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Abstract: The interaction between natural gas and electricity networks is becoming more significant
due to the projected large penetration of renewables into the energy system to meet the emission
targets. This is due to the role of gas-fired plants in providing backup to renewables as the linkage
between these networks. Therefore, this paper proposes a deterministic coordinated model for the
secure and optimal operation of integrated natural gas and electricity transmission networks by taking
into account the N-1 contingency analysis on both networks. In order to reduce the computational
burden and time, an iterative algorithm is proposed to select the critical cases and neglect other
contingencies, which do not have a significant impact on the energy system. The proposed integrated
mixed-integer nonlinear programming operational model is evaluated and compared to another
enhanced separated model on the IEEE 24-bus and 15-node gas test systems. The results emphasize
the importance and effectiveness of the proposed framework (up to 6.7% operational costs savings
are achieved).

Keywords: contingency analysis; integrated natural gas and electricity transmission networks;
N-1 criteria; separated and integrated methods

1. Introduction

According to International Energy Agency (IEA), global natural gas demand and the share of
renewable energy are projected to increase by 1.6% and 12.4% in 2023, respectively (compared to 2018
levels) [1,2].

Gas-fired power plants (GFPPs) characterized by low carbon emissions, low investment
cost, and high flexibility play a key role in maintaining the challenging issue of supply-demand
balance in power systems with the ever-increasing penetration of renewable energy sources (RESs).
GFPPs, the appearance of power-to-gas (P2G) technologies and gas compressors driven by electricity
have intensified the linkage between the natural gas and electricity networks (NGEN) [3,4].

From security perspectives, incidents such as outage of components in NGEN result in significant
challenges in the operation of these networks to supply the energy demand. Consequently, the operation
of GFPPs (i.e., the main link between these networks) changes as well. In other words, the security
and reliability of each network directly influences the other energy vector. As a result, this interaction
between these networks highlights the importance of integrated operation of NGEN to enhance the
energy system security [5–7].

Energy storage systems are one of the most important pieces of equipment to maintain power
balance in the power system, especially in presence of significant amount of RESs. In [8], the role of the
storage system in balancing the European electricity system is investigated. In [9], it is demonstrated
that electrical energy storages play a key role in facilitating the integration of intermittent RESs.
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In [10], it is shown that, by using molten salt-based storages, the steam turbines’ cycles are extended.
Consequently, network flexibility increases and the penetration level of RESs in the power system
can be increased. Therefore, this can significantly reduce generation from units characterized with
high carbon dioxide emissions. The importance of gas storage facilities can provide flexibility to the
operation of energy systems in maintaining the supply-demand balance. Hence, different types of
energy storage systems play a very important role in the integration of NGEN.

Many studies have addressed the interaction and necessity of the integration of gas and electricity
systems. The value of integrated NGEN is investigated in [11]. Flexible technologies, such as flexible
gas compressors, battery storage, P2G, and demand-side response are employed and operation costs
savings up to 21% are achieved. In other research, the value of these flexible options including GFPPs,
battery storage, and demand-side response is assessed in expansion planning of integrated NGEN,
which leads to significant cost reduction [12]. In [13], a probabilistic steady-state analysis of integrated
electricity, gas and heating networks is presented in different operation types. It is demonstrated
that, compared to the individual operation of electricity, gas and heating systems, considering all
three systems simultaneously provides a much more complicated interaction and uncertainty issues.
As a result, considering P2G and power to heat (P2H) systems is useful for overload control but they
can make the optimization problem complicated by transmitting the uncertainties arising from solar
and wind power to the natural gas system. In [4], the advantages of integrating the NGEN in reducing
operation costs and preventing load shedding when an outage occurs are discussed. It is shown
that the role of multi-directional compressors is significant in improving the system operation. In [7],
the interdependency between these networks is examined. A multi-objective framework with dynamic
security considerations for the autonomous and coordinated operation of NGEN under random
outages in both networks is introduced. It is demonstrated that the role of microgrid aggregators
as cost-responsive controllable loads is significant in increasing the security of NGEN and reducing
operation costs. In [14], coordinated stochastic programming of NGEN is provided, in which the role
of the compressor is not considered in the gas network modeling. The stochastic model considers the
random outage of transmission lines and generators, as well as load forecasting errors. The coordinated
stochastic model is shown to be an effective approach to show the uncertainties of two dependent
networks. In [15], the outer approximation with an equality relaxation (OA/ER) decomposition
method is used to solve the non-convex mixed-integer nonlinear programming (MINLP) problem of
coordinate operation of both networks. The coordinated operation has resulted in approximately 7%
saving in the total operation costs. Flexible compressors and GFPPs as well as gas interconnections
make the grid more flexible, which leads to significant improvement in operation costs in decoupled
operation modeling.

Due to the increase in penetration level of RES, the security and reliability problems will be
a major challenge in operation of natural gas and electricity systems. References [16–20] discuss
the issue of security from planning perspectives. In [16], a probabilistic reliability evaluation-based
model is proposed to investigate the optimal coupling of multiple energy hubs. In [17], a two-stage
decomposition method is applied, and the results show that gas transmission constraints affect the
long-term planning of the electricity network. In [18], a decomposition method is used to jointly
check the N-1 and probabilistic reliability criterion. In these references, the gas network is assumed to
have a zero-outage rate. In [19], a novel model with a linear programming approach is presented for
NGEN expansion planning. Minimizing the total operational and capital costs is considered as the
objective function, where it recommends cost-base operation and planning strategies. The proposed
model in [20] takes into account the N-1 criteria in both networks, and demonstrates that random
outages have a significant impact on long-term planning. In the introduced model, nonlinear gas flow
Equations, a linear approach is derived.

In [21], a robust day-ahead economic dispatch model using the second-order cone (SOC) relaxation
method for the operation of these systems is proposed. In this model, the role of reserves in managing
the renewables uncertainties and N-1 contingencies is evaluated. It is shown that this modeling leads
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to a more economical solution than a mixed-integer linear programming (MILP) model with a shorter
computational time. Reference [22], offers a robust security-constraint unit commitment (SCUC) for
an integrated model of NGEN, where possible transmission line outages are considered. To solve this
non-convex and nonlinear problem, the second-order cone-based column and constraint generation
technique is used. The results demonstrate the effectiveness of gas adjustability and storage penetration
level to increase system reliability and to improve efficiency. In [23], a coordinated optimal corrective
control framework for NGEN is considered. The results show that the proposed approach for the
security-constrained optimal power and gas flow problem is computationally efficient.

To the best of our knowledge, in the previous studies, contingency outages in both natural gas and
electricity networks have not been considered comprehensively. Furthermore, most of the literature
used an iterative operational strategy to model the NGEN, as well as accepted the error caused by the
linearization of the model.

Hence, in this paper, a deterministic coordinated model for a secure and optimal MINLP operation
problem of integrated natural gas and electricity transmission networks (INGETN) is presented.
In this model, contingency outages including the N-1 criteria in both networks on power plants (PPs),
transmission lines, and gas pipelines are carried out. In order to reduce the computational burden
and time of this complex class of optimization, an iterative algorithm is used to select the critical
cases and neglect other contingencies, which do not have a significant impact on the energy system.
To investigate the significance of the interaction of the electricity and gas infrastructures, the proposed
framework for integrated model is compared to a separate method [24]. Due to the fact that the
separated method did not work properly in some critical scenarios, changes were made to improve its
performance (enhanced separated method). Furthermore, since solving the problem in the form of
MINLP increases the probability of obtaining local optimal solutions, the problem is first solved by
relaxed integer variables to obtain the initial guess which can potentially lead to a globally optimal
solution instead of the local optimum. Finally, to investigate the performance of the proposed model in
comparison to the enhanced separated method, results are evaluated in critical selected scenarios of
the updated IEEE RTS 24-bus and 15-node natural gas test systems.

2. Materials and Methods

In this section, the operational model of natural gas and electricity infrastructures is presented.
For the INGETN modeling, the GFPPs coupling link constraint is added to the model and the sum of
the operational costs of NGEN is the objective function.

2.1. Electricity Network Constraints

Electricity network modeling is in the form of network-constraint unit commitment (NCUC).
In addition to generating unit constraints, transmission network constraints have also been considered.

Felec
el,h = (

1
Xel

)(θbe,h − θbe′,h), ∀el ∈ Nel,∀h ∈ Nh (1)

−Kmax
el ≤ Felec

el,h ≤ Kmax
el , ∀el ∈ Nel,∀h ∈ Nh (2)

WSHelec
be,h −Delec

be,h +
∑

Npp,be

PWpp,h =
∑
Nel,be

Felec
el,h , ∀el ∈ Nel,∀h ∈ Nh (3)

∑
Npp

PWmax
pp Spp,h ≥ SRh +

∑
Nbe

Delec
be,h , ∀h ∈ Nh (4)

PWpp,h = PWmin
pp Spp,h +

Nseg,pp∑
seg=1

PWseg,pp,h, ∀pp ∈ Npp,∀h ∈ Nh (5)
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0 ≤ PWseg,pp,h ≤ PWmax
seg,ppSpp,h, ∀pp ∈ Npp,∀h ∈ Nh,∀seg, pp ∈ Nseg,pp (6)

PWmin
pp Spp,h ≤ PWpp,h ≤ PWmax

pp Spp,h, ∀pp ∈ Npp,∀h ∈ Nh (7){
Ypp,h + Upp,h ≤ 1

Ypp,h −Upp,h = Spp,h − Spp,h−1
,∀pp ∈ Npp,∀h ∈ Nh (8)


τ−1∑
h=1

Spp,h + min
(
hu

pp − h + 1, hini
pp

)
Su

pp ≥ hu
ppUpp,h

τ−1∑
h=τ−τ

Spp,h ≥ hu
ppUpp,h

(9)


τ−1∑
h=1

(1− Spp,h) + min
(
hd

pp − h + 1, hini
pp

)
(1− Su

pp) ≥ hd
ppYpp,h

τ−1∑
h=τ−τ

(1− Spp,h) ≥ hd
ppYpp,h

(10)

 PWmax
pp,h ≤ PWpp,h−1 + RRu

ppSpp,h−1 + RRsu
pp

[
Spp,h − Spp,h−1

]
+PWmax

pp

[
1− Spp,h

]
, ∀pp ∈ Npp,∀h ∈ Nh

(11)

PWmax
pp,h ≤ PWmax

pp Spp,h+1 + RRsd
pp

[
Spp,h − Spp,h+1

]
, ∀pp ∈ Npp,∀h ∈ Nh (12) PWpp,h−1 − PWpp,h ≤ RRd

ppSpp,h + RRsd
pp[

Spp,h−1 − Ipp,h
]
+ PWmax

pp

[
1− Spp,h−1

]
, ∀pp ∈ Npp,∀h ∈ Nh

(13)

Equations (1)–(13) are related to transmission network and power plants constraints [25]. In order
to determine the power flow of each transmission line, the DC power flow [26] is used in Equation (1),
where Felec

el,h and Kmax
el are real power flow and maximum capacity of transmission line el at time h and

Xel is the reactance of transmission line el. The power capacity of each line is limited to Equation (2),
where θbe,h is the phase angle of bus be at time h. The electric power balance is shown in Equation
(3). WSHelec

be,h and Delec
be,h are respectively the electrical load shedding and demand at bus be and time h,

while PWpp,h is produced real power of unit pp at time h. The generating power of PPs by considering
spinning reserves is determined according to the demand in Equation (4). PWmax

pp is the maximum
allowable output real power of unit pp, while SRh is the spinning reserve requirement of system at
time h and Spp,h is 0/1 commitment state of unit pp at time h. Equations (5) and (6) are linearized cost
function of PPs and limits on generated power of each segment, respectively. PWmin

pp is the minimum
allowable output real power of unit pp and PWseg,pp,h is the produced real power in segment seg of unit
pp at time h, while PWmax

seg,pp is the maximum allowable output real power in segment seg of unit pp.
The hourly output power of each PPs is limited by Equation (7). The relationship of the 0/1 binary
variables is presented in Equation (8) (i.e., determines the value of binary variables related to the
startup/shutdown status of the PPs according to the value of their binary variable, which is related
to the on/off commitment status). Ypp,h and Upp,h are 0/1 binary variables for the startup/shutdown
state of unit pp at time h. The minimum up/down time of PPs are presented in Equations (9) and
(10), respectively. hu

pp, hd
pp, hini

pp and Su
pp are the minimum up/down time, initial and uptime status of

unit pp, respectively. Finally, ramp rates, consisting of ramp up/down and startup/shutdown ramps,
are presented in Equations (11)–(13). RRu

pp, RRd
pp, RRsu

pp and RRsd
pp are the ramp-up, ramp-down, start-up

ramp and shut-down ramp of unit pp, respectively.
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2.2. Natural Gas Network Constraints

The objective function of natural gas network modeling is to minimize the operation costs.
The constraints are nonlinear, which makes the operation of the gas network nonlinear programming
(NLP). Hence, the INTGEN model is MINLP, since the electricity network is modelled as MILP.

(
Fgas

gl,h

)1.485
=


(
Dgl

)4.854
(ηgl)

2

18.43Lgl


[(

Jse
bg,h

)2
−

(
Jfe
bg,h

)2
]
, ∀gl ∈ Ngl,∀h ∈ Nh (14)

Jmin
bg ≤ Jbg,h ≤ Jmax

bg , ∀bg ∈ Nbg,∀h ∈ Nh (15)

Kmin
gl ≤ Fgas

gl,h ≤ Kmax
gl , ∀gl ∈ Ngl,∀h ∈ Nh (16)

Linepack =

 LglAgl

ρstdZ.R.Tstd

Javg
gl (17)

∆LPgl,h = LPgl,h − LPgl,h−1 = (Javg
gl,h − Javg

gl,h−1)

 LglAgl

ρstdZ.R.Tstd

, ∀gl ∈ Ngl,∀h ∈ Nh (18)

qc,h =

 Fgas
c,h

ηc
(
α−1
α

) 

 Jdp

c,h

Jsp
c,h


( α−1
α )

− 1

, ∀c ∈ Nc,∀h ∈ Nh (19)

1 ≤

 Jdp
c,h

Jsp
c,h

 ≤ Jmax
c , ∀c ∈ Nc,∀h ∈ Nh (20)

 Fgas
c,h ≤ Kmax

c

qc,h ≤ qmax
c

, ∀c, h ∈ Nc,h,∀h ∈ Nh (21)

 Jdp
c,h ≤ Jdp,max

c

Jsp
c,h ≥ Jsp,min

c
, ∀c, h ∈ Nc,h,∀h ∈ Nh (22)

ξc,bg,h = ψcqc,h (23)
∑

Ngw,bg

Fgas
gw,h +

∑
Nc,bg

IMc,bg.Fgas
c,h +

∑
Ngl,bg

IMgl,bg.Fgas
gl,h

= Dgas
bg,h −WSHgas

bg,h +
∑

Ngpp,bg

Fgas,req
bg,h +

∑
Nk,n

ξbg,h, ∀bg ∈ Nbg,∀h ∈ Nh
(24)

Fgas
gw.h ≤ Kmax

gw , ∀gw ∈ Ngw,∀h ∈ Nh (25)∣∣∣∣Fgas
gw.h − Fgas

gw.h−1

∣∣∣∣ ≤ RRu,d
gw .Kmax

gw , ∀gw ∈ Ngw,∀h ∈ Nh (26)

In the gas network model, besides the gas flow modeling, linepack and compressor performance
are considered. In order to calculate the gas flow through the pipelines of a high-pressure gas network,
the “Panhandle A” approach [27] is used in Equation (14). Fgas

gl,h is the average natural gas flow of
pipeline gl at time h. Dgl, Lgl and ηgl are the diameter, length and efficiency factor of pipeline gl,
respectively. Jfe

bg,h and Jse
bg,h are the pressure of first-end/second-end node bg of pipeline gl at time h.

The following assumption is considered in Equation (14) [27]: (a) The natural gas network pipelines
are horizontal, (b) natural gas velocity and temperature are constant throughout the gas pipelines,
(c) change of cross-sectional area along the path of the gas stream is negligible, (d) The natural gas
pipelines diameter is smaller than the radius of curvature. Equations (15) and (16) demonstrate the
node’s pressure limit and gas flow capacity of pipelines, respectively. Jmin

bg and Jmax
bg are the minimum
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and maximum pressure limit at node bg, while Kmin
gl and Kmax

gl are minimum and maximum gas flow
capacity of pipeline gl. A certain amount of natural gas (linepack) should be maintained in pipelines
to deal with rapid load fluctuations. This action is necessary from operational perspectives, due to
the slower transport speed of natural gas compared to power transmission speed [28]. The amount
of linepack in pipelines and linepack changes per hour are presented in Equations (17) and (18),
respectively [29]. Javg

gl and Agl are the average pressure and cross-sectional area of pipeline gl. ρstd,

Z, R and Tstd are density of gas, compressibility factor, gas constant and gas temperature at standard
condition, respectively. LPgl,h and ∆LPgl,h are the linepack and the linepack changes per hour of pipeline
gl at time h. Equations (19)–(23) are the compressor’s operation constraints. The Equation related to the
consumption power of gas compressors is provided in Equation (19). qc,h is the consumption power of
compressor c at time h, Fgas

c,h is the gas flow through compressor c at time h, Jsp
c,h is the suction pressure

of compressor c at time h, Jdp
c,h is the discharge pressure of compressor c at time h, ηc is the efficiency of

compressor c and α is polytropic exponent of gas compressor. The compressors discharge pressure to
suction pressure ratio is limited to Equation (20), where Jmax

c is the maximum compressor pressure
ratio. The maximum compressor flow rate Kmax

c , maximum power consumption qmax
c , maximum

Jdp,max
c and minimum Jsp,min

c compressor pressure limitations are determined by Equations (21) and
(22), respectively. The amount of gas consumed by the compressors is defined by Equation (23),
where ξc,bg,h is the amount of tapped gas by compressor c at node bg at time h and ψc is gas turbine
fuel rate coefficient of compressor c. The gas flow balance is given in Equation (24). According to this
equality, in each node, the input gas flow must be equal to the output gas flow. Fgas

gw,h is the gas flow rate

of terminal gw at time h, Fgas,req
bg,h is the required gas flow rate for GFPPs at node bg and time h. WSHgas

bg,h

and Dgas
bg,h are the amount of gas load shedding and demand at node bg at time h. IMc,bg and IMgl,bg

are compressor-node and pipeline-node incidents matrix. Finally, the terminal gas wells capacities
and the injected gas flow ramp rate are demonstrated by Equations (25) and (26), respectively. Kmax

gw is

maximum capacity of gas flow rate of terminal gw and RRu,d
gw is up/down ramp rate of natural gas

terminal gw.

2.3. Coupling Constraint of Natural Gas and Electricity Infrastructures

GFPPs are the coupling link of natural gas and electricity networks, which is obtained by
Equation (27).

Fgas,req
bg,h = Econv

∑
Ngpp,bg

(PWgpp,h

ηgpp

)
, ∀bg ∈ Nbg,∀h ∈ Nh (27)

where Econv and ηgpp are the energy conversion coefficient and the efficiency of the GFPPs, respectively.
PWgpp,h is produced real power of GFPP gpp at time h and ηgpp is efficiency of GFPP gpp.

2.4. Objective Function

The objective function of the proposed operation model is the aggregate of the operational costs
of natural gas and electricity networks.

2.4.1. Electricity Network Objective Function

OBJelec = min
[
Cstelec

]
= min


∑
Nh


∑
Npp



Cmin
pp Spp,h + Cstsu

pp,h + Cstsd
pp,h

+
Nbe∑

be=1
WSHelec

be,h .VOLL+

Nseg∑
seg=1

SLPseg,pp.PWseg,pp,h






(28)
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Equation (28) is the objective function of the NCUC problem, which seeks to minimize the
operation cost of the electricity network (Cstelec), subjected to Equations (1)–(13). Cmin

pp is the minimum
production cost of unit pp. Cstsu

pp,h and Cstsd
pp,h are start-up/shut-down cost of unit pp at time h. VOLL

is the value of loss load and SLPseg,pp is the slope of segment seg of piecewise linear cost function of
unit pp.

2.4.2. Gas Network Objective Function

OBJgas = min[Cstgas] = min


∑
Nh


∑

Ngw

Fgas
gw,hCgas +

∑
Ngl

∆LPgl,hCgas

+
∑

Nbg

WSHgas
bg,h.Cgas,shed


 (29)

Equation (29) shows the objective function of the gas network operation to supply the consumption
loads, which is minimizing the operation cost of the gas network (Cstgas), subjected to (14)–(26). Cgas and
Cgas,shed are the cost of gas injection and gas load shedding, respectively.

2.4.3. Proposed INGETN Model Objective Function

OBJint = min
[
Cstgas + Cstelec

]
(30)

By combining Equations (28) and (29), the objective function of the proposed INGETN model is
presented in Equation (30), in which the objective is to minimize the operation cost of both networks
simultaneously, subjected to Equations (1)–(26).

2.5. Operation Startegies for NGEN

To demonstrate the effectiveness of the proposed methods, the following operation strategies are
considered: (a) enhanced separated strategy, and (b) proposed integrated strategy.

2.5.1. Enhanced Separated Operation Method

Since the priority of the gas system operator is to supply the non-electric gas demand, if the
GFPPs generation increases in order to support the supply-demand balance, the gas infrastructure
may not be able to deliver the gas on time to the demand centers. Consequently, in order to deliver the
gas to the non-electric gas demands, it is required to curtail the gas demand for GFPPs. This means
that the electricity network operator needs to reduce the generation of GFPPs. In the separated
method, this exchange process between these two networks is iterated, until the optimal solution is
achieved [24].

The prevention of the load shedding in the gas network or its discrepancy with the previous
iteration cannot be considered as a condition for stopping the process, since, although this condition
may work in normal operation situations without interruption, it should be noted that, in some extreme
circumstances, load shedding occurs. Therefore, this iterative process must continue until the lowest
operating costs is achieved. For this purpose, the second condition in the algorithm of this enhanced
separated method must be considered in accordance with Figure 1.

2.5.2. Integrated Operation Method

In this method, both networks are operated simultaneously and the whole system constraints are
considered with a single objective function (i.e., the operational cost of NGEN).
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Figure 1. Flowchart of the enhanced separated model.

2.6. Proposed Scenario Reduction Algorithm for N-1 Criteria

In order to address N-1 contingencies, the capacity of the outage component is assumed to be zero,
and the model runs on the operation of the rest of network components. Due to outages (N-1 criteria)
on transmission lines, PPs in the electricity network, and gas pipelines in the natural gas network,
a large number of contingency scenarios are defined. Consequently, the computation time and burden
increase significantly. However, some of these scenarios make the system operation more challenging
and can even cause load shedding. Therefore, an algorithm is developed to identify the scenarios
which make the operation of NGEN more vulnerable.

The flowchart in Figure 2, illustrates this iterative process to reduce the scenarios based on
destructive value of each scenario. The execution steps of the proposed algorithm are presented
as follows.

Step 1: Scenarios are generated for transmission lines, PPs, and gas pipelines outage.
Step 2: NCUC model is solved for electricity transmission network (ETN) for different transmission

line outage scenarios with the objective function (28), subjected to Equations (1)–(13) and the scenarios
that electricity load shedding happens are selected.

Step 3: NCUC model is solved for electricity transmission network (ETN) for different outage
scenarios of PPs with the objective function (28) subjected to Equations (1)–(13), and the scenarios that
electricity load shedding happens are selected.

Step 4: The model of natural gas transmission network (NGTN) operation for different gas pipeline
outage scenarios is solved with the objective function (29) subjected to Equations (14)–(26) and the
scenarios that gas load shedding happens are selected.

Finally, the two mentioned operation methods are applied and investigated on these selected
scenarios to validate the performance of the proposed model.
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3. Results

3.1. Case Study

The proposed models are validated on the IEEE RTS 24-bus electricity and 15-node gas test
systems. Optimization is performed with GAMS optimization software version 25.1.2 on a computer
system with Intel (R) Core (TM) i5 CPU (2.13 GHz) processor and 8 GB of memory.
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3.1.1. The Updated Version of IEEE RTS 24-Bus

The modified IEEE reliability test system (RTS) [30] (data are available in [31]) consisting of
12 generating units, 17 loads, and 34 transmission lines, is used to model the electricity network.
In order to have more interaction between two infrastructures, one more GFPP is considered in bus
number 2 connected to node number 15.

3.1.2. 15-Node Natural Gas Network Test System

To model the gas network, a 15-node test system [32,33] containing one terminal is used.
The network has 16 pipelines, with loads on all nodes and one compressor at node 15. The diagram of
the NGEN is shown in Figure 3.
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3.2. Simulation Results

According to the proposed algorithm, three series of scenarios are selected:

3.2.1. Selected Scenarios of Transmission Lines Outage

The proposed algorithm only selects scenario with transmission line outage between buses 7 and
8 as the critical scenario, which causes problems with the operation of the electricity network and
the operator needs to partially curtail the loads. By this line outage, generator 9 is also disconnected
from the rest of the network and can only supply loads on bus 7, which has also happened with load
shedding at certain times.

1. Enhanced separated operation method
Through adding the required gas for GFPPs to the load of the gas network, the gas system is still

capable of delivering the gas to the demand centers on time. This means that gas load shedding is not
happening, and therefore redispatch of power is not required. The total amount of electricity load
shedding is 518.98 MW.

2. Proposed integrated operation method
The proposed operation method of INGETN for this scenario results in 518.98 MW total electricity

load shedding as well, due to the fact that, in both methods, the load shedding occurred in bus 7,
where it was disconnected from the network. Hence, GFPP 9 was not able to supply the load in some
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hours. The gas load shedding in both methods is zero. Therefore, total load shedding in NGEN is
the same.

By evaluating the linepack in the gas pipelines, as shown in Figure 4, the linepack in the integrated
method is managed properly, due to fewer fluctuations. This enables the gas network operator to
deal better with sudden changes in the gas demand. Furthermore, by comparing Figures 4 and 5, it is
demonstrated that the linepack in pipes has been used more at morning peak, while at midnight more
linepack remains in the pipes, whereas 9.69 mcm is injected from the terminals (i.e., compared to the
separated method is less (10.23 mcm)). It is shown that, through the integrated method, more efficient
use of the linepack in the pipes, as well as less gas injection from the terminal side, resulted in overall
lower operation cost. In Table 1 a comparison of costs in the integrated and separated methods is
demonstrated. The integrated model led to lower total operating costs.
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Figure 4. Aggregated linepack in the gas pipes in integrated and separated methods.
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Figure 5. Total amount of gas injected from the terminal to the network in integrated and separated methods.

Table 1. Operation Cost of NGEN.

Operation Cost
Operation Method

Separated (m£) Integrated (m£)

Gas Network 3.40 3.12
Electricity Network 6.69 6.67

Total cost 10.09 9.79

Moreover, comparing the commitment status of GFPPs in Tables 2 and 3, it is shown that these
units are less online in the integrated model, and in total, the generated power is 3904.67 MW less
compared to the separated model.
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Table 2. Commitment status of GFPPs in separated method.

GFPP Unit
Operation Time (h)

1 2 3 4 . . . 21 22 23 24

3 1 1 1

same as integrated method

1 1 1

9 0 0 0 1 1 0

10 1 1 1 1 1 1

11 1 1 1 1 1 0

13 0 0 0 0 0 0

Table 3. Commitment status of GFPPs in integrated method.

GFPP Unit Operation Time (h)

1 2 3 4 . . . 21 22 23 24

3 0 0 0

same as separated method

0 0 0

9 0 0 0 1 1 0

10 1 1 1 1 1 1

11 0 0 0 0 0 0

13 0 0 0 0 0 0

3.2.2. Selected Scenarios of Power Plants Outage

The proposed algorithm chooses the scenario with a generator outage on bus 2 as the worst case
that load shedding on both networks is happening.

1. Enhanced separated operation method
Besides the non-electric gas demand, since the load of the GFPPs should also be met, the gas

network is not capable of supplying the required demand. In other words, the operator of the electricity
network needs to change the unit commitment/economic dispatch (UC/ED) according to the amount of
available gas for power generation declared by the gas network operator, and consequently reducing
the output of GFPPs. In this scenario, this iterative process results in 2 redispatches processes. In the
next iteration, the downward trend in cost turns into an uptrend (i.e., in the second iteration the lowest
cost is achieved). Figure 6 shows the trend of cost changes in each iteration. On the gas network,
the load shedding occurs at node 14, because of the pressure drop at hours 08:00–12:00 and 17:00–21:00.
Due to the presence of the compressor, there is no pressure drop in node 15.Energies 2020, 13, x FOR PEER REVIEW 14 of 18 
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Figure 6. Comparison of network costs in six iterations in separated Method.
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2. Proposed integrated operation method
Table 4 shows a comparison of costs in the integrated and separated methods. The proposed

integrated method leads to 6.7% cost saving. The amount of gas load shedding in this method is
0.065 mcm, which is much lower than the separated method (0.165 mcm) gas load shedding. Therefore,
total load shedding and operation cost in NGEN are lower in the integrated model.

Table 4. Operation Cost of NGEN.

Operation Cost
Operation Method

Separated (m£) Integrated (m£)

Gas Network 5.34 4.30
Electricity
Network 5.48 5.79

Total cost 10.82 10.09

Figure 7 shows the amount of consumed gas by the GFPPs, which is almost the same in both
methods. The difference in the gas load shedding is related to the commitment time of the GFPPs
according to Tables 5 and 6, where the commitment status of GFPPs in integrated method is different
from the separated method in the final operation hours. As shown in Figure 8, in the integrated
method, the average pressure at node 14 is higher most of the time, and hence less load shedding
happened (from t0 to t6 and t22 to t24, the average pressure at node 14 is the same).
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Figure 7. Gas network’s loads and consumed gas by GFPPs in integrated and separated methods.

Table 5. Commitment status of GFPPs in separated method.

GFPP Unit
Operation Time (h)

1 . . . 21 22 23 24

3

Same as integrated

1 0 0

9 1 1 1

10 1 1 1

11 0 0 0

13 1 0 0

As shown in Figure 9, in the integrated model, lower power generated by gas and coal plants is
achieved. GFPPs produce about 103 MW less and the produced power by coal-fired power plants
(CFPPs), characterized by high emissions is 77.5 MW less.
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Table 6. Commitment status of GFPPs in integrated method.

GFPP Unit
Operation Time (h)

1 . . . 21 22 23 24

3

Same as separated

1 1 1

9 1 0 0

10 1 1 1

11 1 1 1

13 1 0 0Energies 2020, 13, x FOR PEER REVIEW 15 of 18 
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Figure 9. Comparison of total generated power of different types of power plants in 24 h between
integrated and separated methods.

3.2.3. Selected Scenarios of Pipelines Outage

In this test system, the gas network system has a terminal at node 1, which, from a research point
of view, is not reasonable for checking the gas pipe outage (e.g., by interruption of the gas pipe between
two nodes 3–5, the grid is divided into two sections and at the bottom of the grid due to the lack of
supply, gas load shedding is happening significantly). For this reason, to examine the outage of gas
pipes, the existing network is modified. The terminal capacity is divided into three sections at nodes 1,
9, and 14.

In this regard, the gas network faces problems with the outage of the gas pipelines between
nodes 1–2, 12–13 and 11–15, and consequently the gas demand on nodes 2, 13 and 15 is not supplied
completely. Furthermore, on nodes 13 and 15, the GFPPs are also installed. Due to the high capacity of
the GFPP 10 connected to node 13, the scenario with outage of the gas pipe between nodes 12–13 is the
most critical case that is selected by the proposed algorithm (Figure 2). To conduct a better comparison
in this scenario, it is assumed that there is no non-electric gas load on node 13. Therefore, the load that
is curtailed on this node results in a lack of supply to GFPP 10.
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1. Enhanced separated operation method
In this scenario, this iterative process does not work properly and does not lead to optimal solutions

by reducing the output power of GFPPs, leading to a mandatory turn off of GFPP 10. As a result,
one iteration leads to the optimal solution. After this iteration, there is not any issue in the gas network
to supply the loads and required gas of GFPPs. The gas load shedding in this iteration is zero and the
amount of load shedding in electricity network is 2398.7 MW.

2. Proposed integrated operation method
The proposed integrated model has lower operation costs. The amount of injected gas in this

method is 7.49 mcm which is lower than 8.04 mcm in separated method. Table 7 shows a comparison
of the cost in the two integrated and separated methods. The load shedding in this scenario is the same
in both methods (as mentioned in this case, the separated method was enhanced and also the GFPP 10
was considered completely off).

Table 7. Operation Cost of NGEN.

Operation Cost Operation Method

Separated (m£) Integrated (m£)

Gas Network 2.75 2.55
Electricity Network 25.62 25.62

Total cost 28.37 28.17

4. Conclusions

In this paper, to examine the interaction of natural gas and electricity networks in the MINLP
operational problem, a deterministic coordinated model for secure and optimal operation of INGETN is
proposed. N-1 contingency analysis is applied in both networks for transmission lines and power plants
in the electricity network as well as gas pipelines in the gas network. Moreover, in order to reduce the
computational burden and time of this security-constraint problem, which contains many contingency
scenarios, an iterative algorithm has been introduced to select the critical cases, which have a significant
impact on the operation of these networks. By examining a coordinated operation approaches of
NGEN (i.e., separated method) in different scenarios, it was indicated that this method did not lead to
the optimal solution in some critical scenarios, and as a result, correction actions were made in this
method. To validate the effectiveness of the modeled framework, the proposed integrated operation
strategy is compared to the enhanced separated strategy. Comparing the simulation results of these
operation methods, it is demonstrated that the proposed integrated model is more secure, as the total
gas and electrical load shedding is lower than the separated method. Furthermore, in the integrated
model by considering the whole-system constraints simultaneously, better use of linepack, less gas
injection of terminals, more optimal commitment status of the generating units and more operational
costs savings (up to 6.7%) are achieved.
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