij,h + Bij cos θij,h) = 0

(11)

Pload,h + Ploss,h +
NP2G∑
i=1

PP2Gi,h =

NMT∑
i=1

PMTi,h + P
grid
h (12)

where PW ,max
i , PW ,min

i is the upper and lower limits of wind
power output on node i; Umax

i , Umin
i is the upper and lower

limits of the voltage on node i; Pmax
L is the transmission power

limit of line ij; Pi,h, Qi,h are the injected active power and
reactive power of node i in period h;Ui,h, Uj,h are the voltage
amplitudes of node i and node j under period h; Gij, Bij are
the conductance and susceptance on the branch ij; θij,h is the
phase angle difference between node i and node j in period h.

E. NATURAL GAS SYSTEM CONSTRAINTS
Natural gas system constraints mainly include: gas source
and gas storage device output constraints, natural gas pipeline
flow constraints, network flow constraints and natural gas
balance constraints, as shown in equations (13) to (17)
respectively:

ggsi,min ≤ g
gs
i,h ≤ g

ga
i,max (13)

gstori,min ≤ g
stor
i,h ≤ g

stor
i,max (14)

gij,h = sgn(ρi,h − ρj,h) · C2
ij · (ρ

2
i,h + ρ

2
j,h) (15)

gij,h,min ≤ gij,h ≤ gij,h,max (16)

gload,h +
NMT∑
i=1

gMTi,h −
NP2G∑
i=1

gP2Gi,h − P
up
h = 0 (17)

where ggsi,h, g
stor
i,h is the natural gas supply flow rate and the

supply flow rate of the gas storage tank at the gas source point
i in the period h; ggai,max, g

gs
i,min are the upper and lower limits

of the natural gas supply flow at gas source point i; gstori,max,
gstori,min are the pipe flow from node i to node j in the h-th
period, and the air pressure at node i and node j; Cij is the
pipeline coefficient, which is related to the length, diameter,

and operating efficiency of the pipeline; gij,h,max, gij,h,min are
the upper and lower limits of pipe flow.

F. ELECTRIC-GAS COUPLING CONSTRAINT

PMT ,min
i ≤ PMTi,h ≤ P

MT ,max
i (18)

0 ≤ PP2Gi,h ≤ PP2G,max
i (19)

PMTi,,h = µ
MT
× gMTi,h (20)

PP2Gi,,h = µ
P2G
× gP2Gi,h (21)

where PMT ,max
i , PMT ,min

i is the upper and lower limits of the
gas turbine output on node i; PP2G,max

i is the output upper
limit of the P2G plant station on node i; µMT is the energy
conversion efficiency of the gas turbine, µP2G is the energy
conversion efficiency of the electric-to-gas unit.

V. COMPREHENSIVE ENERGY PLANNING MODEL BASED
ON NON-COOPERATIVE GAME
A. MULTI-AGENT PLANNING INCOME MODEL
The multi-agents considered in this paper include the main
body of the electric power network and the main body of the
natural gas network. The main body of the electric power net-
work is the power generation company and the grid company,
and the main body of the natural gas network is the natural
gas company. Different from the traditional integrated energy
system planning problem with the power grid company as
the core subject, this article involves multiple subjects and
each subject has different interests. For power generation
companies, they hope to reduce the investment and construc-
tion costs of gas generating units, and reduce operating costs
and environmental costs, so as to maximize revenue; for
power grid companies, they hope to reduce line investment
costs and network losses, thereby maximizing revenue; For
natural gas companies, they hope to rationally plan pipeline
investment costs, reduce the operating costs of natural gas
sources, increase gas sales income, and maximize their own
interests. Different entities have different goals when partici-
pating in planning and making independent decisions. There-
fore, the planning models of the above entities need to be
constructed separately. Reference [22] provides the modeling
idea of the revenue model in dynamic game planning. In this
paper, the revenue is obtained by calculating the difference
between the total network revenue and the total cost of the
network, and considering the network security constraints,
the power generation company, the power grid company and
the natural gas company are constructed separately. Income
model.

B. WIND POWER REVENUE FUNCTION
Analyzing the entire investment, construction and operation
cycle of a wind power plant, it can be seen that its income
roughly includes the parts of early investment, sale of electric
energy, operation and maintenance, etc. The mathematical
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expression of FWi is as follows:

FWi =
Sh∑
h=1

PWi,h × (cW ,swh + cW ,bt )+
Sh∑
h=1

PP2Gi,h × c
P2G
h

−
r(1+ r)nW

(1+ r)nW − 1
SWi × c

W ,inv (22)

where Nh is the number of operating periods; T h is the
duration of the h-th period; PWi,h, P

P2G
i,h are the actual grid

power of the wind power at node i in the period h and
the power provided to the P2G plant and station; cW ,swh is
the on-grid price of wind power in time period h; cW ,bt is the
government’s new energy subsidies for wind power grids;
cP2Gh is the price of P2G power supply for wind power at time

period h; r(1+r)nW

(1+r)nW−1 is the DWG’s current value conversion
coefficient of equivalent annual value, where, nW is the
economic service life of the DWG, r is the discount rate; SWi
is the rated capacity of WDG installed at the i-th node; cW ,inv

is the unit capacity investment cost of WDG.

C. REVENUE FUNCTION OF MICRO GAS TURBINE PLANT
Discuss the power generation characteristics of gas-fired
power plants. The income FMTi includes the income from
the sale of electric energy and related expenditures related
to operation and maintenance. The specific mathematical
expressions are shown below:

FMTi =

Sh∑
h=1

PMTi,h × (cMT ,swh − cMT ,m)−
Sh∑
h=1

gMTi,h × c
g,s
h

−
r(1+ r)nMT

(1+ r)nMT − 1
SMTi × cMT ,inv (23)

where PMTi,h is the actual grid power of the gas turbine at node
i in the period h; cMT ,swh is the on-grid electricity price of the
gas turbine in time period h; cMT ,m is the maintenance cost
of the gas turbine; gMTi,h is the amount of natural gas required
by the gas turbine at node i to generate power at PMTi,h during
period h; cg,sh is the natural gas price at time period h; nMT is
the economic service life of the gas turbine; SMTi is the rated
capacity of the gas turbine installed at the i-th node; cMT ,inv

is the investment cost per unit capacity of the gas turbine.

D. P2G PLANT REVENUE FUNCTION
The income of the P2G plant comes from the electricity-to-
gas sales income, and the cost includes the investment cost
of the electricity-to-gas device and the cost of electricity. The
income function FP2Gi is as follows:

FP2Gi =

Sh∑
h=1

gP2Gi,h × c
g,sw
h −

Sh∑
h=1

PP2Gi,h × (cP2Gh + cP2G,m)

−
r(1+ r)nP2G

(1+ r)nP2G − 1
SP2Gi × cP2G,inv (24)

where gP2Gi,h is the actual gas supply volume of the
electric-to-gas device at node i during the period h; cg,swh is

the gas supply price for the electricity-to-gas device at time
period h; PP2Gi,h is the amount of electricity required by the
electric-to-gas device on node i to supply gas gP2Gi,h during
time period h;
cP2Gh is the maintenance cost of the gas turbine; nP2G is the

economic service life of the electricity-to-gas device; SP2Gi is
the rated capacity of the electric-to-gas device installed at the
i-th node; cP2G,inv is the investment cost per unit capacity of
the electricity-to-gas device.

E. GRID COMPANY REVENUE FUNCTION
The income of the power grid comes from the sales of
electricity, and the cost includes the investment cost of the
transmission line, the cost of network loss and the cost of
electricity purchase. The income function FE is shown in
formula:

FE =
Sh∑
h=1

Pload,h × c
p,s
h −

NW∑
i=1

Sh∑
h=1

PWi,h × c
W ,sw
h

−

Nmt∑
i=1

Sh∑
h=1

PMTi,h × c
MT ,sw
h −

Sh∑
h=1

Pgridh × cgridh

−

Sh∑
h=1

Ploss,h × c
p,s
h −

r(1+ r)n
ij

(1+ r)nij − 1

∑
ij∈ϕl

xij×cij × lij

−

∑
ij∈ϕl

xij × cmij × lij (25)

where Pload,h is the power load demand in h period; cp,sh is
the average price of electricity sold by the residents of the
power grid during period h; NW , Nmt are the nodes to be
installed for wind power and gas turbines; Pgridh is the power
purchased by the distribution network from the upper-level
grid for the period h; cgridh is the electricity purchase price of
the distribution network from the upper-level grid for the time
period h; Ploss,h is the network loss of time period h; nij is the
economic service life of line ij; xij is a 0-1 variable, if the line
is added to the line ij, it is 1, if it is not installed, it is 0; cij is
the investment cost per unit length of line ij; lij is the length
of circuit ij; cmij is the maintenance cost per unit length of the
line.

F. NATURAL GAS COMPANY REVENUE FUNCTION
The income of natural gas companies comes from the sales
of gas, and the cost includes the investment cost of the gas
pipeline and the operating cost of the natural gas source. The
income function FG is as follows:

FG =
Sh∑
h=1

gload,h × c
g,s
h +

NMT∑
i=1

Sh∑
h=1

gMTi,h × c
g,s
h

−

NP2G∑
i=1

Sh∑
h=1

gP2Gi,h
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× cg,swh −

Sh∑
h=1

ggph × c
gp
h −

r(1+ r)n
gp

(1+ r)ngp − 1

×

∑
ij∈ϕgp

xij × cgpij × l
gp
ij (26)

where gload,h is the natural gas load demand in period h;
cg,sh is the average price of gas sold by residents in period h;
NP2G is the node to be installed of the electric-to-gas device;
ggph is the power purchased by the distribution network from
the upper-level grid for the period h; cgph is the electricity pur-
chase price of the distribution network from the upper-level
grid for the time period h; N gp is the economic service life
of the pipeline; xij is a 0-1 variable, if pipe is installed in ij,
it is 1, and if it is not installed, it is 0; cgpij is the investment
cost per unit length of pipeline ij; lgpij is the length of pipe ij.

G. CONSTRUCTION OF NON-COOPERATIVE GAME MODEL
OF INTEGRATED GAS AND ELECTRICITY SYSTEM UNDER
UNCERTAINTY
A non-cooperative game contains three necessary compo-
nents. For the non-cooperative gamemodel under uncertainty
established in this chapter, the corresponding components
are:

(1) Independent game player. The players in the bureau
include power generation companies (wind power plants,
micro gas turbine plants), power grid companies and natural
gas companies, and power-to-gas plant plants, forming a
multi-agent non-cooperative game.

(2) The strategies of the players in the game. The strategy
set in this chapter is the plans of each subject under their cor-
responding constraints, that is, the strategies of wind power
plants, micro gas turbine plants, and electricity-to-gas plant
plants are their respective capacities; the strategies of grid
companies and natural gas companies are expansion plans for
grids and natural gas pipelines; Under the condition that some
parameters are uncertain, each participant makes a decision
to maximize his own profit based on the information he has
mastered.

(3) Participants’ income. The income function of multi-
ple participants is the annual net income of the difference
between annual income and cost;

(4) Uncertain parameters. Uncertain parameters include
wind power output, electricity load and natural gas load;

H. GAME RELATIONSHIP
In the joint planning of the gas-power integrated energy sys-
tem, themain bodies are power generation companies, natural
gas companies and grid companies. The planning decision of
the power generation company is the new construction of gas
generating units, the planning decision of the power grid com-
pany is the construction of new transmission lines, and the
planning decision of the natural gas company is the construc-
tion of new pipelines. The above-mentioned multiple entities
indirectly influence each other’s decision-making through
the electric-gas mixed power flow model. In the process

of decision-making, natural gas companies can decide on
the structure of natural gas pipelines, which will affect the
investment and construction of gas generators and the income
of electricity sales of power generation companies; grid com-
panies can make decisions on the grid and seek to minimize
investment, which will affect the investment and construc-
tion of gas generators of power generation companies and
the income of electricity sales. Power generation companies
can make decisions about the investment of gas generating
units, thereby affecting the investment and construction of
grid company grids and the gas sales income of natural gas
companies; grid companies and natural gas companies can
also indirectly affect each other’s network topology through
the power flow information transmitted by coupling nodes.
Multiple subjects make independent decisions, but influence
each other to form a game relationship.

Due to the need to jointly complete the planning and con-
struction of the power-natural gas integrated energy system
under the premise of independent decision-making, power
grid companies, power generation companies, and natural
gas companies have each other’s strategic information in the
planning process. Based on this, in the game process, when
any one of the power generation company, the power grid
company, and the natural gas company changes strategy and
cannot obtain more benefits, the game reaches an equilibrium
state.

I. PROOF OF THE EXISTENCE OF GAME EQUILIBRIUM
Nash equilibrium is the solution of the non-cooperative game
recognized by the academic circles and the engineering appli-
cation circles. Its existence needs to satisfy one or more of the
four existence axioms. Analyzing the output characteristics of
each subject shows that its output is continuously adjustable,
and the adjustment range is determined, that is, the strat-
egy set is a continuous strategy space on R3, and the game
scheduling model in this chapter is a finite game. Combining
with Theorem 3.3 of this paper, we can see that the game
model in this paper must have a corresponding equilibrium
solution.

VI. IMPROVED TWO-STAGE ROBUST OPTIMIZATION
MODEL
Renewable energy output, load, etc. all have forecast devia-
tions, and it is difficult to ensure the economics of dispatch
by using a deterministic optimizationmodel. In order to avoid
the optimization scheme being too aggressive and risky, this
paper takes into account the uncertain factors in the optimiza-
tion model, and solves it by improving the two-stage robust
optimization model. It is explained as follows: The basic idea
of the classic two-stage robust optimization model is that as
long as the system output plan can withstand the disturbance
in the most extreme scenario, it must meet the disturbance
in any other scenario, which improves the robustness of the
system to a certain extent. It is great, but the probability of
extreme scenarios is low. It only pursues the lowest system
operating cost under extreme conditions, the system backup
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cost is relatively high, and the solution obtained is rela-
tively conservative. Aiming at the shortcomings of the classic
two-stage robust optimization model, the article proposes an
improved two-stage robust optimization model. The basic
idea is that the system output plan is optimal in the desired
scenario and can withstand fluctuations in any scenario. The
corresponding robust risk appetite is:

min
x
[cT x +max

u∈U
min

x0∈(x,u0)
bT1x0] (27)

Dx ≥ d
Gx = 0
D(x +1x0) ≥ d
G(x +1x0) = 0
D(x +1x) ≥ d
G(x +1x) = 0

(28)

where x is the decision variable in the first stage; 1x0 is
the amount of change in wind power output and load in the
desired scenario; u0 is the expected value in the expected
scenario; u is the variable cost amount in the desired scenario;
bT1x0 is the first stage decision variable obtained; G(x +
1x0) = 0, D(x + 1x0) ≥ d are the equality and inequality
constraints that need to be met in the expected scenario of
wind power output and load change; 1x is the actual wind
power output and load change when the uncertainty set U
fluctuates; G(x + 1x0) = 0, D(x + 1x) ≥ d respectively
represents the equality and inequality constraints that need
to be satisfied when the wind power output and load change
are. That is to say, the meaning of the entire formula is to seek
the optimal value in the desired scenario, while being able to
resist fluctuations in any scenario.

A. MODEL SOLVING
When optimizing the solution and improving the two-stage
robust optimization model, this paper decomposes it into the
main sub-problems, and uses interactive iteration to find the
optimal value.

FIGURE 6. Flow chart of algorithm solution.

B. GAME MODEL SOLVING STRATEGY
Step 1: Input raw data and parameters. Initialize the required
data, including the number of players in the game, the strategy
set, the parameters of the profit function, the parameters
related to the amount of uncertainty, etc.;

FIGURE 7. Interconnected IEEE 39-bus electric power system and 20-bus
natural gas system.

FIGURE 8. Typical daily load curve.

Step 2: Set the initial value of the equilibrium point. In this
paper, the feasible initial value is randomly selected as the
equilibrium point X∗ in the strategy set;
Step 3: Each game participant independently optimizes.

Monte Carlo sampling is performed on wind power output,
power load and natural gas load, and the power flow calcu-
lation is performed. According to the results of the previous
round of optimization, each participant refers to the decisions
made by other participants, and uses the improved two-stage
robust optimization to obtain the optimal Strategy;
Step 4: Determine whether each participant has found the

Nash equilibrium. If the results of each participant’s iterative
solution are the same for two consecutive times, it is consid-
ered that the equilibrium solution is found and the equilibrium
solution is output; if the equilibrium solution is not found,
information exchange is carried out, the decision of each
participant is updated, and step 3 is returned to re-optimize.

VII. CASE ANALYSIS
In order to verify the effectiveness of the scheme proposed
in this paper, based on the IEEE 39-node power system and
a certain 20-node natural gas system in Belgium, the test
case shown in Figure 2 was constructed with electric-to-gas
unit and micro gas turbine unit as energy coupling units for
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TABLE 1. Optimal planning scheme in four situations.

testing [23]. Among them, the power system includes
50 power load nodes, 7 power supply nodes and 46 trans-
mission lines. In order to meet the estimated power demand,
2 candidate sites for wind turbines and P2G units, 3 candidate
sites for micro gas turbine units and 6 candidate transmission
lines are proposed. The natural gas system includes 9 natural
gas load nodes, 2 gas source stations, 4 gas storage devices,
2 pressurization stations and 19 pipelines.

The coupling candidate nodes of power system and natural
gas system include:

Power node 9 (natural gas node 18), power node 21 (natural
gas node 7), power node 31 (natural gas node 1), power node
32 (natural gas node 12), power node 33 (natural gas node 14).
As the operating cost of P2G is still relatively high, the P2G
site is selected at the same location as the wind farm to absorb
the surplus output of the wind farm and reduce the wind
abandonment rate of wind power [24].

The following three schemes are designed in the article.
Option 1: Independent planning of power network and natural
gas network; Option 2: Direct integrated planning of power
network and natural gas network without game strategy;
Option 3: Comprehensive planning of power network and
natural gas network through the proposed game strategy.

A. PLANNING RESULTS ANALYSIS
For the above three schemes, the optimal planning scheme
obtained by the solution is shown in Table 1. Among them,
the number in parentheses indicates the installed capacity, for
example, W9 (450) indicates that the wind turbine generator
set at node 9 is 450 MW.

It can be seen from Table 1 that in the planning of gas
generating units: Scheme 1 selects the units at nodes 1, 5,
8, 16, and 19, and Scheme 2 selects the units at nodes 1, 5, 8,
15, and 16. Scenario 3 selects 1, 5, 8 and 16-node units; in the
transmission line planning, the difference between the three
schemes is that: scheme 1 has newly-built transmission lines
on all branches to be selected, scheme 3 is in 9. −31 branch
and 13-15 branch did not build a new transmission line, plan
2 did not build a new line in the 9-31 branch. The rest of the
transmission lines are newly constructed in the same situa-
tion. From the above results, it can be seen that the planning
results of Option 1 and Option 2 and Option 3 are different.

The reason is that: Option 1 is an independent plan, and both
Option 3 and Option 2 are joint planning. The independent
planningmethod and the comprehensive planningmethod are
in the planning. The idea of seeking optimal goals is different.
Independent planning involves power generation companies,
power grid companies, and natural gas companies separately
planning the power network and natural gas network, and
comprehensive planning is the overall planning of the power
network and natural gas network from an overall perspective.
Although both Option 2 and Option 3 are comprehensive
planning, the planning results are different. The reason is that
Option 2 is to make joint planning decisions with the goal
of maximizing overall revenue, while Option 3 is based on
individual rationality and through dynamic game. Seek an
equilibrium state that can maximize the respective benefits
of multiple market entities. Therefore, compared with the
comprehensive planning in Option 2 that does not consider
the game, the planning scheme will be different.

B. NECESSITY ANALYSIS OF COORDINATED PLANNING
Figure 9 shows the comparison of the operating cost values of
the power grid and the gas network under the three optimiza-
tion scenarios. Option 1 represents the result of independent
optimization of the power grid and the natural gas network
for their own operating costs. From the figure, we can see
that although the grid or natural gas grid alone can optimize
its own goals, it can reduce its own operating costs, but the
operation mode that ignores the other’s interests will greatly
increase the other’s operating costs. The result of the game
strategy planning we adopted can weigh the interests of both
parties, so as not to make the other party suffer huge losses
due to the preference of one party.

FIGURE 9. Operating costs of the power grid and gas network for the
three options.

C. ANALYSIS OF THE NECESSITY OF MULTI-AGENT GAME
This paper verifies the necessity of considering the
multi-agent game in this paper by comparing the costs and
benefits of grid companies, power generation companies and
natural gas companies under scenario 2 and scenario 3. The
specific results are shown in Table 2-4.
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TABLE 2. Grid company costs and benefits.

TABLE 3. Power generation company costs and benefits.

TABLE 4. Gas company costs and benefits.

It can be seen from Table 2 that, compared with Option 2,
the transmission line investment cost of Option 3 is reduced
by 20 million yuan, and the cost of network loss is reduced
by 20 million yuan. The reason is that after scheme 3 takes
into account the multi-agent game, the grid company changed
the line investment portfolio and did not expand the line on
branch 13-15, so compared with scheme 2, the line invest-
ment cost and network loss cost are reduced.

It can be seen from Table 3 that, compared with Option 2,
the investment cost of Option 3 is basically unchanged,
the gas purchase cost has been reduced by 67 million yuan,
and the operating cost of gas-fired units has increased by
66 million yuan. The reason is that after the multi-agent game
is taken into account in Option 3, the grid company reduced
the transmission line near one gas-fired unit, which led to a
reduction in the gas purchase cost of the gas-fired unit.

It can be seen from Table 4 that, compared with Option 2,
the natural gas network investment in Option 3 has been
reduced by 3 million yuan. Because the natural gas com-
pany has reduced one natural gas pipeline, the operating
cost has been reduced by 26 million yuan, and the income
of the natural gas company has decreased by 127 million
yuan. The reason is that after considering the multi-agent
game, the reduction in the operating costs of gas-fired units
in the grid will reduce the demand for natural gas, thereby
reducing the operating costs of natural gas companies, and
at the same time, reducing the total income of natural gas
companies.

The net income of each interest group under each plan is
shown in Figure 10. By comparing the income of wind farms

FIGURE 10. Economical comparison of three plans.

and P2G plants and stations in each scheme, the income of
wind farms is much greater than that of P2G plants. Because
the gas price of P2G plants is lower than that of wind farms,
and the capacity of P2G plants is limited, the income of P2G
plants is limited. The conversion efficiency of P2G is up to
about 60%, so its revenue-to-cost ratio is lower than that of
other plants.

It can be seen from Figure 10 that the net income of each
vendor in Option 1 is less than that of Option 2 and Option 3.
This is due to the fact that electricity and natural gas can be
converted into each other through the coupling unit during
collaborative planning. During the peak period of natural
gas demand, during independent planning, new transmission
lines and natural gas pipelines need to be built to meet the
load demand; when coordinated planning, P2G plants are
equivalent to gas sources, which can effectively reduce the
number of additional natural gas pipelines and reduce costs.
The same is true during peak power demand periods.

Among them, the total social benefit of Option 2 is 183.
8 billion yuan, the total social benefit of option 3 is 182.
1.1 billion yuan, and it is found from Figure 3 that the
annual revenue of each distributed power plant in Option 2
is less than that of Option 3. The reason is that Option 2
is optimized to maximize the total social benefits. Among
them, the maximum total revenue is at the expense of the
benefits of the distributed power plants, which is completely
inconsistent with the market mechanism. The game theory
strategy adopted in Scheme 3 enables each subject to obtain
the Nash equilibrium point after continuous gaming, that is,
the optimal benefit that each subject can obtain. As an interest
group, the distributed power plant will not choose a planning
scheme with lower interest. Scheme 3 takes into account the
benefits of all market entities and is more in line with the
actual operation of the electricity market.

D. ANALYZE THE IMPACT OF THE COORDINATED
PLANNING OF THE POWER SYSTEM AND THE NATURAL
GAS SYSTEM ON THE AMOUNT OF WIND CURTAILMENT
Figure 11 shows the impact and comparison of Option 1,
Option 2, and Option 3 on the wind turbine abandonment
volume.

It can be seen from Figure 11 that the wind abandonment
rate is high at night when the power consumption is low,
as high as about 25%, and the peak time is around 10 o’clock
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FIGURE 11. Wind curtailment rate under each plan.

FIGURE 12. Annual income of wind power plants under different
optimization schemes.

to 21 o’clock, and wind power is almost completely con-
sumed. The total amount of wind curtailment in Option
2 is reduced by 13% compared with Option 1. In Option 1,
no P2G units are built, and all wind power output is absorbed
by the electrical load. In Option 2, Option 3, wind power is in
addition tomeeting power demand. The surplus output is used
to supply P2G units, supply and store gas to the natural gas
network. Therefore, the construction and operation of P2G
generating units can effectively reduce the abandonment of
wind turbines and improve energy efficiency. At the same
time, comparing the wind abandonment rate of Option 2 and
Option 3 in Figure 4, since the game strategy is adopted,
the number of wind farms and P2G units will increase, and
the amount of wind abandonment will also be reduced. There-
fore, when the wind power penetration rate is high, it can be
considered to connect to a certain amount of wind power.
P2G devices with high capacity to effectively alleviate the
phenomenon of ‘‘abandoning wind and curtailing electricity’’
in the system.

E. ROBUST OPTIMIZATION METHOD COMPARISON
In order to verify the effectiveness of the improved two-stage
robust optimization model proposed in this paper, a com-
parative analysis is made with the classic two-stage robust
optimization model.

The classic two-stage robust optimization is to find the
solution with the highest annual comprehensive income in
the worst scenario. Therefore, the planning must meet the
robustness requirements when the wind power output, load

and other uncertain factors fluctuate the most. Compared
with the improvement of the two-stage robust optimiza-
tion It is too conservative and unrealistic, resulting in a
comprehensive income lower than the improved two-stage
robust optimization scheme. For the classic two-stage robust
optimization, the conservative planning method requires the
construction of more lines and distributed power sources,
resulting in waste of resources and reduced revenue, which
is equivalent to sacrificing part of the economy in exchange
for robustness. The improved two-stage robust optimization
planning scheme finds the optimal scheme in the desired
scenario, and the scheme can resist any scenario. Therefore,
the planning scheme obtained by improving the two-stage
robust optimization is more economical, as shown in Table 2.

VIII. CONCLUSION
The article introduces the electrical and electrical integrated
energy network with P2G and gas turbine as the energy
coupling unit, and proposes a comprehensive planning model
considering the uncertainty of wind power and load, aiming
at the uncertainty of wind power and load, and classical
two-stage robust optimization For the conservative problem
of, an improved two-stage robust optimization method is
proposed, and the improved non-cooperative game is used
as a strategy to solve the model. The following conclusions
can be drawn in the analysis of the results of the calculation
example:

(1) Gas-power coordinated planning can reduce the total
cost, promote the absorption of wind power, relieve the pres-
sure caused by peak power and gas load, reduce the invest-
ment and construction of new transmission lines and natural
gas pipelines, and thus bring greater Economic benefits;

(2) The establishment and operation of P2G units can effec-
tively absorb the excess wind power output in the system, and
significantly improve the wind abandonment phenomenon of
the system. The use of P2G units can convert surplus renew-
able energy into natural gas, store and transmit it through
the natural gas network, and improve the utilization rate of
renewable energy;

(3) The improved two-stage robust optimization is obvi-
ously better than the classic two-stage robust optimization,
and the economy is better.
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