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Abstract As power to gas (P2G) technology gradually
matures, the coupling between electricity networks and
natural gas networks should ideally evolve synergistically.
With the intent of characterizing market behaviors of
integrated electric power and natural gas networks (IPGN’s)
with P2G facilities, this paper establishes a steady-state
model of P2G and constructs optimal dispatch models of an
electricity network and a natural gas network separately. In
addition, a concept of slack energy flow (SEF) is proposed
as a tool for coordinated optimal dispatch between the two
networks. To study how the market pricing mechanism
affects coordinated optimal dispatch in an IPGN, a market
equilibrium-solving model for an IPGN is constructed
according to game theory, with a solution based on the
Nikaido-Isoda function. Case studies are conducted on a
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joint model that combines the modified IEEE 118-node
electricity network and the Belgian 20-node gas network.
The results show that if the game between an electric
power company and a natural gas company reaches market
equilibrium, not only can both companies maximize their
profits, but also the coordinated operation of the coupling
units, i.e., gas turbines and P2G facilities, will contribute
more to renewable energy utilization and carbon emission
reduction.

Keywords Integrated electric power and natural gas
networks (IPGNs), Market equilibrium, Power to gas
(P2G), Slack energy flow (SEF)

1 Introduction

In recent years, with an increasing share of combined
cycle gas turbines (CCGTs) in total electricity generation,
natural gas is playing a significant role in low-carbon
power generation [1-3]. In a traditional energy system, the
interaction between a natural gas network and an electricity
network can be implemented only via gas turbines. How-
ever, with the maturity of P2G technology [4-6], it
becomes possible to achieve bidirectional energy flow
between an electricity network and a natural gas network.
Based on P2G technology, surplus electricity generated
from renewable energy can be converted into natural gas or
hydrogen that can be stored afterwards in the natural gas
pipeline network or storage devices. It provides a new
solution to renewable energy accommodation [7, 8]. In
addition, P2G technology can also convert electricity into
natural gas at times of electric transmission congestion,
where the gas is transmitted through natural gas pipelines
to gas turbines out of the congested area for electricity
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generation. In this way, transmission congestion can be
avoided or alleviated [9]. In the future, P2G technology
will play an important role in realizing comprehensive
optimization of multiple energy sources, and accordingly,
P2G technology and coordinated operation of integrated
electric power and natural gas networks (IPGNs) will
become research priorities in support of this goal
[10, 11].

In [12, 13], hybrid energy flow in an IPGN was explored
based on methods developed from traditional power flow
calculations. In [14, 15], a planning method for IPGNs was
proposed considering the capacity and location of gas
turbine units, electricity transmission networks and gas
pipelines. IPGN reliability was discussed in [16] based on
the Monte Carlo method. As far as optimized operation is
concerned, [17, 18] proposed an optimal power flow model
for IPGNs and then derived a solution by an interior point
method and a multi-agent genetic algorithm, respectively.
Uncertainties of intermittent energy resources and loads
were taken into account in [19] to establish a probabilistic
optimal power flow model for IPGNs based on a multi-
linear method.

Though energy conversion between two networks is
calculated in the above references, an IPGN is still seen as
a single network in terms of control and operation, and
such treatment cannot reflect the interaction between two
networks which are operated by different companies. In
most cases, the electricity network and the natural gas
network are supervised and operated by the electric power
company and the natural gas company, respectively. Due to
related problems, such as operating authorization, infor-
mation privacy, etc., coordinated operation of IPGNs by
exchanging necessary information between power and
natural gas companies is facing challenges [20]. Moreover,
the electric power company and the natural gas company
could also be the energy retailers [21, 22]. That means the
market behaviors of the two companies, each aiming to
gain more profit, will affect the two networks’ coordinated
operation. Specifically, a natural gas company is able to
adjust its earnings by changing the gas price for turbines
which are connected to the natural gas network, and that
will affect the quantity of electricity generated. Conversely,
an electric power company can install P2G facilities to
consume surplus electricity generated from renewable
energy, and it can sell the gas generated to a natural gas
company. Therefore, the electric power company is able to
regulate the price of the gas generated from P2G facilities
in competition with the natural gas company.

Few references have attempted to study such coordi-
nated optimization and market dynamics. Reference [23]
presented a two-stage optimization model of an IPGN. In
order to ensure reliable supply through the natural gas
network, the operation of P2G plants was governed by
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adjusting gas prices. In [24, 25], the coordinated operation
of an IPGN was optimized with the goal of maximizing
profits of each company. However, P2G facilities have not
yet been included in the analysis [IPGNs.

This paper hence focuses on the coordinated optimal
dispatch and market equilibrium of IPGNs with embedded
P2G facilities, and is organized as follows. In Section 2,
the P2G process is modelled. In Section 3, optimal dis-
patch models for an electricity network and a natural gas
network are separately formulated. Moreover, the concept
of slack energy flow (SEF) is put forward and used as the
interface for energy interactions between two networks.
Section 4 describes the analysis of market equilibrium on
IPGN. In Section 5, simulation results from a modified test
system are provided. Finally, conclusions are drawn in
Section 6.

2 Steady-state model of P2G facility

Power to gas (P2G) technology can be classified into
power to hydrogen and power to natural gas (methane,
CH4) [26]. Methane has 3 times the volumetric energy
density of hydrogen and it can be directly injected into the
existing natural gas pipelines or storage devices for trans-
mission and storage, without any extra cost, so the pro-
spects for application of power to natural gas is presently
stronger than for power to hydrogen [27, 28]. Considering
this, this paper studies the application of power to natural
gas technology in IPGNs. When P2G is mentioned below it
should be taken to mean power to natural gas, unless stated
otherwise.

Figure 1 shows the principle processes of a P2G facility,
which includes two chemical reaction processes, as shown
in (1), namely electrolysis and methanation. Under steady
state conditions, the key problems of P2G modelling lie in:
@ quantifying the energy transfer between electricity and
natural gas, which can be used as a bridge to connect
electric power networks and natural gas networks; @
quantifying CO, absorption, which can be used to analyze
the environmental benefit of P2G facilities.

Electric power flow

4

Wind Electrolysis > H,
Carbon capture
Solar Methanation

Natural gas flow (CHy)

Fig. 1 Simplified diagram of P2G process
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1
H,O — Hz—i-zoz (1)
4H2 + C02 — CH4 + 2H20

For the first problem, an energy conversion efficiency
index can be introduced into the model. In addition,
because natural gas is commonly measured by volume, the
calorific value of methane, which describes the relationship
between energy and volume of methane, should be taken
into consideration in the model. For the second problem,
from the quantitative relation in (1), synthesizing 1 mol of
CH, absorbs 1 mol of CO, [5]. Bringing these together, the
relationship between the synthesized methane Vicpyy (m3 ),
the consumed electricity £, (kWh), and the CO, absorption

Mcos (g) is:

1 GHV
b =7 Viens
3.6 ’7P20M 2)
Mcop = 1000— "2 vy,
CH4(M)

In (2), npog is the conversion efficiency of the P2G
facility and its value increases as P2G technology becomes
more mature. For example, operating demonstration
projects have shown an average conversion efficiency of
around 60% [5], and there are also technologies that could
elevate the efficiency of P2G conversion to 80% [29]. GHV
(MJ/m3) is the calorific value of methane. Vo) (L/mol)
and Mcoom (g/mol) refer to the molar volume of CH4 and
the molar mass of CO, respectively. This model will be
used in Sections 3 and 4.

3 Coordinated optimal dispatch of IPGN

The coordinated optimal dispatch model presented
below considers a daily time frame. It includes an energy
trading scheme within the operational constraints of both
electric power and natural gas networks.

3.1 Optimal dispatch model for electricity network

Besides energy cost, the model considers renewable
energy penetration in the electricity network. This paper
takes wind power as an example and includes a penalty for
wind curtailment in the objective function.

3.1.1 Objective function

The objective function for dispatch in the electricity
network is given as:

STATE GRID

min Z ha,ii(PG,is) + Sy

= i€Qg Jj=1

T w
(Pyji = Pwis) (3)
=1
where T is the number of time intervals for scheduling;
subscripts 7, j and ¢ are the counting variables for con-
ventional generators, wind farms, and time intervals,
respectively; Qg is the set of indices of conventional
generators, including gas turbines; N,, denotes the number
of wind farms; P}, and P,, are the forecast and actual power
output of wind farms; ¢, is the penalty factor of wind
curtailment and its value is set relatively high to make sure
that full use is made of wind energy [30]; hg(*) and Pg are
bidding curves function and power output of a conven-
tional generator.

The bidding among power generation companies is
assumed to achieve a Nash equilibrium under complete
information, such that all the conventional generators bid
according to their marginal costs, which include the costs
of fuel and carbon emissions. Then, Ag(*) can be calculated
by (4), and the effect of the gas price on the dispatch of gas
turbines is reflected in the model because the bidding curve
is a factor in electricity network dispatching.

hG,i,t(PG,i,t)

) ai+biPg,+ CiP(zgﬁ,;, + Cco2(96; — 4)Pgir 1 € Qar
Car81(Pa,is) + Cco2(dG,i — A)Pgix i € Qgr

(4)

where Qg (Qg1 S Q) is the set of indices of gas turbines;
a, b and c are cost parameters of non-gas conventional
generators; Cgr is the unit cost of gas consumed by gas
turbines, which can be priced by the natural gas company;
g1(*) is the relationship between power output of a gas
turbine and natural gas consumption; dg and / respectively
denote total carbon emissions and the carbon emissions
exempted from the carbon tax per unit of power generated
by a conventional generator; Cco, denotes the unit cost of
carbon emissions.

3.1.2 Equality constraints

The DC power flow method is used to solve this optimal
dispatch model. The equality constraint is described by:

Ntr

Nw
ZPTR,k,z + PD,t = Z PG,i.t"’ Pw.j,z (5)
k=1 i€Qg Jj=1

where subscript k is the counting variable for P2G facili-
ties; Ntr and Pty are the number and the power consumed
of P2G facilities; Pp is the total load.
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3.1.3 Inequality constraints

The model of electricity network is subject to inequality
constraints, including limitations of conventional genera-
tors’ capacities and ramping rates, wind farms’ power
output, power consumption of P2G facilities, spinning

reserve capacity considering P2G facilities’ reserve
capacity and transmission capacity:
PE, <Py < PG (6)
—PY™ < PGy — PG -1 < P (7)
0 <Py <P, (8)
0 < Prres < PrRly, )

% (PE:, = PGiis) > AD + AW

1S

‘ L (10)
> (Peir —Pg;,) + > AStRir > AD + AW
i€Qg k=1

min max
P <P, <P,

(11)

where superscripts max and min indicate upper/lower limits
of a variable; Plép and PdG"Wn are the maximum upward and
downward ramping rates of generators per time interval; P
and PY are maximum and minimum available outputs of
generators; P, is the power transmitted on line r; AD is the
reserve capacity for load prediction errors; AW is the reserve
capacity for wind energy fluctuations and uncertainty; AStgr
is the reserve capacity which the P2G facilities provide. AD,
AW and AStg are all considered constant in this paper.

3.2 Optimal dispatch model for natural gas network
3.2.1 Objective function

The objective function for dispatch in the natural gas
network is given as:

T NTR NGA

min E (E CTR j OTR kit + CGA E WGAm 1
m=1

t=1 k=1

+ ¢s Z wg}‘i,z)

iG.QGT

(12)

where Ng, is the number of conventional gas sources; sub-
script m is the corresponding counting variable of Nga; wTr
and wga are natural gas flows from P2G facilities and con-
ventional gas sources; Ctg and Cg4 are the corresponding unit
cost coefficients, in this paper, Crgr can be priced by the
electricity company because the P2G facilities are regarded as
its assets; wf} is the SEF corresponding to the gas turbine,
defined in Section 3.3; ¢ is the corresponding penalty factor.
¢, is set relatively high to make sure that g, is close to zero in
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the optimization results unless the gas demand of the gas
turbine exceeds gas network operating constraints.

3.2.2 Equality constraints

The equality constraint of natural gas network is based
on nodal flow balance [12], given by:

A+U)f+o0—-Tt=0 (13)

where A is the node-pipeline incidence matrix; U is the node-
compressor incidence matrix; T is the node-compressor loss
matrix; o is the flow rate vector of nodal gas injection; 7 is the
flow rate vector of gas consumed by compressors; f is the flow
rate vector of gas injected by pipelines or compressors, denoted
by f. and f;, respectively, which satisfy the equation below.

Japg = OpgMpq Hpq(n}z; - né) (14)
_ 1 T, 2 Ty
Opg = { -1 m<m, (15)

7Tdisc Zy
H, = anb,n (T[Zuc> -1
n

Ty = oy + f,Hy + ynH,Zl

(16)

Equation (14) is the natural gas pipeline flow equation,
where f, ,,, is an element of f;, between head end p and tail end g;
0,4 indicates the direction of flow in element pg; 7 is the nodal
pressure; and M is the flow coefficient for each pipeline
element. Equation (16) is the model of a gas-driven compressor,
where f;, , and 7, are the element of f;, and 7 respectively and the
subscript n is the counting variable for compressors. In addition,
superscripts suc and disc denote the suction and discharge ends
of the compressor; H is the electricity consumed by compressor;
B and Z are constants defined by compressor operation; o, f and
y are energy transfer coefficients.

3.2.3 Inequality constraints

Inequality constraints of P2G facilities are given as
follows:

max
0 < OTR Kt < OTR,

(17)

If the optimization results in Section 3.1 for the power
consumption of P2G facilities is P?R‘k"t and their
corresponding synthetic natural gas output is w%Rﬁk’t and
g>(¥) is the relationship between them, then

max

_ A A
OTR kr = PTR kit — g (P TR,k.z)

(18)

The power conversion relationship g,(*) can be obtained
from (2).

Constraints on the capacity of conventional gas sources,
the pressure ratio of compressors, pipeline or compressor
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flow rates and nodal pressures in the gas network are
described by:

ng,m,t < WGA,m,t < wgz)fm,t
disc
1< 2—<S,
n—;uc (19)
fmin <f <fmax

,nmm S b S nmax

where S is the maximum pressure ratio of a compres-
sor and = is the vector of nodal pressures.

3.3 Coordinated optimal dispatch of IPGN based
on SEF

The concept of SEF is proposed in this paper to serve as the
interface for coordinated optimal dispatch. SEF can modify the
energy flow in the coupling units of an [PGN based on the
dispatch scheme for the two independent networks.

1) SEF corresponding to gas turbine

This concept has been mentioned in Section 3.2 and is
expressed in a variable wévm. When wévm is not equal to

zero, the gas demand of the electricity network exceeds the
maximum gas supply due to operational constraints.
Therefore, the maximum output of the gas turbine PgG7,
should be revised:

PE =81 (0G,,) i€ Qor (20)

where g;!(*) is the inverse function of g,(*) and oy, is
described by:

A S A S
wé,i,z = Wgi — WG = 81 (PG,i,t) — Wgir (21)
where P4 is the gas turbine’s output obtained by optimal

dispatch for the electricity network and g is the corre-
sponding natural gas flow rate required.

2) SEF corresponding to P2G facility

This concept is expressed in a variable w3, and can be
calculated by:
w%R,k,t = w?lg),(k,t - w”?R,k,t (22)
where w2 is the natural gas supply from the P2G facility
obtained by optimal dispatch for the natural gas network.
When w?R,k,t is not equal to zero, the natural gas network is
unable to fully accommodate the natural gas provided by
P2G facilities. Therefore, %‘ﬁ’fk,, should be revised, as
shown in (22) where g, ! (*) is the inverse function of g,(*):

max

TRkt — ggl (w%z,kﬁz) (23)

The initial value of PgY , is equal to the capacity of
P2G facilities minus AStry,. After PG7, and Py’ are

STATE GRID

revised, the optimal dispatch for the electricity network and
the natural gas network can be calculated again. This
constitutes an iterative process by which wg,, and wfy .,
are updated repeatedly to obtain the gas flow rates in the
coupling units of the IPGN. When the SEFs are equal to
zero, the iterations end and the coordinated optimal
dispatch of the IPGN is obtained.

Figure 2 shows the complete process of coordinated
optimal dispatch of an IPGN. In this paper, the optimal
dispatch models of the electricity network and the natural
gas network are solved by the primal-dual interior point
method [31-33]. With the help of SEF, information about
gas flow rates in the coupling units is only needed for
coordinating the results of the two networks’ optimal
dispatch.

4 Market equilibrium analysis on IPGN

Market equilibrium analysis is conducted to determine
how the electric power company and the natural gas
company can get maximum benefits from selling the gas in
the coupling units of the IPGN through optimal pricing
strategies. The electric power company sells the gas gen-
erated by P2G facilities to the gas company, while the
natural gas company, sells gas to the electricity company to
be used by gas turbines. Here, game theory is introduced

| Enter the cost coefficients

[

Solve the optimal dispatch model of
electricity network

v
9 A . A
Obtain PG, (i € 261), Prr 4, and
then calculate sy, , ,, ®
¥

Solve the optimal dispatch model of
natural gas network

v
| Calculate SEF

w%,,-,,:O and
s _
wTR,k,r—O?

Update
Paii (i € o1), PRk

g0 ©fyy, are the gas flow rate in
coupling unit of [IPGN

End

Fig. 2 Flow chart of coordination optimization of IPGN
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for problem solving, and the Nash equilibrium solution for
the IPGN is the market equilibrium state.

4.1 Nash equilibrium and Nikaido-Isoda function

A strategy set for all participants can be defined as
x = (x1, X2, ..., x7) and the value space X is Cartesian
product of all participant strategy spacesx; (I = 1,2, ..., L
x, € R'"), where I'; denotes the dimensionality of strategy
space x; in real number space R. If the revenue function of
each participant is ¢;(x), then, according to definition of the
Nash equilibrium, there exists

¢y(x") = (leEfl)éX ¢ (yilx") (24)

where x* = (x], x5, ..., x}) is the Nash equilibrium point,
and (y/lx") is a strategy set developed by participant [ who
changes the strategy into y, while other participant strate-
gies remain unchanged.

The Nikaido-Isoda function can be defined as [34, 35]:

Z (d1(yilx) —
=1

Every series in (24) represents the revenue change of
participant / with a strategy varied while those of other
participants are invariant. Combining with the Nash
equilibrium definition, the following equation can be
obtained:

¢i(x)) xyeX (25)

Z (¢y(yilx")

=1

$i(x7)) <0 (26)

Equation (26) describes the relationship between Nash
equilibrium points and the Nikaido-Isoda function. The
non-positive part indicates that, when x is a Nash
equilibrium point, it is less likely for participants to gain
revenue increase by changing their strategies, i.e., max
Yo' y) = 0.

In conformity with this characteristic, individual rev-
enue maximization optimization can be carried out for each
participant, given an initial strategy set x®, so as to
acquire a new strategy set x*™. The Nash equilibrium
can be deemed to be achieved when lp(x(K), y)<e after
multiple iterations, where K is the number of iterations and
¢ is the convergence precision which can be set as a rela-
tively small positive number. In this way, equilibrium
constraints are converted into optimization problems.

4.2 Nash equilibrium solution of IPGN
The game between the electric power company and the

natural gas company can be regarded as a non-cooperative
game with two players. Defining the strategy spaces of the

STATE GRID

electric power company and the natural gas company as
Xele = {Crr ¢} andxg,s = {Cgr,s}, where Crg ;and Cgr,, are
the decision variables that should meet upper/lower limit
constraints over gas price. Then the combined strategy set is
X = {Xcle,» Xgas}» in which every element is the unit natural
gas price of a P2G facility or a gas turbine at a certain time, so
that the outcome of the game is a pricing strategy.

Revenue functions ¢..(x) for the electric power com-
pany and ¢g,(x) for the natural gas company are defined
by:

T Ntr
o) = 3 (O, X o, )

l‘le k=1 (27)
¢gas(x) = ; (CGT-,T E% wéT,i.t)

The gas flow rates in the coupling units of the IPGN,
®Gr,, and ofy ., have become dependent variables and
are calculated according to the flow chart in Fig. 2.

According to the method described in Section 4.1, the
process for finding the equilibrium state of the IPGN is
shown in Fig. 3 where ¢5(x) is defined in (28). Note that
¢5(x()) is equal to zero.

d)Z (x) = ‘]d)gas(x) + d)ele (x) (28)

In (28), J is set to a high value (108) to ensure the
algorithm’s convergence. Specifically, convergence of such
an algorithm depends on whether the Nikaido-Isoda func-
tion defined in (26) increases monotonically in the updating
direction of the strategy set. If so, boundedness of the
Nikaido-Isoda function should be taken into account so that

Set K=1, ¢and
initialize the strategy set x*)
5 K=K+1

Solve the coordinated optimization
of the IPGN shown in Fig. 2 based Undate the strat :
on the strategy set x'© pdate the strategy s

7 i.e., obtain XD
A

| Calculate gs(xX)

Solve these optimization
problems in parallel:
. max ¢clc(xclc|x(K))

I1. Max ggs(Xgasx®)

Obtain the Nash equilibrium

solution x®

v
End

Fig. 3 Flow chart of algorithm to find the equilibrium state of IPGN

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



Coordinated optimal dispatch and market equilibrium of integrated electric power and natural... 501

this algorithm to a valid solution, which according to the
analysis in Section 4.1 is a Nash equilibrium point.

As P2G is an approach to accommodating renewable
energy in our dispatch models, the pricing strategy X
mainly affects the consumption of renewable energy and it
has little influence on the optimal scheduling of conven-
tional generators. In other words, there is no influence of
Xele ON W&y, , and w§y,, depends on x,,, Consequently,
(oas(x) always increases or remains unchanged (arriving at
its maximum value) in the iterative process when the
strategy set is updated to x*™. In comparison, the fol-
lowing two situations exist when the strategy set is updated
to XD as far as Pe1e(x) is concerned.

1) In the case that x,,, remain unchanged, ¢..(x) should
go up or stay the same (arriving at its maximum
value). Thus, ¢y (x) increases or remains unchanged.

2) In the case that Xy, changes, ¢ga,(x) increases while
(ele(x) may increase or decrease. However, due to the
large coefficient J, any decrease in ¢..(x) is offset by
the increase in ¢g,4(x). Thus, ¢y (x) increases.

To sum up, ¢5(x) always increases monotonically and
finally converges on its maximum value in the iterative
process.

In addition, optimization I in Fig. 3 targets the solution
X that maximizes ¢qo(x) under a circumstance that the
natural gas company’s strategies remain unchanged during
the K™ iteration. Similarly, optimization II targets the
solution X, that maximizes ¢g,s(x) with the electric power
company’s strategies remaining unchanged during the K™
iteration. The objective functions ¢e(x) and ¢g,s(x) can be
determined by control variables x.. and x.,,. However,
their solutions involve the procedure given in Fig. 2, and as
a consequence, gradient information for the objective
functions cannot be acquired. Considering this, the genetic
algorithm is used to solve this problem by searching for the
best solution from many initial points and obtaining the
optimum solution by means of crossover and mutation
operators [36, 37].

5 Case studies

The IEEE 118-node system [38] is used for the simu-
lation of an electricity network and it has 54 generators,
including 40 coal-fired power generators, 8 gas turbines,
and 6 wind farms. Also, 4 P2G facilities are added to it for
this study. Detailed parameter settings of the generators
and P2G facilities are given in Appendix A.

For the natural gas network, a modified Belgian 20-node
natural gas network is adopted for simulation studies. The
configuration of the gas network and the connection
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relationship between the electricity network and the gas
network are shown in Fig. 4. Appendix B illustrates the
detailed parameters of the gas network.

In addition, in this paper, the value of 4 is set to 0.798 t/
MWh. Both ¢, and ¢, are set to 10°. The data of system
loads and wind power forecast setting is shown in Figs. 5
and 6.

5.1 Market equilibrium state of IPGN

In this case, the price of gas provided by conventional
gas sources Cgp is set to 0.30 $/m’, and the price of gas
sold to the gas turbines Cgr ranges from 0.30 $/m’ to
0.38 $/m>. In addition, the P2G gas price Cyg ranges from
0.28 $/m> to 0.38 $/m* and the carbon emission price Ccoo
is set to 42 $/t. Based on the method described in Sec-
tions 3 and 4, the market equilibrium state of the IPGN is
obtained and the results are shown in Figs. 7 and 8. The
resulting energy mix of electric power sources and natural
gas sources are shown in Appendix C.

According to Figs. 7 and 8, during the 1*'~8" hour
when electrical loads are low and wind energy is in surplus,
P2G facilities are operating to accommodate the surplus
wind energy, which is thus converted into methane and
provided to the natural gas network. However, the power
consumption of P2G facilities does not reach the upper
limit (600 MW) which would accommodate more wind
energy. This is because P2G facilities’ reserve constraint is
considered in the electricity dispatch model to cope with
load prediction errors and wind energy fluctuations.
Moreover, during this period, the coal-fired power gener-
ators are arranged to generate electricity with their mini-
mum output, and the low-cost wind power is provided to

ToN.6 ToN.4
ToN.1

) I -_|_|‘_<:>
o FH-®

11 I 9 8
12, Source 43
l 18] 19 Source 67

7
ToN.lll 20
2/ |

ToN.116
Source 35

1
ToN.8
16 ToN.11

ToN.113
Source 22

@ Conventional gas source; D Compressor; P2G gas

To N.x : gas is supplied to the x™ node of the IEEE 118-node
electric network
th

Source x: P2G facility connected to the x ' node of the IEEE 118-node
electric network

Fig. 4 Structure of modified Belgian natural gas system
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Fig. 8 Total power consumption of P2G facilities and price Ctg in
market equilibrium

the loads. Such power can meet the demand of electrical

loads, which is low while wind energy is in surplus in this
period, so the gas turbines are shut down. With the rise of
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electrical loads during the 9™~21% hour, wind power
becomes insufficient, and thus the P2G facilities are shut
down because synthesis of methane by P2G facilities using
electric power generated by coal-fired generators or gas
turbines is not efficient. Both gas turbines and coal-fired
generators are used to ensure that the electrical loads can
be supplied.

From the perspective of market equilibrium, it can be
seen in Fig. 7 that the natural gas company is inclined to
raise the gas price to obtain more benefits when electrical
loads are very high (e.g., in the 11" or 17" hour). Results
shown in Tables 1 and 2 will further explain this phe-
nomenon. Taking the 11" hour, for example, the electri-
cal load at this time is 5263 MW. Subtract the 1455 MW
generated by wind energy to leave 3808 MW that should
be offered by coal-fired generators and gas turbines. Even
if the ramping rate and spinning reserve capacity con-
straints are ignored, the maximum power output of coal-
fired generators is 3500 MW (shown in Table 1), which is
not sufficient. The gas turbines are needed though their
cost is higher. The bidding curves of all the gas turbines
are the same in this simulation model, and are shown in
Table 2. According to Tables 1 and 2, as Cgr keeps ris-
ing, the power outputs of gas turbines go down when their
marginal cost exceeds that of one of the coal-fired gen-
erators. Meanwhile, ¢y,s(x) increases first and then
decreases. The market equilibrium is thus used to find the
balance between the gas price Cgt and the power output
of gas turbines for maximizing ¢g,,(x). Specifically, the
optimal solution to maximizing ¢g,(x) in the 11™ hour is
that Cgr equals 0.34 $/m’ and the power output of gas
turbines is 1548 MW.

Furthermore, if the electrical loads go down, the gas
price should be brought down as well to be more com-
petitive. If the coal-fired generators play strategically, the
value of hg(*) shown in Table 1 will change. In this case,
as Cgr changes from 0.30 $/m® to 0.38 $/m>, the power
output of gas turbines and ¢,,s(x) will be different from
those given in Table 2. In this way, the market equilibrium
state may be changed to maximize ¢qq(x).

Likewise, when gas loads rise (e.g., in the 7t hour)
the system uses gas provided by P2G facilities, though
the price of P2G-generated gas is 0.34 $/m>, higher than
the price of conventional gas sources. This is because
gas losses incurred by long-distance gas transmission
mean P2G facilities are still more competitive in the
market. By contrast, when gas loads are low and the
nearby supply from conventional gas sources is suffi-
cient, the price of gas provided by P2G facilities should
be lower than marginal price 0.30 $/m> so that the
natural gas company purchases P2G gas and the electric
power company acquires some revenue. Such a dynamic
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Table 1 Bidding curve functions of coal-fired generators

Bus node ha(*) ($) Total maximum power output of generators (MW)
10/12/15/18/19/24/25/110 28.56P¢ + 85 500
26/27/31/32/36/46/49/105 42.45Pg + 27 900
54/55/56/59/61/62/65/104 45.73Pg + 83 800
66/69/70/72/73/74/76/100 36.81Pg + 58 500
77/80/85/89/90/92/99/103 41.83Pg + 27 800

Table 2 Optimal power output of gas turbines and the corresponding revenue ¢,,,(x) under different Cgr in the 11™ hour

Cor ($/m>) hg(*) ($) Total power output of gas urbines (MW) Doas®) ($)
0.30 38.28Pg 1600 88000
0.31 40.12Pg 1600 90933
0.32 41.95Pg 1600 93867
0.33 43.78P¢ 1548 93636
0.34 45.62P¢ 1548 96473
0.35 47.45P¢g 1248 80061
0.36 49.28P¢ 1248 82348
0.37 51.12Pg 1248 84636
0.38 52.95Pg 1248 86923

Table 3 Gas prices in three scenarios in fixed-price mode

Scenario Gas price Crr ($/m>) Car ($/m?)
Scenario 1 High 0.33 0.34
Scenario 2 Low 0.29 0.30
Scenario 3 Medium 0.31 0.32

market equilibrium state illustrates the supply-demand
relationship.

5.2 Benefit comparison between fixed-price mode
and market equilibrium mode

Here a comparative analysis is performed between
fixed-price mode and market equilibrium mode. The gas
prices for three scenario-in fixed-price mode are shown in
Table 3. For the purpose of comparison, the market equi-
librium of this simulation model without P2G facilities is
included as a scenario for benefit analysis of P2G.

The comparison results are shown in Table 4, where
BEw and BE( represent the wind power curtailment rate
and total carbon emissions, respectively, calculated by
(29), and Fig. 9 shows the curve of wind power
accommodation.
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where Oty is the carbon absorption from P2G facilities of
per unit power consumption, which can be deduced from
(2).

Comparing the data presented in the last two rows of
Table 4, it can be seen that utilizing P2G helps to reduce
wind power curtailment rate greatly, from 25.01% to
14.03%, which enhances the rate of renewable energy
accommodation. Incidentally, it can reduce the net carbon
emissions due to the requirement for CO, when the P2G
facilities are operated to synthesize methane. It can be
inferred that the advantages of wind power accommodation
and carbon emissions will be greater as the P2G capacity
increases.

Data presented in the first four rows of Table 4 show
that the pricing strategy under market equilibrium is opti-
mal in terms of the benefits to the electric power company
and the natural gas company. If the gas price is high
(Scenario 1), power generation by gas turbines and gas
purchased from P2G facilities drop correspondingly. As a
consequence, not only are the benefits to both companies
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Table 4 Benefit comparison among different scenarios

Scenario ¢e1e (k$) ¢gas (k$) BEW (%) BEC (t)

Scenario 1 24.4 523 21.58 46973

Scenario 2 90.0 1146 14.03 39736

Scenario 3 35.0 1056 20.81 41745

Market equilibrium 93.3 1200 14.03 39840

Market equilibrium without P2G 0 1200 25.01 40458
2500 5.3 Impact of CO, price on market equilibrium

< 2000
z
=)
£ 1500 e R
=} i
o oo / \Z
=1 Q / . <©
£ \ A
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500 1 1 1 1 1 J
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Market equilibrium without P2G; —— Market equilibrium
—e— Scenario 1; Scenario 2; —e— Scenario 3; - — - Forecast data

Fig. 9 Accommodation of wind power in different scenarios
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Fig. 10 Price Cgr in market equilibrium under different CO, prices

reduced, but the wind curtailment rate and carbon emis-
sions are increased. In contrast, when the gas price is low
(Scenario 2), carbon emissions and wind power accom-
modation are close to those obtained under market equi-
librium. The reason is that the low gas price leads to an
increase in power generation by gas turbines, displacing
coal-fired power generation and reducing carbon emis-
sions. Simultaneously, the natural gas company tends to
purchase natural gas from P2G facilities, encouraging a
better accommodation of wind power. Nevertheless, a low
price can reduce revenues of both companies, so such a
strategy is not adopted in practice.
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Pricing for CO, (denoted by Cco; in Section 3) is a
policy measure used in some jurisdictions to control carbon
emission [39]. Different prices on CO, would affect the
cost of power generation, which would in turn influence the
price of gas provided to gas turbines under market equi-
librium, as shown in Fig. 10.

According to Fig. 10, if Cco, increases, Cgr would
show an increasing tendency, too. This is because the gas
turbines which generate electricity with low carbon emis-
sions become more competitive in the case of increasing
Ccoz- Moreover, the natural gas company aiming for
higher profits can increase the price of gas supplied to gas
turbines as long as the corresponding unit power generation
cost is still lower than that of other generators with higher
carbon emissions. In contrast, if Cco, goes down, the price
Cgr tends to drop in a market equilibrium state.

In addition, Cco, has a minor influence on the gas price
of P2G facilities in the equilibrium state, as the price is
mainly constrained by the gas price from other gas sources
and the gas load demand.

6 Conclusion

This paper focuses on coordinated optimal dispatch and
market equilibrium in an IPGN with P2G facilities
embedded. Two proposed models, the coordinated optimal
dispatch model for an IPGN based on SEF and the market
equilibrium-solving model for an IPGN based on the
Nikaido-Isoda function, have been formulated. The models
are tested on a joint model made from a modified IEEE
118-node electricity network and the Belgian 20-node gas
network. Extensive simulation studies have indicated the
following:

1) As one of the important facilities of an IPGN, P2G is
able to effectively improve renewable energy accom-
modation. Meanwhile, it has great potential to promote
construction of green and low carbon energy systems
due to its carbon-capture ability.
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2) The concept of SEF is proposed in this paper, and used
as a criterion to decide whether or not to revise the
dispatch strategy made by the electricity network and
the natural gas network, so that the two networks’
optimal dispatch can be coordinated.

3) The market equilibrium state of an IPGN is affected by
the networks’ constraints and loads, as well as by the
price for CO, emissions. For future efficient IPGN
systems, energy markets with full information trans-
parency should be strongly supported to aid the game
between the electric power company and the natural
gas company to achieve market equilibrium. In this
case, not only can these two companies acquire more
benefits, but more contribution will be made to
renewable energy utilization and carbon emission
reduction.

Market gaming between the electric power company and
the natural gas company is just a part of energy markets in
the future. When a number of power generating agents
participate in this gaming, some influence can be exerted
on gas pricing for gas turbines, and the outcome is difficult
to determine. In our future research, a multi-energy, multi-

Table A1 Parameters of coal-fired power generators

agent game model will be applied to model market
dynamics in an IGPN, and the impacts of the uncertainties
of renewable energy generation on an IPGN will also be
investigated.
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Appendix A

Parameters of coal-fired power generators, gas turbines
and P2G facilities are shown in Tables A1, A2 and A3,
respectively.

Bus node Cost parameters ($/MWh) PIM (MW)  PE™ (MW)  plown (MW/h)  PF (MW/h)  dg (tMWh)
a b c
10/12/15/18/19/24/25/110 85 25.12 0 6.25 62.5 22.5 22.5 0.88
26/27/31/32/36/46/49/105 27 35.25 0 10.00 115.0 37.5 37.5 0.96
54/55/56/59/61/62/65/104 83 37.25 0 10.00 100.0 37.5 37.5 1.00
66/69/70/72/73/74/76/100 58 29.17 0 6.25 62.5 22.5 22.5 0.98
77/80/85/89/90/92/99/103 27 33.35 0 10.00 100.0 37.5 37.5 1.00
Table A2 Parameters of gas turbines
Bus node Pg‘i" MW) P (MW) P%OW“ (MW/h) PZ (MW/h) g (/MWh) g1(™
1/4/6/8/111/112/113/116 0 200 70 70 0.40 wg = g1(Pg) = 0.004P¢g
Table A3 Parameters of P2G facilities
Bus node Capacity of P2G facilities ASTR Hp2G GHV VCH4(M) MCOZ(M) (SG (t/ gz(*)
(MW) (MW) MWh)
22/35/43/ 150 25 70 35.88 224 44 0.14 orr = g2(Pr) = 1.686 x 10>Prg
67
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Appendix B

Node data of Belgian natural gas system is shown in
Table B1. Pipeline data of Belgian natural gas system is
shown in Table B2. Compressor data of Belgian natural
gas system is shown in Table B3.

Table B1 Node data of Belgian natural gas system

7_Lmin (BBI)

max

Gas node ™ (Bar) B wgin (Mm°>/d)
1 80 50 10 0
2 80 50 - -
3 80 50 - -
4 80 50 - -
5 80 50 6 0
6 80 50 - -
7 80 50 - -
8 40 20 45 5
9 80 50 - -
10 80 50 - -
11 80 50 - -
12 80 50 - -
13 80 50 - -
14 80 50 8 0
15 80 50 - -
16 80 50 - -
17 80 50 - -
18 80 50 - -
19 80 50 - -
20 80 50 - -

Table B2 Pipeline data of Belgian natural gas system

Head-end node

Tail-end node

M, (Mm*/Bar*d)

1 2 3.0117
1 2 3.0117
2 3 2.4590
2 3 2.4590
3 4 1.1813
5 6 0.3166
6 7 0.3856
7 4 0.4763
4 14 0.8122
9 10 1.3469
9 10 0.1643
10 11 1.2047
10 11 0.1470
11 12 0.9294
12 13 0.9524
13 14 2.6937
14 15 1.9048
15 16 1.2047
11 17 0.2268
18 19 0.0413
19 20 0.1668

@ Springer

Table B3 Compressor data of Belgian natural gas system

Node B (kWd/Mm?® Z o B Mm’MWd) 7 S
89 9898 02126 0  0.040 0
1718 9898 02126 0 0.045 0

Appendix C

Composition of electricity production from various
power sources under market equilibrium state is shown in
Fig. C1. Composition of natural gas production from var-
ious gas sources under market equilibrium state is shown in
Fig. C2.
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Fig. C1 Composition of electricity production from various power
sources under market equilibrium state
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Fig. C2 Composition of natural gas production from various gas
sources under market equilibrium state
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