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Abstract The increasing adoption of gas-fired power
plants directly strengthens the coupling between electric
power and natural gas systems. Current industrial practice
in optimal power flow for electric power systems has not
taken the security constraints of gas systems into consid-
eration, resulting in an overly-optimistic solution. Mean-
while, the operation of electric power and natural gas
systems is coupled over multiple periods because of the
ramp rate limits of power generators and the slow
dynamical characteristics of gas systems. Based on these
motivations, we propose a multi-period integrated natural
gas and electric power system probabilistic optimal power
flow (M-GEPOPF) model, which includes dynamic gas
flow models. To address the uncertainties originating from
wind power and load forecasting, a probabilistic optimal
power flow (POPF) calculation based on a three-point
estimate method (3PEM) is adopted. Moreover, power-to-
gas (PtG) units are employed to avoid wind power cur-
tailment and enable flexible bi-directional energy flows
between the coupled energy systems. An integrated IEEE
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RTS 24-bus electric power system and the Belgian 20-node
natural gas system are employed as a test case to verify the
applicability of the proposed M-GEPOPF model, and to
demonstrate the potential economic benefits of PtG units.
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1 Introduction

With the longstanding large-scale exploitation and uti-
lization of fossil fuels, the world is facing the formidable
challenges of energy resource depletion and heavy pollu-
tion emissions. On 3 August 2015, the United States
Environmental Protection Agency (EPA) announced the
Clean Power Plan, representing a historic step in the
reduction of carbon emissions from power plants [1]. Thus,
adjusting the energy structure in the power sector has
become an imperative aspect of the agenda for change.
Natural gas has been playing an increasing role in bridging
the gap between fossil fuels and renewable energies owing
to three factors.

1) The retirement of coal units.

2) The economic efficiency and low-carbon emissions of
natural gas units.

3) The rapid response of gas units for supporting volatile
renewable energy sources. It is estimated that the
natural gas market share of electricity will jump to
56%, while coal drops by half to 21% in the U.S. by
2038 [2]. Consequently, the natural gas network is
expected to be increasingly coupled with the electric
power network.
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A current emphasis on this interdependency was pro-
vided by the FERC/NERC Staff Report on the 2011
Southwest Cold Weather Event [3] that included a dis-
cussion on the interdependency of the electric and natural
gas industries. The report stated that utilities are becoming
increasingly reliant on gas-fired generation, in large part
because shale production has dramatically reduced the cost
of gas. Likewise, compressors used in the gas industry are
more likely than in the past to be powered with electricity,
rather than gas. As a result, deficiencies in the supply of
either electricity or natural gas affect not only consumers of
that commodity, but of the other commodity as well. The
report went on to state that any resolution of the many
issues arising from electric and natural gas interdepen-
dency must be informed by an examination of more than
one cold weather event in one part of the country and urged
regulatory and industry bodies to explore solutions to the
many interdependency problems which are likely to remain
of concern in the future. As such, the security (or relia-
bility) challenge resulting from the strong interdependency
between electric power and gas systems requires a com-
bined optimization and control regime for the coupled
energy systems. In addition, reliable communication is
critical to address this interdependency and electric-com-
munications-natural gas networks are each dependent on
the other to function properly.

Efforts to separately optimize the two networks can fail
to capitalize on the potential economic benefits of an
integrated energy network [4]. Moreover, far worse is that
neglecting the interdependencies can lead to inappropriate
decisions [5, 6]. A number of studies have focused on
modeling integrated natural gas and electric power sys-
tems. An optimal power flow model for combined gas and
electric networks, denoted as GEOPF, was proposed in
[7-9]. Here, the primary elements in a gas network were
modeled to resemble an electric system. However, elec-
tricity travels at the speed of light, while a natural gas
system features considerably slower transient processes
caused by load swings, leading to gas flow coupling in time
and space. Consequently, efforts to optimize integrated gas
and electric systems have increasingly employed multi-
period models. A detailed gas network model was formu-
lated, and considerations of gas storage and line pack were
introduced in [10, 11]. Moreover, it was argued that,
although a steady-state model is applicable for an electric
system, it is not applicable for gas systems due to the low
gas velocity. Therefore, dynamic approximations for a gas
system are required to guarantee a reliable optimal solution
to an integrated model [12]. From this viewpoint, the
optimization of an integrated gas and electric system has
been recently conducted in the field of unit commitment
[13]. However, most researchers have formulated inte-
grated systems as a linear programming problem using
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linearized electric power/gas flow models to guarantee a
global optimum solution. Despite the computational effi-
ciency, the obtained solution may not be the representative
of a solution to the original nonlinear problem. To the best
of the authors’ knowledge, multi-period integrated gas and
electric system optimal power flow (M-GEOPF) has not
been formulated based on precise nonlinear electric power
and gas flow models.

On the other hand, renewable energy sources (e.g., wind
power) are expected to be a key element for the transition
to sustainable low-carbon energy systems [14]. In fact,
wind energy and natural gas are complementary, and offer
a number of possibilities for coordinated use. For example,
gas-fired plants enhance the flexibility of electric systems,
which can facilitate the increasing deployment of renew-
able energy. Nonetheless, the uncertainty and variability of
wind power pose substantial challenges for electric power
system operation. As such, the integration of large-scale
wind farms with existing electric power systems necessi-
tates conducting optimization analysis under uncertainty.
In the literature, some studies have addressed wind power
uncertainty. A robust optimization model was proposed for
analyzing the interdependencies between gas and electric
infrastructures, which led to an uncertainty-immunized, but
conservative solution [15, 16]. The operating strategies for
an integrated gas and electric network obtained by two-
stage and multi-stage stochastic programming have also
been presented [17]. However, the performance of the
obtained solution was found to depend largely on the
selected scenario. In this regard, probabilistic optimal
power flow (POPF) is a powerful tool for accommodating
uncertainties that can yield the statistics of output variables
according to the distributions of input variables [18, 19].
Thus, utilizing these output statistics would allow precau-
tions to be formulated in advance.

In addition, for electric power systems employing sig-
nificant wind power resources, wind power curtailment is
unavoidable owing to the fact that variations in wind power
generations may be considerable, and, electricity cannot be
effectively stored currently [20]. Fortunately, power-to-gas
(PtG) technology provides another promising solution to
this problem. PtG units convert otherwise curtailed wind
power electricity to hydrogen (H,) by electrolysis, which
may be further converted to synthetic natural gas (SNG) by
methanation [21]. The produced H, or SNG is then blended
with natural gas and transported/stored in the natural gas
network. In this way, the electric system is further coupled
with the gas system by PtG units. Multiple criteria have
been proposed for determining the optimal installation
location of PtG units [22]. In addition, a comprehensive
technical and economic analysis of PtG technology has
also been conducted [23]. In contrast, few studies have
considered the optimization of PtG operations. The present
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study focuses on PtG system operation. Economic viability,
and the optimum installation location of PtG units are out
of the scope of this paper.

Based on the above discussion, the primary contribu-
tions of the present work are as follows:

1) A M-GEOPF model incorporating PtG units is
formulated based on precise nonlinear power and gas
flow models, where the dynamical characteristics of
the gas network are specifically modeled.

2) To address wind power uncertainty, POPF based on a
three-point estimation method (3PEM) is introduced,
which, in conjunction with the M-GEOPF model,
yields a multi-period gas and electric system proba-
bilistic optimal power flow (M-GEPOPF) model.
Additionally, the correlation between gas and electric
loads is considered.

3) A probabilistic solution is obtained. By analyzing the
probability density of state variables, security precau-
tions can be formulated in advance to mitigate wind
power volatility, and more importantly, to avoid gas or
electricity system contingencies.

4) The effectiveness of PtG units for accommodating
wind power volatility is analyzed. The promising
benefits of PtG units are demonstrated in terms of their
potential for reducing operational costs and relieving
transmission line congestion.

The remainder of this paper is organized as follows. In
Sect. 2, the concept of PtG is introduced and a detailed
M-GEOPF model is established. The 3PEM-based POPF is
presented in Sect. 3, and the correlation between gas and
electric loads is considered. Section 4 develops case stud-
ies to validate the proposed method, and Sect. 5 draws
conclusions from the work.

2 Modelling of M-GEOPF incorporating power-
to-gas units

In this section, a deterministic M-GEOPF model is
established. The two energy systems are treated indepen-
dently in terms of their physical constraints, and are tightly
coupled by gas-fired units and PtG units, enabling a bi-
directional energy flow between them.

2.1 Power-to-gas technology

Figure 1 presents an illustration of PtG technology and
its interaction with gas and electricity networks. As shown
in the figure, PtG units convert surplus renewable energy to
H, by electrolysis. Presently, the highest electrolysis effi-
ciency that can be achieved is 86% [24]. A portion of H, is
directly injected into the gas network, and the remainder is
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Fig. 1 Power-to-gas technology and its interaction with natural gas
and electric power networks

further processed by methanation, which combines H, with
carbon dioxide (CO,) to form SNG. The efficiency of this
process is about 64%.

Although both H, and SNG can be blended with natural
gas, the storage of H, involves the following concerns.

1) Safety issues. Reactions between H, and pipeline
materials (such as steel) impose an upper limit on H,
injection.

2) Poorly equipped infrastructure. Existing H, networks
are currently not well-equipped, which renders the
transportation of pure H, problematic.

3) Energy content. The energy content density of H, is
nearly a third that of SNG, indicating that, for an
equivalent stored volume of the two gases, the energy
content of H, is far less than SNG.

In view of these considerations, H, is not discussed in
this paper, and is assumed to be processed entirely into
SNG. Notice that a PtG unit is a load for electric power
system while it is a source for the natural gas system. It is
assumed that a PtG unit at bus i of the electric system is
connected to node m of the gas system. Then, the rela-
tionship between the output gas flow and the input power
(relevant definitions provided in the Appendix) is given as
follows:

ptg
ge = (1)
HHV

where g is the gas flow converted from the PtG units at

node m at time #; P} is the power consumed by PtG units

at bus i at time #; # is the working efficiency of a PtG unit;
Suuv is the higher heating value of SNG (39 MJ/m3).

2.2 Formulation of M-GEOPF

The objective of M-GEOPF is to minimize the overall
operational costs of the integrated system over a dispatch
horizon while satisfying the security constraints of both
systems.
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2.2.1 Objective function

The objective function consists of power generation costs,
power load curtailment costs, natural gas supply costs and
gas load curtailment costs. It is noted that the cost of gas-fired
units includes the gas consumption cost and the capital and
operating generation cost apart from gas consumption. The
generation cost is a direct function of power output while the
power is converted to gas consumption to account for con-
sumption cost. The objective Syp; is formulated as:

ob] — Z Z Cgenpgen + Z Cnsansp+ Z Clwa;,:,tf

teQr gEQgen i€Qec i€Qe1e
we we with w1th nsg nsg
+ D arqst+ Y C + Y G
WELye $€Q 0 MEQgys

(2)
where Qr is the set for dispatching periods; P5; is the active
power generation of unit g from generator set Qgen; P}y is the
non-served active power at bus i from electricity system bus

set Qele; PWf is the wind power that serves electric loads at bus

5 G,y is gas supply of well w from well set Qye; q}’v;‘h
outflow gas rates of storage s from storage set QO qu is not-
served gas at bus m from gas system bus set Qg,s; C5", CcrP,

1
CM, ¥, C¥ih and C™¢ are all cost coefficients.
2.2.2 Electric power system operation constraints

Day-ahead forecasting of the wind speed is converted to
predicted wind power according to the following.

0 V<Ve OF V> Vo
wi fore
Pi,; = Pr(V_Vci>/(Vr_Vci) Vei Kv<
P, Vi SV <V

(3)
where P}, is total forecasted available wind power at
bus i; vis Wind speed; Vi, Veo, and v, are cut-in, cut-out and
rated wind speed, respectively; P; is rated wind power.

Multi-period operation constraints for an electric power
system include power balance equations, generation
capacities, wind power availability, generator ramp rate
limits, and voltage and line flow limits, as follows.

gen wif nsp _ pdem _ pptg __
Z Pg,l + Pi.t + Pu Pi.z P -

i

wf fore

gci
Vi,, Z Vj,t(Gij COS Hij,t —+ BU sin Hij,t)
Jjei
Z Qgen + wa _ Qdem _ (4)
e gt it it

ViJ Z Vj,t(Gij sin 0,‘]"’[ — Bl] sin Gij,z)

jei
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Pgen,min < Pgin < Pgen,max (5)
Qgenmin < g < ggenm (6)
0 <P+ PRE < PpO (7)
R™ < P& — 5T <R (8)
Vi S Vi SV ©)
—VftG,-j + ViiVis (G,j cos 0;;; + Bjjsin 9,-1-1,) < PB?"”‘ (10)

where P%™ is the active electric demand at bus i; V;, is the
voltage ﬁlagnitude of bus i; 0;, is the difference of {/oltage
angle between bus i and bus j; Gj;, B;; are the conductance
and susceptance between bus i and bus J» respectively; Qg,
is the reactive power generation of the unit g; QWf is the
reactive wind power generation at bus i; Qidrem is the reac-
Pge“*mi“ aﬁd PEEmIE are

minimum and maximum active power generation, respec-

tive electric demand at bus i;

tively; Qgen’m‘“ and Qge“*m“" are minimum and maximum

reactive power generation, respectively;R™ and R are
upward and downward ramp rate for conventional gener-

ators, respectively; V™" and V™ are minimum and

1
maximum voltage magnitude, respectively; Pj** is the

maximum power line flow.
It is noted that Pl‘.”tf denotes the wind power that serves

electric loads, P¥ denotes the surplus wind power to be

wifore Jenotes the total

converted to natural gas, and P;,
forecasted available wind power. Thus, (7) indicates that
the wind power consumed by either PtG units or electric

loads should not exceed its forecasted availability.
2.2.3 Natural gas system operation constraints

The natural gas system consists of gas wells, storage
facilities, pipelines, compressors, and valves. Natural gas,
beginning at a distant gas well or a remote storage facility,
flows into the distribution network, through which it is
delivered to customers. The physical constraints on gas
supply from wells are given by (11), and from storage
facilities by (12) and (13).

q:\}/e‘min S qxer S q:\}/e ,max (11)
lmm < lst =1, 1+ qmj qzvnh < lmax (12)
qun}] < qu max7 qw;th < qw1th ,max (]3)

where g"*™" and ¢"*™M¥* are minimum and maximum gas
flow from gas well w, respectively; [, is the volume of

storage s; ¢y; is the gas inflow to storage s (or withdrawal
rate if negative); /™" and /™™ are minimum and maximum
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storage capacities, respectively; g™ and ¢g""™* are the
maximum injection and withdrawal rates of storage s.
Pipelines represent major components in natural gas
infrastructure. The flow rate in pipeline m-n depends on the
pressure difference between inlet node m and outlet node n:

~ - T\ 2 D5
qmn,t’qmn,t| = ( ) 2 (pml (14)

e 2
Ko FonRTZP7 P

where D,,, is the pipeline diameter of pipeline m-n; Ax,,, is
the length of pipeline m-n; F,,, is the friction coefficient of
pipeline m-n; R is the specific gas constant (56 J/(kg-K)); T
is the gas temperature; Z is the gas compression factor;p, is
natural gas density under standard conditions (0.713 kg/
(@m.s + D) /2
is the average gas flow rate in pipeline m-n. The absolute
value sign denotes that gas flow can be bi-directional,
which depends on the pressure difference. However, due to
the compressibility of natural gas, the quantity of inlet and
outlet flow in a pipe may differ, making it possible to store
gas in a pipeline during off-peak load periods and withdraw
when necessary. This is called “line pack” and it fosters
more flexible operation of the integrated system. Line pack
is defined as follows [13]:

m’); Dm, 1s the pressure at node m; q,,,,, =

lp + C] qom _ EA-xmnD,Znn Pmi + Pt
mn,t—1 mn,t mn,t 4 RTemZpo 2

lpmn i+ =

(15)

where l?)m”_’, is average gas mass (line pack) of pipeline m-
n; gin,, and gou  are inflow and outflow gas rates of
pipeline m-n, respectively; T., is average temperature
(288 K).

Equations (11)—(15) account for the gas dynamic char-
acteristics by taking gas velocity and line pack into con-
sideration. Gas velocity is eliminated in the process of
deriving (14) and (15) [13]. Compressors are deployed to
compensate for gas pressure loss suffered during transport
due to frictional resistance. Correspondingly, a large
amount of power is required to increase the pressure level.
This power is usually provided by a gas turbine, conve-
niently taking the advantage of the transported natural gas,
although steam or electricity could also be used [25]. The
horsepower consumed by the compressor is determined by
the transported gas flow and the compression ratio as given
in (16) [7]. For a gas-driven compressor, additional gas
would be extracted from gas network to supply the
horsepower as given in (17).

H.; = B.qc, {(pn,t/pm,t)zr - 1} (16)

Tey = 0+ BHe, + 7H, (17)

STATE GRID

where H., is the horsepower consumed by a gas-turbine to
drive compressor c¢; B, is the compressor constant; g, is
gas flow of compressor c; Z. is the compressor factor
(0.95); 7., is gas consumption of a gas-turbine to drive a
compressor; f and y are all energy conversion
constants.

Gas nodal pressures should be operated within secure
ranges. For nodes connected with a compressor, we use
(18), while (19) corresponds to the other gas nodes.

P < cppy

Pm <pmt <pmdx (19)

where I'; is maximum compression ratio of compressor c;
pﬁm and p™ are the minimum and maximum node pres-
sure, respectively.

Finally, the following nodal gas flow balance equation

should be satisfied for each node.

D (gom =i )Y (Ges +Te) + > g + B8

wit

max

nem cem wem
E with mJ dem _ _nsg § éen .
+ qst qst _qmt qmt+ P
SEM gEM

(20)

where ¢, is the energy conversion coefficient for gas
turbines.

In (20), when m is the inlet node of compressor ¢, g,
and 7., are positive, and when m is the outlet node of
COmpressor ¢, ¢, is negative and 7., is zero. The last term
on the right-hand side of (20) denotes the relationship
between gas consumption and power generation of gas-
fired units.

The proposed M-GEOPF model is a deterministic opti-
mization problem, in which the control variables include
active and reactive power generation, curtailed wind
power, gas supply, and load curtailments. This combined
optimization model can be solved via commercial opti-
mization tools to achieve optimal results.

3 M-GEPOPF based on the three-point estimation
method

The considered integrated energy system is faced with
remarkable uncertainties originating from electricity/gas
load forecasting errors and intermittent wind power gen-
erations. As such, we propose POPF to investigate the
impacts of these uncertainties on the operation of inte-
grated electric and gas systems. The previously proposed
three-point estimation method [26] is deployed in our
work.
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3.1 Three-point estimation method (3PEM)

The target of point estimation is to calculate the moments
of output variable vector W with respect to / input variables.
In other words, the state of the system is stochastic as a
nonlinear function of the input vector X, written as:

W:G(X):G(X17XQ,.. (21)

The fundamental idea of point estimation lies in
matching the first several moments of each stochastic
variable x;, with k points. In this paper, the 3PEM, i.e.,
k = 3, is adopted owing to its easy implementation,
computational efficiency and high accuracy. According to
the 3PEM, three concentrations, each of which consists of a
location ¢&,,, and a weighting factor w,,, (k = 1,2,3), are

'axl)

computed for each x,, as follows.

Xbk = Ky, + ébko-xh (22)
(—1)** 1 1
Oy = (k=1,2) , 0y, =~ — ———
N A R R i R
Ao 3k 3,
ix;,,k = 7’7—’_ (_1) VX;, _ZA)Z% (k = 172) ) éx,,j = 0

(23)

where u,, and o,, are the mean value and standard devia-
tion of variable x;, respectively; Vx, and /,, are the skew-
ness and kurtosis of variable x;, respectively.

Finally, by aggregating all the weighted deterministic
results, the r-th estimated raw moment of W can be cal-
culated as:

EW) 23S 00, % (Glitgs -5 ty)] (24)

l
b=1 k=1

where E(-) denotes the expectation operator.

In our study, electric load uncertainty, gas load uncer-
tainty, and wind speed uncertainty are considered. However,
considering the load uncertainty at each bus or node in each
period would represent a tremendous computational burden.
An excessive number of simulation runs are required
because of numerous electrical/gas nodes and optimization
horizon. Yet, the fact is, the load variation of a given bus or
node has negligible impact on the overall result. Hence, we
consider the randomness of the total load at each time period
as a whole. The input stochastic variable is denoted as
X = [P, pYiere g9°™T and the output is denoted as
W = [V, 0’ Pgen’ Qgcn’p’ qwc’ qinj’ qwith’ qin’ qout]T‘

3.2 Correlation between gas and electric loads
In reality, a correlation exists between gas and electric

loads, which can be addressed by the 3PEM. Assuming that
the cumulative distribution function (CDF) of x;, is Fp(x3),

STATE GRID

Start

Input system parameters, including the statistics of gas load,
electric load, and wind power
v
Calculate the standard location coefficient &, and the weighting
factor 4 in independent standard normal space
v
Construct the sample matrix, which consists of 3x/sample
points in standard normal distribution space

¥
Transform the sample matrix into original space according to
Y=BZ and (25)

Perform deterministic M-GEOPF calculation based on
the k th column of sample matrix

v

Calculate the raw moments of output random variables
according to (24)

N

| Output the each order moment of state variables

End

Fig. 2 Flow chart of M-GEPOPF calculation

the standard normal vector Y = [yy, ¥,,..., y;] can be
obtained from X according to:

o =& (Fp(xp))

where @' (-) denotes the inverse CDF of the standard normal
variable. Meanwhile, ¥ can be converted to an independent
standard normal vector Z. Let C denote the linear correlation
coefficient of X. The coefficient matrix C can be decomposed
into a lower triangular matrix B by Cholesky decomposition.
Thus, Z can be computed as Z = B~'Y.

Generally, when correlation exists among input vari-
ables, it is advisable to sample in the independent standard
normal space, and then transform the sample points into the
original state space. The flow chart of the proposed
M-GEPOPF is presented in Fig. 2.

(25)

4 Case study

In this section, we discuss the application of
M-GEPOPF to a test system. The impact of the correlation
between gas and electric loads on the probabilistic results is
investigated. Additionally, the role of PtG units is
demonstrated.
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4.1 System description

A schematic illustrating the integrated IEEE 24-bus
electric power system and Belgian high-calorific 20-node
natural gas system employed in the case study is given in
Fig. 3. All detailed data on the tested system is available in
[12]. In addition, a wind farm with an 800 MW rated power is
connected to the electricity system at bus 8. Wind speed data
were obtained from the National Renewable Energy Labo-
ratory (NREL) for the site #1 wind farm [27]. The gas system
consists of 20 nodes, 21 pipelines, 2 compressors, 2 gas
wells, and 4 gas storage facilities. A PtG unitis deployed near
the wind farm connected at bus 8, and is integrated with the
gas system at node 16 (i.e., the Blaregnies node), which
generally faces heavy gas demand.

Gas and electric loads at each period are assumed to
conform to a normal distribution, taking the forecasted
value as its mean and 2% of the forecasted value as its
standard deviation. In addition, the wind speed at each time
interval is usually assumed to comply with a normal dis-
tribution [26], taking the forecasted value as its mean and
5% of the forecasted value as its standard deviation.

4.2 Accuracy clarification

The proposed model is a large-scale nonlinear program-
ming (NLP) problem. Advanced solvers have been devel-
oped so as to achieve a sufficiently optimal solution. The
present NLP problem was conducted on the GAMS platform
using the NLP solver IPOPT [28]. The Monte Carlo method
with a sample of 5000 is adopted as a reference to investigate

‘ Gas-fired units
‘ Coal-fired units

STATE GRID

the performance of the 3PEM, in which all input variables are
randomly generated from a predetermined distribution. The
M-GEPOPF computation based on the 3PEM required
approximately 430 s for the case study system, which is quite
acceptable for a system of this size.

For each time interval, the statistics of each bus voltage
and node pressure are calculated and averaged. A com-
parison between the 3PEM and Monte Carlo results is
depicted in Fig. 4. Here, Fig. 4a presents comparisons of
the mean value and the standard deviation of the electric
system bus voltage. The percentage errors are found to be
rather small, where the mean value error is less than
0.015% and the standard deviation error is 4%. Figure 4b
presents comparisons of natural gas system node pressure,
where the errors are again acceptable. In this way, the
accuracy of the 3PEM has been verified.

4.3 Role of PtG units

To evaluate the role of PtG units, we compare the test
system with and without the single PtG unit. Figure 4a, b
depicts the wind power utilization by the electricity
transmission system or by distribution to the PtG unit.
Because electricity transmission lines have limited capac-
ity, congested transmission lines during peak load periods
makes it difficult to transfer all generated wind power from
bus 8. As a result, it can be observed that wind power is
mainly curtailed from 3:00 to 14:00. Making use of the PtG
unit allows the available wind power to be fully exploited
to support the natural gas network. Moreover, we compare

——— Low gas
High gas

From storage Dutch gas

7 N\
\

\
® Hasselt

7

-7
Antwerpen /7

/
/. Brussel

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Fig. 4 Comparison between 3PEM and Monte Carlo simulation
results

in Fig. 5c the extent to which wind power is integrated
with the electricity system for generation with and without
the PtG unit. Including a PtG unit allows greater wind
power to be absorbed by the electricity network. This is

because transmission line congestion is effectively
relieved, enabling the electricity network to accommodate
much more wind power generation.

The produced SNG is consumed locally or transported,
and, due to its zero cost assumption, reduced total opera-
tion costs can be expected. Not surprisingly, the total daily
operational costs for the system with and without a PtG
unit are $ 6700 kilo and $ 6788 kilo, respectively. More-
over, additional economic benefits derive from two sour-
ces. First, natural gas consumption from gas wells or gas
storage facilities is reduced by utilizing gas produced from
PtG units. Second, generation costs from conventional
power plants are reduced owing to the increased adoption
of wind power generation.

4.4 Probabilistic analysis of correlation

The optimization results of the integrated energy system
are shown in Fig. 6. The expected power outputs of
hydroelectric units, coal-fired units, gas-fired units, and
wind farms are depicted in Fig. 6a. Hydroelectric units are
fully utilized over the entire 24 hours period because of
their economic efficiency. In contrast, coal-fired units are
always operated at their lowest generation level. The
flexibility of gas-fired units facilitates their role of output
adjustment. While the cost of wind power is nearly zero, it
is not fully utilized because of electric line congestion near
the wind farm. Moreover, there are two electricity load
peaks, and the output of gas-fired power plants at the first
load peak is apparently less than that at the second load
peak. This is because the first electric load peak coincides
with a gas demand peak, and this constraints the avail-
ability of gas supply gas-fired units during this period. This
result clearly exemplifies the necessity for optimizing gas
and electric systems from an integrated point of view.

The optimization results for the gas system are shown in
Figs. 6b, c, which present the expectations of gas produc-
tion and line pack respectively. In our study, gas wells are
the main gas source, and gas derived from storage facilities

Table 1 Statistics of total operation cost with different gas-electricity correlation coefficients

Gas-electricity correlation coefficient

Mean of total operational cost

Standard deviation of total operational cost

(kilo-$) (kilo-$)
0.8 6700 51.9
0.5 6700 513
0.3 6700 50.8
0 6700 50.2
0.3 6700 495
05 6700 49.1
-0.8 6700 48.4
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Fig. 5 Analysis of role of PtG

is employed over all periods owing to its economic effi-
ciency. In addition, Fig. 6¢c indicates that line pack also
serves as a means of gas storage; indeed, the range of line
pack exceeds the combined range of well production and
gas storage over the modelled period. Two gas well supply
peaks are shown in Fig. 6b, where the first peak corre-
sponds to a gas demand peak and the second peak corre-
sponds to a power supply peak. Moreover, gas is stored by
means of line pack from 1:00 to 6:00, when the gas load is
relatively low, and the line pack later releases gas in
response to increasing gas demand. Thus, the line pack also
enables flexible operation of the integrated system.
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Fig. 6 Optimization results of integrated energy system

M-GEPOPF can provide system operators with an exact
measure of the statistical properties of state variables (e.g.,
bus voltages and nodal pressures) that must be carefully
monitored. Figure 7a presents the probability density
function (PDF) of voltage at bus 6, near to where the wind
farm and PtG plant are located, at 12:00. There is an
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Fig. 7 PDF of system state variables at 12:00

electric peak at 12:00, and fluctuations of bus 6 are rela-
tively high at this moment (in this case lower and upper
bounds of bus 6 voltage are 0.95 and 1.05 p.u., respec-
tively). The probability that the voltage of bus 6 exceeds
security region is 19.1% which is significant. Similarly,
Fig. 7b denotes the PDF of node 16 pressure, where the
PtG is integrated at this node (lower and upper bounds of
node 16 pressure are 50 bar and 66.2 bar, respectively).
According to this figure, the probability that this nodal
pressure exceeds its permissive limit is slight (0.6%). Other
statistics can be achieved in the same way. Operational risk
should be addressed by using safety precautions. It is noted
that the electric power system endures a more volatile
situation owing to the more significant uncertainty of wind
power. In addition, the correlation between electric power
and natural gas loads should also be adequately analysed in
the M-GEPOPF calculation. Table 1 presents the mean and

STATE GRID

standard deviation of the total operational costs with dif-
ferent gas-electricity correlation coefficients.

The first column in Table 1 represents the elements of
the correlation matrix C. It is observed from Table 1 that
the correlation between gas and electric loads has no dis-
cernible impact on the mean value of the total operational
costs, while correlation has a more significant impact on
their standard deviation. Here, a positive correlation
between gas and electric loads results in a larger standard
deviation in the total operational costs with increasing
correlation, however, an increasingly negative correlation
results in a decreasing standard deviation. It is easy to
understand why this should be so; positive correlation
intensifies the uncertainty in the integrated energy system,
whereas an increase in one load correlated with a decrease
in the other, i.e., negative correlation, mitigates the
volatility via compensation between the gas and electric
networks. If correlation is omitted in conventional POPF,
the obtained results may lose their optimality. Conse-
quently, it is imperative to include randomness and corre-
lation in M-GEPOPF calculations in order to obtain a
proper understanding of the combined system costs and its
security regime.

5 Conclusion

This paper proposed an M-GEPOPF model incorporat-
ing PtG units. The 3PEM based POPF calculation was
adopted to address wind power uncertainty. Correlation
between gas and electric loads was also investigated, and
was shown to exert a significant influence on the proba-
bilistic results. M-GEPOPF calculations demonstrated that
the independent optimization of gas and electric network
may lead to an overly-optimistic, or even unreliable solu-
tion; thus, compromising system security. Based on the
probability density of state variables, security precautions
can be formulated in advance to mitigate fluctuations in
wind power.

In addition, the role of PtG units was discussed. Anal-
ysis demonstrated that PtG units contribute to reducing
wind power curtailment by relieving electricity transmis-
sion line congestion, thus reducing system operational
costs, and increasing the ability of the power system to
integrated wind power. The proposed M-GEPOPF model
provides a useful support for system operations and
decisions.

It must be noted that gas derived from PtG units can be
stored to shave the electric peaks in response to variable
electricity prices, which is an interesting topic not in the
scope of the present study. This will also be investigated in
our future research.
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