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Abstract: The operational flexibility in electricity networks with a high penetration rate of renewable
resources has received a great deal of attention. In several research works, gas network constraints
have been studied in operational flexibility studies because specific characteristics of the gas-fired
units play a major role in procuring flexibility. However, the literature shows that the interval
range of the uncertainty set has been assumed to be deterministic in most of the available research
works. This paper tries to fill the research gap about stochastic modeling of the interval range of the
uncertainty set. It considers the uncertainty set’s interval range an uncertain parameter, allowing
optimal scheduling with less conservative assumptions. In addition, transmission lines’ switching
is considered to optimize the network topology when the N-1 reliability measure is adopted. As
a nonconvex problem, the recourse decision level would be a mixed-integer program (MIP), for
which an exact nested column-and-constraint generation algorithm is used to find the best solutions.
The proposed method was applied to IEEE six-bus and 39-bus test systems, interconnecting their
corresponding gas networks. The test results infer that in a specified risk level for the IEEE six-bus
and 39-bus test systems, with a rather slight increase (7.3% and 065%) in the operation cost, a large
reduction (89% and 99%) in the out-of-sample cost could be obtained, respectively. The test results
illustrate the advantages of the proposed method, using the variable interval range of the uncertainty
set and corrective transmission lines’ switching. In addition, it was shown that if transmission
switching is not considered, the total cost rises up to 18.8%.

Keywords: operational flexibility; reliability constrained co-optimization scheduling; combined
electricity and gas networks; corrective switching of transmission lines; nested column-and-constraint
generation (CCG) algorithm

1. Introduction

Nowadays, the deployment of gas-fired generators (GFGs) is an effective alternative
for governments and system operators. GFGs specifications, e.g., high ramp rates, economic
aspects, and fast start-up/shut-down, emphasize their effectiveness [1,2]. These units are
well suited to the uncertain and variable nature of renewable energy sources (RES) [3–5].
However, the functionality and availability of gas units depend highly on the gas network
status [6,7]. Low pressure and congested pipelines restrict the applicability of GFGs to
respond appropriately [8,9].

Most research works in the literature have focused on the interconnection of electricity
and natural gas networks [10–12]. In [13], a two-stage profit maximization problem has
been proposed, including electricity and natural gas markets. The locational marginal
prices were optimized in the inner market-clearing stage, while all players could access
equilibrium to guarantee their maximum profit at the outer level. The GFGs and gas market
were jointed through bids from GFGs and prices in the gas market in [13]. Chen et al. [14]
reported a new study to handle congestions in gas networks properly. A comprehensive,
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interconnected electricity and gas network operational scheduling problem in a market-
based model has been proposed by Chen et al. [14], where gas transmission capacity was
labeled with a certain price. Additionally, RES uncertainties were considered. In [15], gas
storages were adopted to smooth out the load profile embedded in the robust operation
for interconnected electricity and natural gas networks, where the robustness was against
multiple component outages. In addition, a relaxed second-order conic programming
(SOC) form of gas network constraints was considered in a decomposition-based algorithm
called column and constraint generation (CCG). The uncertainties regarding electricity and
gas demand have been investigated in both electricity and gas networks by the introduced
distributionally robust scheduling problem in [16]. To linearize nonconvexities regarding
gas network operation, the problem has been converted into mixed-integer linear program-
ming (MILP), benefiting approximated linear decision rules to deal with uncertainties by
He et al. [16]. In [17], for the sake of a more tractable solution of computational complex-
ity and reducing the requirements of heavy communication facilities, fully decentralized
combined electricity and gas network operational planning was developed. He et al. [17]
adopted the iterative alternating direction method of multipliers (I-ADMM) to convexify
nonconvex constraints regarding gas networks. In [18], for a mutual electricity and gas
network operational planning problem, the potential advantages of using power-to-gas
(P2G) storage have been assessed on a day-ahead basis to make gas consumption more
affordable. In [19], energy procurement cost minimization has been focused on considering
three different types of uncertainties, e.g., distributed energy resources (DER), day-ahead
electric demand, and natural gas demand profiles, in a joint gas and electricity schedule.
Two-stage robust optimization was applied by Chen et al. [19].

Transmission line switching to maximize system flexibility and other optimal operation
features is also considered in recent research [20–22]. Due to the increased tendency to
maximize the penetration rate of RES in future networks and more requirements for
additional network flexibility to tackle possible congestions on one side and deal with
system reliability on the other side, optimal transmission line switching would be a key
solution in the viewpoint of flexibility in the transmission side. Reference [23] is one
of the most recent research works in the field of power system flexibility maximization.
In [23], optimal transmission line switching (TS) has been investigated in a contingency-
constrained unit commitment through a robust optimization approach in both preventive
and corrective modes.

In Table 1, the literature review is summarized. The features and factors of the
comparative literature review could be listed as follows:

Factor 1: Combined electricity and gas networks operational planning;
Factor 2: Considering optimal transmission line switching;
Factor 3: Common uncertainty resources related to the electrical system, e.g., renewable
sources’ output power or demand uncertainties;
Factor 4: Nonlinearities of gas network constraints;
Factor 5: Flexibility reserve deployment;
Factor 6: Decision making based on robust optimization; and
Factor 7: Considering the uncertainty set’s interval range as an uncertain parameter.

The literature review illustrates the research gap in stochastic modeling of the uncer-
tainty set’s interval range. In the proposed method, unlike in existing robust optimization
methods, dealing with uncertainties by introducing uncertainty sets with respective pre-
defined ranges, adjustable interval ranges as an additional degree of freedom to prevent
conservativeness of the robust optimizations are considered. Moreover, the studies of TS, as
one of the most effective preventive and corrective solutions to maximize system flexibility,
have received less attention. The main contributions of this article are proposed to fill such
research gaps. Considering the detailed nonlinear constraints of the gas network is another
minor contribution.



Electronics 2022, 11, 2647 3 of 23

Table 1. Comparative summary of the literature review in the field of flexibility maximization of
interconnected electric and gas networks.

Ref. No. Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7

[13] X − − − − − −
[14] X − X − − − −
[15] X − − − X X −
[16] X − X X X X −
[17] X − − − − − −
[18] X − − − − − −
[19] X − X − X X −
[24] X − − − X X −
[25] X − − − − − −
[23] − X − − − X −

Proposed
model X X X X X X X

This paper tries to fill existing gaps in the literature about the flexibility maximization
of interconnected electric and gas networks. The main contributions of this article can be
listed as follows:

• This research majorly focuses on flexibility maximization through the respective uncer-
tain range in a multistage robust optimization approach to reach less conservativeness.
This is one of the major contributions. Modeling an uncertain interval range is a new
framework that is proposed in this paper. It should be highlighted that Factor 7 has
been used in this article as a new method, considering the uncertainty set’s interval
range as an uncertain parameter.

• In this paper, the reported method of [23] would be extended, while TS is considered
in a joint robust security-constrained unit commitment and nonlinear gas network
scheduling problem. Using TS in co-optimization of combined gas and electricity
networks, besides other robust security-constrained unit commitment issues, is one of
the contributions.

• A three-level model is developed for the joint robust security constraint unit commit-
ment (SCUC) and gas network scheduling. In the upper minimization level, a base
SCUC is solved, considering nonlinear gas network constraints aiming to minimize op-
erational cost without considering explicit uncertainties. In the middle maximization
problem, the worst possible scenario for uncertain parameters corresponding to RES
output power and the most critical electric transmission line outage are concerned.
In the lower minimization re-dispatch problem, the model tries to cover the worst
cases found in the previous level with the lowest re-dispatch cost. The proposed
three-level optimization model, besides other new aspects, can be listed as one of
the contributions. However, separate three-level models might be introduced in the
available works.

• The nonlinearity of gas network constraints and integer decision variables regarding
corrective optimal TS makes robust optimization challenging. The inner optimization
levels consist of nonlinear and integer terms, which is not compatible with strong
duality theory. Accordingly, a state-of-the-art nested column and constraint generation
(CCG) method is applied to overcome this challenge [26].

The proposed method has tried to respond to all concerns comprehensively. Indeed,
one of the main advantages of this study and the proposed model is its consideration
of all aspects. However, it is necessary to clarify how the proposed model can consider
various aspects, and related challenges should be highlighted. Developing a three-level
optimization model is one of the solutions that can overcome some complexities in the pro-
posed model. Indeed, by a three-level model, the optimization problem can be solved more
easily. In addition, TS is another solution that has been utilized to satisfy the constraints
of the optimization problem. TS can also be useful in a realistic situation. Furthermore,
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linearized techniques and some innovative approaches to solving the optimization problem
are other features of this research. These capabilities help use the proposed method in
realistic systems.

The remainder of this article’s structure is as follows. Section 2 is (Uncertain Interval
Range Modeling) allocated for the introduced multistage robust gas network constrained
(GC)-SCUC optimization problem. A brief nested CCG counterpart of the proposed GC-
SCUC model (Problem Formulation) is reported in Section 3. Section 4 presents the test
and numerical results. Finally, the conclusion is given in Section 5.

2. Adjustable Interval Range Modeling to Consider Stochastic Behaviors and
Uncertainties

In existing references, the interval/respective range has been assumed to be determin-
istic, which has fixed endpoints in both up and down directions. The interval range could be
distinguished according to recorded/measured data and statistical analyses for the stochas-
tic subsystems based on selected confidence interval (CI) levels. Unlike the available studies
based on a fixed interval range, e.g., ±10 or ±20% of the predicted/estimated parame-
ter, this paper considers a stochastic-based interval for uncertain subsystems/elements.
By modeling the stochastic behaviors of the interval range, the introduced framework
searches corresponding to the worst scenario, while conservative decision making can be
reduced, and more precision deviations in stochastic subsystems between two consecutive
intervals are achievable. The concept of the variable interval range is depicted in Figure 1.
Figure 1 shows a conceptual net load variation, besides the predicted values and up/down
deviations with various CIs.
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Figure 1. Conceptual overview of the flexible/adjustable interval range. (a) Fixed and (b) adjustable. 
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Figure 1. Conceptual overview of the flexible/adjustable interval range. (a) Fixed and (b) adjustable.

As revealed in Figure 1b, a flexible confidence interval of 95% is considered for
up/down directions. From the statistical point of view, the interval range could deviate in
various intervals of the operational conditions for a CI between 90 and 99%.

Moreover, deviations of the stochastic parameters in several intervals could be kept
in a smaller range, which leads to lower conservativeness. Furthermore, larger deviations
between consecutive intervals are plausible with the developed stochastic adjustable inter-
val range, resulting in more intertemporal flexibility. The introduced new uncertainty set
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development is described according to Equations (1)–(3) for the net load (one of the most
important stochastic parameters in the operation of electrical energy systems).

S.t. ND n,t = Ln,t + ∆Nu
n,tz

u
n,t − ∆Nd

n,tz
d
n,t

∀n ∈ Λ, t ∈ T
(1)

∆Nu
n,t = ∆Nu0

n,t + ∆Nu+
n,t zu+

n,t − ∆Nu−
n,t zu−

n,t (2)

∆Nd
n,t = ∆Nd0

n,t + ∆Nd+
n,t zd+

n,t − ∆Nd−
n,t zd−

n,t (3)

In Equation (1), the net load uncertainty for the n-th bus at the t-th time period is
mathematically expressed based on two binary/Boolean variables that permit deviations
around the predicted/estimated value with a predetermined fixed interval range. In the
introduced formulation, asymmetric and flexible/adjustable interval ranges are assumed
for both up/down changes. By applying Equations (2) and (3), Equations (1) and (4)
can be expressed according to multiplied binary values. The linearizing of nonlinear
parts can be implemented by the Big-M technique and the dummy variables, as shown in
Equations (4)–(12).

NDn,t = Ln,t + ∆Nu0
n,tz

u
n,t + ∆Nu+

n,t zu+
n,t zu

n,t︸ ︷︷ ︸
U+

n,t

− ∆Nu−
n,t zu−

n,t zu
n,t︸ ︷︷ ︸

U−n,t

−∆Nd0
n,tz

d
n,t + ∆Nd+

n,t zd+
n,t zd

n,t︸ ︷︷ ︸
D+

n,t

− ∆Nu−
n,t zd−

n,t zd
n,t︸ ︷︷ ︸

D−n,t

∀n ∈ Λ, t ∈ T

(4)

−Mzu+
n,t ≤ U+

n,t ≤ Mzu+
n,t (5)

zu
n,t −M(1− zu+

n,t ) ≤ U+
n,t ≤ zu

n,t + M(1− zu+
n,t ) (6)

−Mzu−
n,t ≤ U−n,t ≤ Mzu−

n,t (7)

zu
n,t −M(1− zu−

n,t ) ≤ U−n,t ≤ zu
n,t + M(1− zu−

n,t ) (8)

−Mzd+
n,t ≤ D+

n,t ≤ Mzd+
n,t (9)

zd
n,t −M(1− zd+

n,t ) ≤ D+
n,t ≤ zd

n,t + M(1− zd+
n,t ) (10)

−Mzd−
n,t ≤ D−n,t ≤ Mzd−

n,t (11)

zd
n,t −M(1− zd−

n,t ) ≤ D−n,t ≤ zd
n,t + M(1− zd−

n,t ) (12)

Inequality Equations (13)–(16) should be considered to represent that the binary
variables of the stochastic interval range depend on those of the stochastic net load.

zu+
n,t ≤ zu

n,t (13)

zu−
n,t ≤ zu

n,t (14)

zd+
n,t ≤ zd

n,t (15)

zd−
n,t ≤ zd

n,t (16)

The simultaneous up and down deviations in stochastic elements that are not possible
are modeled by Equations (17)–(19).

zu
n,t + zd

n,t ≤ 1 ∀n ∈ Λ, t ∈ T (17)

zu+
n,t + zu−

n,t ≤ 1 ∀n ∈ Λ, t ∈ T (18)
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zd+
n,t + zd−

n,t ≤ 1 ∀n ∈ Λ, t ∈ T (19)

Finally, the budget of uncertainties is defined as Equations (20)–(22) to control the
conservativeness of the extreme points.

∑
n∈Λ

∑
t∈T

zu
n,t + zd

n,t ≤ Γ (20)

∑
n∈Λ

∑
t∈T

zu+
n,t + zu−

n,t ≤ Γu (21)

∑
n∈Λ

∑
t∈T

zd+
n,t + zd−

n,t ≤ Γd (22)

3. Problem Formulation

The introduced tri-level min-max-min robust model/concept for the joint electricity
and natural gas SCUC optimization problem is discussed in this part. Afterward, the
methodology based on the nested CCG solution is presented.

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Proposed Robust SCUC Problem

The main goal of this paper is to co-optimally schedule day-ahead electricity and
natural gas networks based on flexibility optimization using a flexible/adjustable interval
range and switching of transmission lines as decision variables of the optimization problem.
Hence, a robust tri-level SCUC is developed. The SCUC should be solved, as one of the first
steps, in the introduced robust tri-level SCUS for the base case, while uncertain resources
are neglected. The scenarios based on worth conditions for both uncertain net load and the
worst possible transmission line contingency are distinguished by finding the maximum
solutions in the middle level. Finally, at the inner level, units with flexibility capabilities are
re-dispatched, which is the selected solution for decision making in both electricity and
natural gas networks.

The objective function, as shown in Equation (23), is presented for cost terms, including
the costs for TG’s start-up, no-load, energy generation, and the up/down reserve capacity
allocation. In addition, cost terms related to gas production out of gas wells and gas
storing costs are considered in the proposed objective function. The start-up costs, no-load
cost functions, and power production from GFGs are also considered to determine the
introduced objective function. Furthermore, the up and down reserve capacity costs of
GFGs are considered.

The power balance based on predicted/estimated net load is depicted in Equation (24).
In addition, the nodal power balance according to shift factor sensitivity matrices is con-
sidered in the model by Equation (25). The up and down reserve capacity allocations for
GFGs are restricted by maximum and minimum generation capacity, as given in Equations
(26) and (27), respectively [27,28]. Similarly, Equations (28) and (29) are used to limit TGs’
capacity from the viewpoint of generation and reserve. The GFGs and TGs’ reserve capaci-
ties should be controlled and re-dispatched to reach the desired capacities, as expressed
in Equations (30)–(33). The minimum and maximum gas production out of a gas well are
represented by Equation (34) [29]. The time-dependent rate for storing gas is embedded
in Equation (35), while this rate is restricted according to Equation (36). The maximum
gas storage in and out ranges of a gas storage unit is limited in Equations (37) and (38),
respectively. As shown in Equation (39), the gas pressure limit at each node should be con-
sidered in the proposed optimization problem. The gas balance requirement is presented
in Equation (40).
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Min
T
∑

t=1

{
∑

i∈ΩTr

(
CTr,SU

i + xi,tC
Tr,NL
i + cTr

i PTr
i,t

+USCTr
i SPTru

i,t + DSCTr
i SPTrd

i,t

)
+ ∑

w∈W
Qwqwt + ∑

s∈S
Qsqst

+ ∑
g∈ΩG

(
CG,SU

g + xg,tC
G,NL
g + cG

g PG
g,t +USCG

g SPGu
g,t + DSCG

g SPGd
g,t

)} (23)

∑
i∈ΩTr

PTr
i,t + ∑

g∈ΩG

PG
g,t = ∑

n∈Λ
NLn,t ∀t ∈ T (24)

−Fmax
l ≤ ∑

n∈Λ
SFn,l ( ∑

i∈ΩTr
n

PTr
i,t + ∑

g∈ΩG
n

PG
g,t − NLn,t) ≤ Fmax

l ∀l ∈ NL, t ∈ T (25)

PG
g,t + SPGu

g,t ≤ xg,tP
G,max
g ∀g ∈ ΩG, t ∈ T (26)

PG
g,t − SPGd

g,t ≥ xg,tP
G,min
g ∀g ∈ ΩG, t ∈ T (27)

PTr
i,t + SPTru

i,t ≤ xi,tP
Tr,max
i ∀i ∈ ΩTr, t ∈ T (28)

PTr
i,t − SPTrd

i,t ≥ xi,tP
Tr,min
i ∀i ∈ ΩTr, t ∈ T (29)

0 ≤ SPGu
g,t ≤ RGu,max

g ∀g ∈ ΩG, t ∈ T (30)

0 ≤ SPGd
g,t ≤ RGd,max

g ∀g ∈ ΩG, t ∈ T (31)

0 ≤ SPTru
i,t ≤ RTru,max

i ∀i ∈ ΩTr, t ∈ T (32)

0 ≤ SPTrd
i,t ≤ RTrd,max

i ∀i ∈ ΩTr, t ∈ T (33)

ql
w ≤ qwt ≤ qu

w (34)

rst = rs,t−1 + qin
st − qout

st (35)

rl
s ≤ rst ≤ ru

s (36)

0 ≤ qin
st ≤ qin

s,max (37)

0 ≤ qout
st ≤ qout

s,max (38)

(τl
j )

2 ≤ vjt ≤ (τu
j )

2 (39)

∑
j′∈φJ(j)

(qout
jj′ ,t − qin

jj′ ,t) + ∑
s∈φS(j)

(qout
st − qin

st ) + ∑
w∈φw(j)

qwt − ∑
e∈φe(j)

qet − ∑
g∈φΩG (j)

bgPG
g,t = 0 (40)

In Equation (41), the nonlinear Weymouth equation [30,31] shows the relationship
between gas flow in the y-th pipeline and the start and end node gas pressure. This equation
could be linearized using Equations (42)–(45).

qyt
∣∣qyt
∣∣ = ψy(vi1t − vj2t) (41)

θ(qyt) ≈ θ(∆0
yt) + ∑

k∈K
(θ(∆k+1

yt )− θ(∆k
yt))υytk (42)

qyt = ∆0
yt + ∑

k∈K

(
∆k+1

yt − ∆k
yt

)
υytk (43)

υytk+1 ≤ ϑytk ≤ υytk ∀k ∈ K− 1 (44)

0 ≤ υytk ≤ 1 ∀k ∈ K (45)
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where θ(qyt) represents a nonlinear term qyt
∣∣qyt
∣∣ in Equation (41). In addition, ∆k

yt are
piecewise segments of the nonlinear term. In Equations (42)–(45), υytk and ϑytk are auxil-
iary continuous and binary variables, respectively. The error gap could be controlled by
choosing different sizes of the K value as piecewise linear partitions.

The coefficient ψy, as used in Equation (41), is defined in Equation (46). The gas
pressure in the pipeline endpoints equipped with a compressor, known as an active line, is
indicated in Equation (47). The gas flow in the active pipelines is shown in Equation (48).
The start-up costs of TGs and GFGs are calculated using Equations (49)–(52). A set of
constraints representing the minimum up/down-time constraints for all types of generation
units is defined in Equation (53). For the space-saving purpose, these constraints have been
discussed in brief form, and detailed formulations and supplementary explanations can be
found in [32].

ψy =
π2λ2R5

y

16LineyFyµTempZyρ2
0

(46)

vj2 ≤ γ2
c bcvj1 + (1− bc)(τ

u
j2)

2 (47)

0 ≤ qct ≤ Mbc (48)

CTr,SU
i ≥ SCTr

i (xi,t − xi,t−1) ∀i ∈ ΩTr (49)

CT,SU
i ≥ 0 ∀i ∈ ΩT (50)

CG,SU
g ≥ SCG

g (xg,t − xg,t−1) ∀g ∈ ΩG (51)

CG,SU
g ≥ 0 ∀g ∈ ΩG (52)

κi/g ∈ {0, 1} ∩ ki/g ∀i ∈ ΩTr, g ∈ ΩG , t ∈ T (53)

The mathematical expression of the middle maximization level is presented in
Equations (54)–(58). The middle maximization level has been developed to determine
the worst scenarios from the viewpoint of stochastic behaviors of net load and transmis-
sion line contingency. The maximum of allowed contingencies is restricted according to
Equation (58). The set of uncertain and stochastic parameters in the developed robust opti-
mization problem will be polyhedral. The introduced model is linearized utilizing auxiliary
binary variables [33]. Unlike the available studies, a flexible/adjustable interval range will
be utilized to search for a wider range of flexibility in the power system operation.

Φwc= 0 (54)

Φwc= Max Φ (55)

S.t. NDn,t = Ln,t + ∆Nu0
n,tz

u
n,t − ∆Nd0

n,tz
d
n,t + ∆u+

n,t U+
n,t

−∆u−
n,t U−n,t − ∆d+

n,t D+
n,t + ∆d−

n,t D−n,t
∀n ∈ Λ, t ∈ T

(56)

(5) to (22) (57)

∑
l∈NL

alt ≥ NL− 1 ∀t ∈ T (58)

As demonstrated by Equations (59)–(76), the lower minimization level would be a
recourse decision-making problem (mixed-integer problem). At the lower minimization
level, the commitment of the units does not change. However, a re-dispatch is applied
to act against the eventual effects of the worst cases, which have been extracted in the
middle maximization level. As noted in Equation (59), the deviation from the power
balance condition should be minimized. In addition, the system balance in the worst-case
scenario has been expressed by Equation (60). The nodal power balance, considering
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both contingency and transmission switching binary variables in the worst-case impact
mitigation, is presented in Equation (61). The gas balance under the worst-case scenario
with new GFG re-dispatch decision variables could be considered using Equation (62).

Φ = Min∑
t∈T

∑
n∈Λ

S+
nt + S−nt (59)

∑
i∈ΩT

∆pT
i,t + ∑

g∈ΩG

∆pG
g,t+ ∑

n∈Λ

(
S+

nt − S−nt
)
= ∑

n∈Λ
NDn,t ∀t ∈ T (60)

−Fmax
l altylt ≤ ∑

n∈Λ
SFn,l ( ∑

i∈ΩT
n

∆pT
i,t + ∑

g∈ΩG
n

∆pG
g,t + S+n,t − S−n,t − NDn,t) ≤ altyltFmax

l ∀l ∈ NL, t ∈ T (61)

∑
j′∈φJ(j)

(∆qout
jj′ ,t − ∆qin

jj′ ,t) + ∑
s∈φS(j)

(∆qout
st − ∆qin

st ) + ∑
w∈φw(j)

∆qwt − ∑
e∈φe(j)

∆qet − ∑
g∈φΩG (j)

bg∆pG
g,t = 0 (62)

Equations (63)–(71) are recourse counterparts of Equations (34)–(40) and (46)–(49),
respectively.

ql
w ≤ ∆qwt ≤ qu

w (63)

∆rst = ∆rs,t−1 + ∆qin
st − ∆qout

st (64)

rl
s ≤ ∆rst ≤ ru

s (65)

0 ≤ ∆qin
st ≤ qin

s,max (66)

0 ≤ ∆qout
st ≤ qout

s,max (67)

(τl
j )

2 ≤ ∆vjt ≤ (τu
j )

2 (68)

∆qyt
∣∣∆qyt

∣∣ = ψy(∆vi1t − ∆vj2t) (69)

∆vj2 ≤ γ2
c bc∆vj1 + (1− bc)(τ

u
j2)

2 (70)

0 ≤ ∆qct ≤ Mbc (71)

The lower-level variables could be linked to the predefined decisions found in the
previous minimization step based on Equations (72)–(75). The variables for recourse
decision making should be limited based on found decisions in the upper optimization
problem; output power reserves, capacities, and commitment conditions of units. It is
noted that the suffix (*) represents that the term is fixed as a parameter in the current stage.
Finally, Equation (76) shows the positive recourse decision variables.

∆pT
i,t ≤ PT∗

i,t + SPTu∗
i,t ∀i ∈ ΩT, t ∈ T (72)

∆pT
i,t ≥ PT∗

i,t − SPTd∗
i,t ∀i ∈ ΩT, t ∈ T (73)

∆pG
g,t ≤ PG∗

g,t + SPGu∗
g,t ∀g ∈ ΩG, t ∈ T (74)

∆pG
g,t ≥ PG∗

g,t − SPGu∗
g,t ∀g ∈ ΩG, t ∈ T (75){

∆pT
i,t, ∆pG

g,t, S+
n,t, S−n,t

}
≥ 0

]}
(76)

3.2. Nested CCG

Since the lower level of the proposed optimization problem is a mixed-integer problem,
including transmission switching decision variables, as shown in (61), and linearized
gas flow using (69), the conventional CCG solution method would not be applicable.
Accordingly, the nested CCG [26,34] is implemented according to the nonconvex binary
variables at the lower minimization level.



Electronics 2022, 11, 2647 10 of 23

The developed and introduced tri-level robust optimization model can be expressed
in a compact form, as demonstrated in Equations (77)–(82):

Objupper = min
x,p

cT
b x + cT

genp (77)

s.t. Ax+Bp ≤ b (78)

Objmiddle = max
ε∈U

hTy (79)

s.t. Cε ≤ d (80)

Objlower = min
y,z

hTy (81)

s.t. E(x, p, ε)y + F(x, p, ε)z ≤ j (82)

The interactions between the discussed compact formulation and the extended form
of the proposed model are presented in Table 2.

Table 2. Compact forms of the actual model.

Compact Form Actual Proposed Model

x xit, xgt, and binary variables of the linearized expression of (41)

p
pTr

i,t , pG
g,t, SPTru

i,t , SPTrd
i,t , SPGu

g,t , SPGd
g,t , qwt, rst, qin

st , qout
st , vjt, qet, qyt, qct and auxiliary continuous variables

for the linearized expression of (41)

y
S+

nt, S−nt, ∆pT
i,t, ∆pG

g,t, ∆qout
jj′ ,t, ∆qin

jj′ ,t, ∆qout
st , ∆qin

st , ∆qwt, ∆qet, ∆rst, ∆vjt, ∆qyt, ∆qct and auxiliary continuous
variables for the linearized expression of (69)

ε zu+
n,t , zu

n,t,z
u−
n,t , zu

n,t,z
d+
n,t , zd

n,t,z
d−
n,t , zd

n,t, U+
n,t, U−n,t, D+

n,t, D−n,t, alt
z ylt, and auxiliary binary variables regarding the linearized expression of (69)

cT
b x CTr,SU

i , CG,SU
g , xi,tC

Tr,NL
i , xg,tC

G,NL
g

cT
genp cTr

i PTr
i,t , USCTr

i SPTru
i,t , DSCTr

i SPTrd
i,t , Qwqwt, Qsqst, cG

g PG
g,t, USCG

g SPGu
g,t , DSCG

g SPGd
g,t

(78) (24) to (53)
(79) (55)
(80) (56) to (58)
(81) (59)
(82) (60) to (76)

To apply the nested CCG method, it is necessary to define the inner and outer CCG
models.

3.2.1. Inner CCG Problem

Step 1
The inner minimization problem will be mixed-integer programming. Hence, an

arbitrary set of worst-case variables should be created as initial values to linearize the inner
problem. Based on the upper-level variables, as expressed in Equations (81) and (82), it
would be a pure convex linear problem, as shown in Equations (83) and (84).

min
y,z

hTy (83)

s.t. E(x∗, p∗, ε ∗ )y + F(x∗, p∗, ε ∗ )z ≤ j (84)

The determined optimum results of y∗, z∗, let LB = hTy∗, UB = +∞, i=1, I = {1},
z1∗ = z∗, Z =

{
z1∗
}

.
Step 2
The inner minimization problem is a convex linear problem based on the upper-

level variables x∗, p∗, and z∗. Additionally, the inner minimization problem’s dual can
be obtained. The achieved max-max MILP problem, including bilinear terms, and its
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linearization could be simplified by the big M approach [35]. Then, the inner max MILP
could be solved using Equations (85) and (86).

Objmiddle = max
η,ε,λ

η (85)

s.t. η ≤ (j− F(x∗, p∗, ε)z∗)T
λ Cε ≤ d, E(x*, p*, ε)T

λ ≥ hT,λ ≥ 0 (86)

The optimum results ε∗ and η∗ should be extracted. Afterward, UB = η∗ is updated.
Step 3
The problem defined in Equations (83) and (84) is solved using ε∗ to determine the

optimized results y∗, z∗ and upgrade LB = max
{

LB, hTy∗
}

.
Step 4
If UB− LB ≤ Cinner

tol , where Ctol is the inner CCG convergence tolerance, the process is
terminated and returned to the optimum extreme points based on the worst conditions ε∗.
On the other hand, the iteration number (m) is updated, and Step 2 is followed based on
Equations (87) and (88).

η ≤ (j− F(x∗, p∗, ε)zm*)T
λm ∀m ∈ NM (87)

E(x*, p*, ε)T
λm ≥ hT,λm ≥ 0 (88)

3.2.2. Outer CCG Problem

Step 1
The upper level is solved using Equations (89)–(92) based on the returned extreme

points ε∗.
min
x,p

φ (89)

s.t. Ax+Bp ≤ b (90)

φ ≤ cT
b x + cT

genp + hTyω ∀ω ∈ Ω (91)

E(x, p, εω∗)yω + F(x, p, εω∗)zω ≤ j ω ∈ Ω (92)

In any iteration ω ∈ Ω, primal cuts Equations (91) and (92) should be applied to the
main problem. The LB = min{UB, φ∗} is updated with the optimal solution x∗, p∗, φ∗.

Step 2
By applying the optimal x∗, p∗, the first step of the inner level, as shown in Equations

(83) and (84), could be solved to determine the extreme optimal points ε∗ for the next
iteration. Additionally, The UB = min{UB, Objmiddle} should be updated.

Step 3
If UB− LB ≤ Cout

tol , where Cout
tol is the outer CCG convergence tolerance, the process

is terminated and returned to the optimal solution. Otherwise, the iteration number is
updated, and the following primal cuts, as expressed in Equations (93) and (94), are added
to Step 1.

φ ≤ hTyω ∀ω ∈ Ω (93)

E(x, p, εω∗)yω + F(x, p, εω∗)zω ≤ j ω ∈ Ω (94)

Figure 2 shows the flowchart of the solution method.
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Figure 2. Flowchart of the proposed method.

4. Numerical Results

In this section, the applicability of the proposed model is tested on two joint electricity
and natural gas networks test systems [36,37]:

• Test system 1: A six-bus electrical network incorporating a seven-node gas system, as
shown in Figure 3 [36];

• Test system 2: A 39-bus electrical network incorporating a 20-node gas system, as
shown in Figure 4 [37].

• The information on the selected hybrid electrical and gas networks has been extracted
from [36].
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Figure 3. Six-bus power system, incorporating a seven-node gas system [36].
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Figure 4. IEEE 39-bus power system, incorporating a 20-node gas system [37].

The degree of robustness is shown in all cases with the normalized budget of un-
certainty (NBU). The zero value of the NBU shows the most optimistic results with no
uncertainty, and the one value for the NBU represents the most conservative results.

Solving the optimization problems and guaranteeing to find the global optima are
essential issues [38–40]. Hence, it was tried to develop effective approaches for solving the
optimization problem.

4.1. Test Results of the First Test System

Tables 3 and 4 demonstrates the power flow of this test case in two conditions:

• Base case (without uncertainties)
• The most conservative solution with NBU = 1.0

As highlighted in grey color, the most loaded line for the base case was L1, which was
correctly recognized as the worst case in the proposed model, and disconnected for the
sake of finding the most reliable operation scheduling with the highest robustness cost.
In that case, line L2 was fully loaded to compensate for the failure of line L1. It is worth
mentioning that due to the lack of redundant transmission network loops, transmission
switching was not activated for this small test case.

Table 5 is provided to briefly demonstrate the out-of-sample results of the proposed
model in a long-run simulation through the Monte Carlo simulation. As highlighted in
grey color, the lowest total cost belongs to the case with NBU = 0.2. In this risk level, with a
rather slight increase (7.3%) in the operation cost (249,953 − 232,782 = 17,171 USD), a large
reduction (89%) in the out of sample cost was obtained (375,500 − 41,051 = 334,449 USD).
This shows the effectiveness of the proposed model that even small conservative solutions
cause large operation reliability enhancement.



Electronics 2022, 11, 2647 15 of 23

Table 3. Power flow comparison for base case.

Base Case

h
Line No.

L1 L2 L3 L4 L5 L6 L7

1 54 46 14 −5 40 −10 5

2 55 50 19 −13 46 3 13

3 61 56 21 −18 50 14 18

4 60 55 21 −18 49 14 18

5 54 46 14 −8 39 −1 8

6 54 46 14 −8 40 −3 8

7 54 46 14 −6 40 −9 6

8 61 55 20 −13 51 −1 13

9 57 51 18 −8 49 −13 8

10 64 58 20 −1 54 −9 11

11 75 68 24 −15 61 0 15

12 70 62 22 −11 58 −10 11

13 85 76 27 −19 68 7 19

14 78 70 24 −15 63 −3 15

15 102 96 37 −34 84 33 34

16 100 100 44 −43 94 42 43

17 103 100 42 −40 91 39 40

18 96 87 31 −26 75 20 26

19 88 79 28 −21 70 9 21

20 77 69 24 −15 63 −1 15

21 84 76 27 −20 67 8 20

22 74 67 24 −15 61 0 15

23 58 52 18 −9 49 −10 9

24 59 53 19 −10 50 −7 10
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Table 4. Power flow comparison robust cases with NBU = 1.0.

NBU=1.0

h
Line No.

L2 L3 L4 L5 L6 L7

1 100 −15 20 15 14 −20

2 100 − 8 10 23 26 −10

3 100 −3 2 29 34 −2

4 100 −3 3 28 35 −3

5 100 −15 16 15 23 −16

6 100 −15 17 15 21 −17

7 100 −15 19 15 15 −19

8 100 −4 8 30 20 −8

9 100 4 0 41 21 0

10 100 −2 9 35 11 −9

11 100 6 −1 46 15 1

12 100 14 −9 56 20 9

13 100 14 −8 57 17 8

14 100 8 −1 50 11 1

15 100 15 −15 65 52 15

16 100 13 −16 67 69 16

17 100 18 −11 62 15 11

18 100 18 −13 62 19 13

19 100 17 −11 60 18 11

20 100 8 −1 49 13 1

21 100 14 −9 56 19 9

22 100 6 0 45 15 0

23 100 −7 13 27 12 −13

24 100 −6 11 28 15 11

Table 5. Out-of-sample analysis results for various NBUs for the 6-bus test system.

NBU
Cost (USD)

SCUC MCS Total

0 232,782 375,500 608,282
0.1 243,855 150,002 393,857

0.2 * 249,953 41,051 291,004
0.3 271,222 23,853 295,075
0.4 296,687 1,149 297,836
0.5 337,612 0 337,612
0.6 365,200 0 365,200
0.7 393,152 0 393,152
0.8 420,707 0 420,707
0.9 448,859 0 448,859
1.0 475,553 0 475,553

* The minimum operation cost has appeared corresponding to NBU=0.2, which has been highlighted.

4.2. Test Results of the Second Test System

The results for the IEEE 39-bus system are tabulated in Table 6. To implement the
proposed method for this case, a slight modification was done, which was dropping the
connecting generator buses to the network, i.e., buses 30, 32, 33, 34, 35, 36, 37, and 38. The
rationale behind this was to prevent contingencies in the tie lines connecting the generators
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to the network. Without this modification, when NBU equals 1.0, the line connecting
buses 38 to 29 that connects G2 to the network was identified as the worst contingency.
In addition, disconnecting the G2 caused extra-large load shedding with a total cost of
8,383,356 USD. However, for the same case, by the above-mentioned modification, the total
cost of the proposed model was reduced to 1,112,770 USD.

Table 7 briefly shows the results of the proposed model considering TS allowance.
It is noted that if TS was not considered, the total cost rose up to 18.8% (1,370,804 USD
− 1,112,770 USD = 258,034 USD), which shows the major role of TS in cost reduction
in stressed operation conditions. This cost reduction was caused by switching off the
connecting line between buses 3 and 4 during almost all of the hours except 1:00, 2:00, 17:00,
23:00, and 24:00. In addition, connecting the line between buses 26 and 27 was identified as
the worst contingency in electric transmission lines.

In addition, two gas wells were added in gas nodes 16 and 20 to prevent gas load
curtailment in stressed operating conditions. The gas production profile of the gas wells
is depicted in Figure 5. It is noted that gas wells w1, w2, w3, and w4 were connected to
nodes 1, 9, 16, and 20, respectively. As expected, the least expensive well (w1) produced
gas up to its capacity throughout the time horizon, while the more expensive well (w2)
produced gas mostly during afternoon peak hours to support electric power flexibility
when reserves were scarce. The same trend could be observed in the optimal behavior of
gas storage systems, as shown in Figure 6, where storage 2 discharges during daily peak
hours between 8:00 and 14:00 with discharges during low-demand hours.

Table 6. Analysis of out-of-sample of various NBUs for the IEEE 39-bus test system with the variable
interval range based on the proposed method.

NBU
Cost (USD)

SCUC MCS Total

0 1,087,471 485,690 1,573,161
0.1 1,089,261 270,550 1,359,811
0.2 1,091,016 239,574 1,330,590

0.3 * 1,094,580 1,542 1,096,122
0.4 1,098,159 0 1,098,159
0.5 1,105,366 0 1,105,366
0.6 1,106,844 0 1,106,844
0.7 1,108,221 0 1,108,321
0.8 1,109,703 0 1,109,703
0.9 1,111,283 0 1,111,283
1.0 1,112,770 0 1,112,770

* The minimum operation cost has appeared corresponding to NBU = 0.3, which has been highlighted.

Table 7. Analysis of out-of-sample of various NBU values for the IEEE 39-bus test system with a
fixed interval range.

NBU
Cost (USD)

SCUC MCS Total

0 1,037,616 776,335 1,813,951
0.1 1,039,324 490,500 1,529,824
0.2 1,040,998 376,310 1,417,308
0.3 1,041,548 210,560 1,252,108
0.4 1,048,028 191,230 1,239,258
0.5 1,054,961 104,097 1,159,058
0.6 1,078,666 56,652 1,135,318
0.7 1,094,159 19,023 1,113,182

0.8 * 1,101,072 0 1,101,072
0.9 1,109,863 0 1,109,863
1.0 1,111,348 0 1,111,348

* The minimum operation cost has appeared corresponding to NBU = 0.3, which has been highlighted.
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Figure 5. Gas well production profile for the case NBU = 1.0.
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Figure 6. Charging and discharging profile of the second gas storage for NBU = 1.0.

The most important feature of the proposed model is to consider the conventional
fixed respective range as an uncertain parameter. Figure 7 shows the performance of this
uncertain respective range for the case with NBU = 0.3. As can be seen, for hours 1:00
to 4:00, 12:00 to 17:00, and 21:00 to 24:00, the worst scenario was the lowest wind power
production, i.e., Low IR-. However, for the fifth and 12th time periods, the worst-case
happened in the upper bound of the positive direction interval range (UP IR+) to force
operation scheduling, which was capable of extra ramp ranges compared to the fourth and
13th time periods, respectively. The proposed method considers the flexibility of each time
interval and includes the ramping flexibility between consecutive time intervals. Other
steep jumps can also be seen in Figure 7 (like 17:00 to 18:00 and 20:00 to 21:00).
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As revealed by the test results, the execution time for the studied networks was
very short. Therefore, it can be concluded that the proposed method can be practically
implemented for large networks.

5. Conclusions

The proposed model tried to solve robust day-ahead scheduling of joint electricity and
gas networks based on new features. The first new aspect of the current paper was that
fixed respective range (interval range) in conventional robust models was substituted with
an uncertain respective range to better mimic the real-world characteristics of uncertain re-
sources, such as wind power generation. In addition, the transmission switching technique
was applied in the joint electricity and gas operation problem by virtue of more flexibility.
Since the multilevel robust optimization model could not be solved with conventional CCG
algorithms because of nonconvexities in the inner minimization problem, a recent nested
CCG algorithm was applied to overcome this shortcoming. The results were promising
because of electricity networks with a higher number of transmission loops. Hence, the
network operator could benefit from transmission line switching even considering the
N-1 transmission line security criterion. The tractability of the proposed model could be
improved, considering larger electricity and gas networks. The uncertain respective range
can be investigated in other power system popular problems, such as security constraint
unit commitment and robust economic dispatch. The multiresolution scheduling could also
be investigated to capture more variability of the renewables with finer time resolutions.
The comparison of two methods based on variable and fixed flexibility interval ranges
has emphasized the effectiveness of this study. Furthermore, the operation cost of the
study network in NBU=0.8 was obtained to be 1,101,072 USD, but in in NBU = 0.3, the
operation cost could be reduced to 1,096,122 USD, which illustrates the advantages of the
proposed method.
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Nomenclature
Set and Indices

t ∈ T Index of time period
i ∈ ΩTr Index of conventional generator
g ∈ ΩG Index of gas-fired generator (GFG)
l ∈ NL Index of transmission line in the electricity network
n ∈ Λ Index of bus
w ∈W Index of gas well
s ∈ S Index of gas storage tank
c ∈ C Index of gas compressor
j, j′ ∈ J Index of the gas network bus
y ∈ Y Index of the gas network line
e ∈ E Index of gas load
{·} ∈ φ{·}(j) Subset of components connected to the j-th gas node

Parameters
bc Compressor indicator between two gas nodes
bg Heat rate coefficient of the g-th GFG [MBTU/MWh]
CG/Tr,NL

g/i No-load cost coefficient of GFGs/thermal generators (TGs)

CG/Tr,SU
g/i Start-up cost of GFGs/TGs

cG/Tr
g/i Operation fuel cost of GFG/TG [USD/MWh]

DSCG/Tr
g/i Downward reserve price coefficient of GFG/TG [USD/MWh]

Fmax
l Thermal limit of the l-th line [MW]

NLn,t Forecasted net load at the n-th bus and the t-th time
Qw Gas price [USD/MBTU]
Qs Gas storage price [USD/MBTU]
PG,min/max

g Lower/upper bounds for the generation capacity of the g-th GFG

PTr,min/max
i Minimum/maximum power generation capacity of the i-th TG

ql/u
w Upper and lower bound of gas well production

qin/out
s,max Maximum limit of inflow/outflow of gas storage

RGu/Gd,max
g Up/down reserve capacity bound of the g-th GFG

RTru/Trd,max
i Up/down reserve capacity bound of the i-th TG

rl/u
s Lower/Upper limit of the gas storage’s state of charge

SFn,l Matrix of shift factor regarding a specified bus and line
USCG/Tr

g/i Cost of upward reserve procurement of GFG/TG [USD/MWh]

NDn,t Uncertain net-load at the n-th bus and the t-th time
Ln,t Forecasted load at the n-th bus and the t-th time

∆Nu0
n,t

Base net-load variation interval in the upward direction at the n-th bus
and the t-th time

∆Nd0
n,t

Base net-load variation interval in the downward direction at the n-th
bus and the t-th time

∆Nu+/−
n,t

Upward net-load variation interval in positive/negative direction at the
n-th bus and the t-th time

∆Nd+/−
n,t

Downward net-load variation interval in positive/negative direction at
the n-th bus and the t-th time

∆Nu
n,t

Uncertain net-load variation interval in the upward direction at the n-th
bus and the t-th time

∆Nd
n,t

Uncertain net-load variation interval in the downward direction at the
n-th bus and the t-th time

Γ, Γu, Γd Uncertainty’s budget for net-load variation/upward and downward
respective range deviations at the n-th bus and the t-th time

τl/u
j Minimum/maximum pipeline flow limit

ε Uncertain parameter vector
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Variables
PG/Tr

g/i,t Hourly power generation of GFGs/TGs [MW]

S+/−
nt

Variables used in the lower level of the proposed method to capture
power imbalances at the n-th bus and the t-th time step

qw,t Gas production of the w-th well at the t-th time step
q l/u

w Lower/upper limits of gas well
qs,t Amount of gas storage of the s-th storage unit at the t-th time
qin

s,t, qout
s,t Amount of gas inflow and outflow of the s-th storage unit at the t-th time

rst State of charge regarding gas storages
SPTru/Trd

i,t Upward/downward reserve capacity of TGs

SPGu/Gd
g,t Upward/downward reserve capacity of GFGs

κi/g Vector of xg/i,t for all t ∈ T
ki,g Feasible set for the Minimum up-time and down-time of the i/g-th unit
Φwc The worst-case of the system’s power imbalance
vj,t Volume of gas in the j-th pipeline at the t-th time period

xg/i,t
A binary variable, which is 1 if the GFG/TG is scheduled to be turned on
at the t-th time period; otherwise, it would be 0.

zu/d
n,t

A binary direction status indicator of net load variation of the n-th node
at the t-th time period

zu+/d+
n,t

A positive binary direction status indicators of respective range variation
of the n-th node at the t-th time period

zu−/d−
n,t

A negative binary direction status indicators of respective range
variation of the n-th node at the t-th time period

U+/−
n,t , D+/−

n,t
Auxiliary binary decision variables of the n-th node at the t-th time
period

∆pT
i,t, ∆pG

g,t
Re-dispatch wait and see variable regarding conventional generators and
GFGs productions

∆qw,t Re-dispatch wait and see variable regarding gas well productions
∆rst Re-dispatch variable regarding the state of charge of gas storage system
∆qin

st Re-dispatch variable regarding the inflow to the gas storage system
∆qout

st Re-dispatch variable regarding the outflow of the gas storage system
∆vjt Re-dispatch variable regarding the volume of gas in the j-th pipeline
∆qc Re-dispatch variable regarding the gas flow stored in the pipeline
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