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ABSTRACT

The growing capacity of gas-fired generating units
has' intensified the interaction between the electricity
and gas systems. Though a more flexible operation can
be achieved by integration, it also raises a serious issue
on managing contingencies when some of the
components in the integrated electricity and gas systems
(IEGS) fail during the operation. This paper proposes a
contingency management scheme in the IEGS
considering the influence of the gas flow dynamics.
Firstly, the partial derivative equations which describe
the continuity and motion of gas flow are discretized
using the finite-difference scheme. A second-order cone
reformulation of the discretized equations is then
preposed. Moreover, the optimal load shedding problem
during the contingency state of the IEGS is formulated
and then solved. Finally, 24-bus IEEE Reliability Test
System and Belgium natural gas transmission system are
used to validate the proposed technique.

Keywords: integrated electricity and gas systems,
contingency management, optimal load shedding, gas
flow dynamics

1. INTRODUCTION

The worldwide transition towards a low-carbon and
efficient energy production has promoted the utilization
of: cleaner fuel resources to generate electric power,
such as natural gas [1]. In UK, the electricity generation
from natural gas was 273.4 TWh in 2018, taking 37.98%
among all kinds of fuels [2]. This leads to the large-scale
installation of gas-fired units (GFU), which has intensified
the interaction between the electricity and natural gas
systems. The concept of integrated electricity and gas

systems (IEGS) is therefore proposed. However, the
severe blackout in Taiwan, China in 2017 has witnessed
that without proper handling, such interdependency
may lead to failure propagations, causing more severe
consequences compared with those in two formerly
isolated systems [3].

Contingency management is designed for the
situation in which the random failure of energy supply
facilities occurs, e.g., the gas wells or the electric power
generators. This subject has been thoroughly discussed
in the electricity systems in the past few decades, while
it is still at an early stage when the gas system is
incorporated [4]. In most of the previous studies, the
main goal of contingency management was to minimize
the load shedding in both electricity and gas systems,
and meanwhile reduce the operation cost [5]. The
operating conditions of I|EGS components were
determined using the steady-state based integrated
optimal power flow (SIOPF) technique in [6]. Multi-linear
probabilistic energy flow of IEGS was proposed in [7] to
handle uncertain situations such as wind power
fluctuations. Decomposition [8] and linearization
techniques [9] can be supplementary for relaxing the
physical constraints of the electricity or gas power flow
and achieving a better computation efficiency,
convergence, and robustness.

However, steady-state based contingency
management is not always the optimum option in the
operational phase. Unlike the electric power flow, the
transient process of the gas flow could last from minutes
to hours after the change of system state, especially in
the transmission-level. Some researchers studied the
time-varying flow rate in the gas system considering its
dynamics. Monte Carlo simulation technique is used in
[10] to study the system state transition, as well as the
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change of gas flow. The gas flow dynamics are utilized for
developing an equivalent model of gas networks in [11].
The effects of gas flow dynamics on the unit commitment
was further studied in [12].

Despite that the post effects of the component
failures on the gas flow are simulated in these
researches, the contingency management decisions are
still made based on the steady-state analysis. It is
evidenced that the gas flow dynamics can be utilized to
mitigate the load shedding if with proper strategy. For
example, the gas stored in the pipeline, also known as
the linepack, can cover the gas shortage for a short
period during the operation [13]. With this idea in mind,
an optimal control model of transient gas flow was
proposed in [14]. It was further extended into the
coordinated scheduling for the electricity and gas
systems in [15], and its advantage over the SIOPF was
compared. However, the formulation of the optimal
control problem is a bit complicated for contingency
manhagement. It inherits a large set of nonlinear
constraints from the partial derivative equations (PDE) of
gas flow dynamics, which makes it difficult to guarantee
a fast convergence and robustness of the solution.

To address these research gaps, this paper proposes
asfast calculation method for contingency management
in. the IEGS. First, the basic structure of the IEGS is
introduced. Then, the PDEs which describe the continuity
and motion of gas flow dynamics are discretized using
the finite-difference scheme. A second-order cone (SOC)
reformulation technique of the discretized equations is
proposed. By doing so, the nonconvexities are eliminated
so -that the further optimization problems can be
addressed by off-the-shelf solvers. Based on that, the
contingency management of the IEGS is formulated in
the form of an optimal control problem. Finally, we use
the' integrated 24-bus IEEE Reliability Test System and
Belgium natural gas transmission system to validate the
proposed technique. The numerical results are also
compared with the steady-state based optimal load
shedding to demonstrate the superiority of the proposed
method.

2. . STRUCTURE OF THE IEGS

As illustrated in Fig 1, the IEGS transports the
electricity generated by GFUs and traditional non-gas
fossil generating units (TFU), as well as the natural gas
from gas wells and storages, to satisfy the demands of
electricity and gas from various locations. Among those
units and facilities, the GFU is most critical. It links the

two energy systems by consuming gas to generate
electricity.

During the IEGS operation, random failures of gas
sources or generators could occur, and transfer the IEGS
into a contingency state. The generators and gas sources
have to be re-dispatched, or the electricity and gas loads
may be curtailed to maintain a balanced operation. As
aforementioned, the gas flow dynamics are beneficial for
mitigating the load shedding. Therefore, it is essential to
incorporate the gas flow dynamics into the contingency
management.
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Fig 1 Structure of the studied IEGS.

3. REFORMULATION OF DYNAMIC GAS FLOW
EQUATIONS
The gas flow dynamics in a pipeline are governed by
two PDEs, namely continuity and motion equations. In a
horizontally placed gas pipeline, the dissipative and
isothermal gas flow is described by [16]:

2
=29, P _g (1)
At

2np2
p

where B is the isothermal wave speed of gas. p, is

()

the gas density at the standard temperature and
pressure. A is the cross-sectional area of the pipeline.
D is the diameter of the pipeline. F is the Fanning
transmission factor. q and p arethe quantities of gas

flow and gas pressure, respectively.

The derivative regarding the time domain has little
influence on the accuracy of (2), especially in the
transmission pipelines with a relatively steady flow rate
and large capacity [17]. Discretizing the above PDEs for
the pipeline from bus i to | (the notation ij s

omitted) using Wendroff formula [18]. This yields:
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where Ax and At arethe step sizesin space and time
domains. m is the index of pipeline sections. k is the
index of time sequence. T e{-11} represents the
direction of the gas flow in the steady-state.

Assuming the gas flow doesn’t change direction after
the contingency [11]. Then, (4) can be further relaxed
into SOC constraints:
pm.k+1 + pm,k !

3B’
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The SOC relaxation is exact for q, but not exact for

p/. Hence, the quantity of load shedding will not be

affected if we further use the relaxed equations in the
contingency management problem.

4., CONTINGENCY MANAGEMENT SCHEME OF THE
IEGS

4.1 |Initial and boundary conditions

For the gas flow dynamics are essentially described by
PDEs, it is necessary to specify the initial and boundary
conditions. The initial conditions are given by the
operating condition of the IEGS in the normal state. The
gas flow is steady which can be calculated using the
ISOPF. The operation of the IEGS aims to minimize the
operating cost C, by controlling the generation of

TFUs and GFUs, and the gas production of gas sources:

Min  Cpes = D Op;sg; + 2, D cstj(g,;)  (7)
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where sg; is the gas production at bus i. gp, is the

gas purchasing price. g,; isthe electricity generation of
TFU j atbus i. cst,
forTFU. EB and GB arethe sets of electricity and gas
buses. NG, and NG™ are the sets of TFU and GFU at
bus i, respectively. gd, and ed, are the gas and

electricity loads at bus i. &,

is the generation cost function

is the efficiency of the

GFU. QF and QY are the sets of electricity branches

and gas pipelines connected to bus i. f; and q; are

the electricity and gas flows from bus i toj. C; isa
characteristic parameter of the pipeline, depending on
the length, absolute rugosity, and some other properties.
sgn(x) is the signum function, where sgn(x)=1 if

x>0, and sgn(x)=-1 ifx<0.
We denote the solution of the optimal operation
problem as sgi , p; , and q; During the

contingency management, the gas pressures in the
pipeline segment m in time sequence k, Pijmk 7

should be controlled within the secure limits:

Pi < Pimi < Py (17)
After formulating (3), (5), and (6) for all pipelines,
the initial condition for the discretized PDEs is specified
as:

pij,m,o = \/pi*2 _Sgn( pi* - p}c)qi’;z(ciiLij)ilmAX (18)
Uijmo = q; (19)
where L; isthe length of the pipeline 1ij .

For a generalized connected pipeline system, the
boundary conditions are specified as:
Piox = Py, Yoyk(vjl e}, vk) (20)

Pijox = pjzi,Mij,k (Vi, €}, vK) (21)

sg; —gd, + Z O, e ™ Z Qo =0, VK (22)

jeof je?
where M; is the number of pipeline segments in
pipeline ij.

4.2 Formulation of the optimal load shedding problem
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The objective of the optimal load shedding problem
for the contingency management is to find the best
control strategy of IEGS components, to minimize the
electricity and gas loads shedding, as well as the
operation cost over the contingency period. The control
variables include: (1) gas production of the gas sources
s9,,; (2) electricity generation of TFUs and GFUs, g, ;,

and g ; (3) the quantities of electricity and load
shedding, ec;, and gc,

” Z[CDFeecivﬁ > CSti.j(gi.j.k)J

Min J= z i<EB jeGEN,
SGi k19, j k +€Ci kG k k=1
+Z (Sgi,kpig +CDF? - gci,k)

ieGB

(23)
Subject to:
a) Initial condition constraints:(18), (19), and (24).
SQio = sgi*7 Gijo= gi*,j,07 gi?fju,o = glgfju; (24)
b) Gas system dynamic constraints (6) for all the
pipelines.

€)™ Gas boundary condition constraints (20)-(22) for
k=1,2,..., NK.

d); | Electricity power flow constraints (12), (14), and
(15) for k=1,2,..., NK.

e) . Upper and lower boundaries (8)-(10), (16), and
(17) fork=1,2,..., NK:

where CDF® and CDF° are the customer damage

function of electricity and gas loads, respectively [19].

The formulated contingency management scheme is a

SOC._programming problem, which is solved using the

Gurobi solver [20].

5. SOLUTION PROCEDURES
The contingency management scheme proposed in

this paper aims to determine the new operating state of

the' IEGS after contingency happens. The solution
procedures are summarized as follows:

1) Determine the normal operating schedule of IEGS in
the day-ahead according to the forecast electricity
and gas loads. It is solved using SIOPF according to
(7)-(16).

2). . Receive the contingency information, such as the
failure of generating units. Set the parameters At
and Ax; for discretizing the PDEs of gas flow
dynamics into (4)-(6).

3). Calculate the initial condition of the contingency
state in the gas system according to (18), (19), and
(24).

4) Formulate the contingency management problem
according to (4)-(6), (17), and (20)-(23). Solve the
SOC programming problem using the Gurobi solver.

6. CASE STUDY

——  Electricity branch / gas pipeline & Traditional fossil unit

__ Gasinjection to

«——  Electricity/gas load © Gas-fired generating unit gas-fired units

Fig 2 Integrated IEEE RTS and Belgium natural gas

transmission system.

In this section, the proposed contingency
management scheme is applied to a test IEGS, consisting
of the IEEE 24-bus Reliability Test System [21] and
Belgium natural gas transmission system [22]. The
oil/steam and oil/combustion turbine generating units at
the electricity bus (EB) 1, 2, 7, and 15 are replaced with
the GFUs of the same capacity, connecting to gas bus
(GB) 5, 14, 11, and 6, respectively. The efficiencies of
GFUs are set according to [23]. The prices of the gas
producers/storages at GB 1, 2, 5 and 8, 13, 14 are 0.085
and 0.062 $/m?3, respectively. Simulations are performed
on a Lenovo laptop with an Intel® Core™ i7-8565U
1.80GHz and a 16GB memory.

In the first case, we assume that a severe failure
occurs. The capacity of the gas source at GB 1 has
reduced by 9.28 Mm3/day, and the failure lasts for 7
hours. Three different contingency management schema
are compared:

® Strategy A: the load shedding is determined by
SIOPF [6].

® Strategy B: the operating condition of IEGS is
determined by SIOPF, and the load shedding is
determined by the simulation of gas flow
dynamics [10].

® Strategy C: the proposed contingency
management scheme in this paper.

The result of gas and electricity load shedding at
representative buses are presented and compared in Fig.
3. As can be observed, strategy A has the largest gas load
shedding at all the GBs. In strategy B, the load shedding
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appears lower at the beginning, increasing gradually
from zero to the steady-state values in the first 40
minutes. This transient process of gas flow can take
longer in a longer transmission pipeline with a larger
capacity. This can be a compromised strategy in the IEGS
where the electricity and gas systems can be coordinated
in a relatively longer timeframe, e.g. hourly based
schedule, but cannot be coordinated in real-time, e.g.
ancillary service. In strategy C, the electricity and gas
systems can be fully coordinated in real-time, which
demonstrates the most superior performance on the
load shedding.
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Fig 3:€Comparison of gas load shedding in different strategies

The computation times of different strategies are
compared in Table 1. Strategy A is fastest for it only
entails solving a nonlinear programming problem at a
single time point. Strategy C is a more complicated
optimization problem involving large-scale variables at
different time points. Owing to the proposed SOC
relaxation technique, it achieves the minimum load
shedding within a quite reasonable time.

Table 1 Computation times of different strategies

Strategy | Solver Computation
Time (s)

A Interior point method in | 0.061
Matpower

B Interior point method in | 35.59
Matpower + fsolve in
Matlab

C Interior point method in | 2.61
Matpower + Gurobi

GB 4 GB5 GB 11 GB 14 GB 16|
60
57 \

56
55 +
54 +
53
o 1 2 3 4 5 6 7
Time (hour)

Fig 4 Nodal gas pressure during the contingency state

The gas pressures at critical GBs in strategy C are
further presented in Fig. 4. For security reasons, the
lower boundaries of gas pressure are set to 0.97 times of
their pressures in the normal operating state. As
presented in Fig. 4, all the GBs reach their lower
boundaries at the end of the studied period. It can be
concluded that though strategy C leads to minimal load
shedding, it is delivered by using the linepacks. The
overuse of linepacks will lower the pressure in the gas
network, which makes it vulnerable against the gas load
fluctuations and possible failures in the future. Hence,
there exists a trade-off between the load shedding and
gas pressure, which is, in another word, the trade-off
between the capability of solving the crises at the
moment, and the capability of withstanding the risk in
the future.

Nodal gas pressure (bar)

To further investigate this matter, we compare the
total gas load shedding of IEGS with different durations
of gas source failure and different lower boundaries of
gas pressures in strategy C. The simulation results are
presented in Fig. 5. The gas load shedding is higher when
the duration of failure increases and lower gas pressure
limits are higher. The long duration of failure indicates a
large quantity of gas shortage. Besides, due to the tight
pressure limits, there is also less available linepack. It is
worth noting that from a certain point, the gas source
failure can be fully handled with linepacks without any
load shedding.
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Fig 5 Comparison of total gas load shedding with different
durations of failure and different lower gas pressure
boundaries

7. CONCLUSION

This paper proposes a contingency management
scheme in the IEGS considering the gas flow dynamics.
The numerical simulations demonstrate the superiority
of the proposed strategy. The gas load shedding is
minimized when the gas flow dynamics are fully utilized.
However, the overuse of linepack will lower the gas
pressures, leading to potential risks in the future.
Therefore, the load shedding in the contingency state
and gas pressures should be carefully balanced. The
conclusions strongly indicate the necessity of
incorporating gas flow dynamics into contingency
mahagement in the IEGS.
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