
Received 23 December 2023, accepted 9 January 2024, date of publication 16 January 2024, date of current version 30 January 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3354891

Decentralized Privacy-Preserving Distributionally
Robust Restoration of Electricity/Natural-Gas
Systems Considering Coordination of Pump
Storage Hydropower and Wind Farms
N. NASIRI 1, (Student Member, IEEE), S. ZEYNALI2, (Student Member, IEEE),
S. NAJAFI RAVADANEGH 1, (Senior Member, IEEE), S. KUBLER 2, (Senior Member, IEEE),
AND Y. LE TRAON 2, (Fellow, IEEE)
1Resilient Smart Grid Research Laboratory, Electrical Engineering Department, Azarbaijan Shahid Madani University, Tabriz 5375171379, Iran
2Interdisciplinary Centre for Security, Reliability and Trust (SnT), University of Luxembourg, 1359 Luxembourg City, Luxembourg

Corresponding author: S. Najafi Ravadanegh (s.najafi@azaruniv.ac.ir)

This work was supported by the Luxembourg National Research Fund (FNR) LightGridSEED Project, ref. C21/IS/16215802
LightGridSEED. For the purpose of open access, and in fulfilment of the obligations arising from the grant agreement, the author has
applied a Creative Commons Attribution 4.0 International (CC BY 4.0) license to any Author Accepted Manuscript version arising from
this submission.

ABSTRACT A swift power system restoration in a post-blackout event is one the most important challenges
faced by the transmission system (TS) operators (TSO), which is particularly essential in the presence of wind
farms, as their potential can be great in a fast restoration. In this study, we propose a bi-level decentralized
approach to examine the influence of natural gas network (NGN) constraints on the bulk power system
restoration process, taking into account the concurrent effects of pump storage hydropowers (PSHs) and
wind farms. At the upper level of the problem, the transmission system (TS) operator (TSO) submits the
amount of natural gas fuel consumed by the gas-fired units (GFUs) to the NGN by observing the restoration,
operational, and topological constraints. The objective of the TSO is to maximize load servicing in the power
grid restoration process. The equilibrium of the proposed bi-level problem is calculated by the analytical
target cascading (ACT) algorithm, preserving the privacy of both electricity andNGNs. In the proposed study,
an investigation has been conducted into the impact of the gas storage system (GSS) and linepack technology
on enhancing the restoration process. Moreover, a moment-based distributionally robust optimization (DRO)
approach has been deployed to model the uncertain behavior of wind farms in the restoration process.
The proposed approach comprehensively examines the effects of the decentralized interconnection between
electricity and NGNs in the restoration process. This facet holds great significance for the advancement of
future sustainable energy systems. The results show that ignoring the NGN model leads to 11.92% higher
level of unserviced loads.

INDEX TERMS Bi-level decentralized problem, distributionally robust optimization, independent power
and natural gas system, linepack technology, power system restoration, privacy preservation.

NOMENCLATURE
Sets and index
t,w Indices of time period, wind farm.
d, gl Indices of TS load, NGN load.
i, j Indices of TS buses.

The associate editor coordinating the review of this manuscript and

approving it for publication was S. Ali Arefifar .

Parameters
n,m Indices of NGN nodes.
p Indices of PSH.
g, r Indices of power plant, gas producer.
Pmax
g ,Qmax

g Maximum limits of active (MW), reactive
power in units (MVAR).

Pstartg Cranking power of units (MW).
Pmax
w,t Maximum limit of wind farm (MW).
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Pmax
d ,Qmax

d Maximum limits of restorable active (MW),
reactive loads (MVAR).

GD∗
g,t Gas consumed by GFU (m3).

αd Priority factor of load (%).
T startg Time to start-up the units (p.u).
Rdng ,Rupg Ramp down, ramp up limits in units (MW).
ηg, φ Efficiency of GFUs (%), convert factor gas to

power in GFUs (%).
ηc, ηd Efficiency of charge/discharge water in PSH

(%).
Hp,Hp Maximum and minimum energy storage

capacity of PSH (MW).
Pcp,Pcp Maximum and minimum energy stored limits

of PSH (MW).
Pdp ,Pdp Maximum and minimum energy discharge

limits of PSH (MW).
gij, bij Susceptance, conductance in transmission

lines.

Pflowij,t ,Qflowij,t Maximum transmission active (MW), reac-
tive power capacity in the TS (MVAR).

Vi,Vi Minimum, maximum limits of bus voltage in
TS (KV).

δi, δi Minimum, maximum limits of bus voltage
angle in TS.

Pmax
d Maximum limit of load pickup (MW).
GD∗
g,t Target variables for the g th GFU with a fixed

value (MW).
GD∗
g,t Response variables for the g th GFU with a

fixed value (MW).
CWell
r Cost of gas producer ($/MW).

CC
g Cost of selling natural gas fuel to the GFU in

TS ($/m3).
Gw,Gw Minimum, maximum limits of natural gas

producer (m3).
Prn,Prn Minimum, maximum limits of NGN nodes

pressure (Bar).
K f
n,m The coefficient related to the pipelines of the

NGN.
GLoadgl,t Residential gas load in NGN (m3).
c̃os(δi,t ) Polyhedral relaxation of cos(δi,t ).

Variables
Pd,t ,Qd,t Amount of active (MW) and reactive restored

load at TS (MVAR).
GGg,t ,G

D
g,t Response and target variables for the g th

GFU.
Pcp,t ,P

d
p,t Charge and discharge in PSH (MW).

Hp,t Energy storage capacity of PSH (MW).
Pstartg,t Startup power of units (MW).
Pg,t ,Qg,t Active (MW) and reactive output power of

units (MVR).
Pw,t Output power of wind farm (MW).
Pflowij,t ,Qflowij,t Active (MW) and reactive power flow in

transmission lines (MVAR).

Vi,t , δi,t Voltage of TS bus (KV), Voltage angle
bus at the TS (rad).

Rt ,Rg,t Total dynamic reserve and dynamic
reserve share of power units (MW).

Rd,t Dynamic reserve share of load shed-
ding (MW).

Rw,t Dynamic reserve share of wind farm
(MW).

Gwellr,t Amount of gas producer (m3).
Prn,t Amount of NGN nodes pressure (Bar).
Gflown,m,t Natural gas flow in NGN pipeline

(m3).
Ginn,m,t ,G

out
n,m,t Inlet and outlet gas flow in NGN (m3).

Ln,m,t Amount of gas stored in NGN pipeline
(m3).

Binary variables
ustartg,t Unit start-up status in TS.
uong,t Unit commitment status in TS.
uw,t Wind farm commitment status in TS.
ul,t Transmission line status.
ui,t , uj,t Transmission bus status.

I. INTRODUCTION
The The global consumption of natural gas is predicted
to grow by 40% between 2018 and 2050. Meanwhile,
it is predicted that the amount of electricity production
will reach 25 to 45 trillion kilowatt hours in the same
period [1]. The production of electrical energy through
gas-fired units (GFU) interconnects electricity and natural
gas networks (NGNs). As a result, the operation, reliability,
resilience, and restoration of power grids are increasingly
reliant on the NGN [2]. Reduced resilience of power systems
is one of the basic and important liabilities caused by
the increasing dependence of electricity production on the
NGN [3]. Accordingly, a proper NGN model should be
incorporated into the restoration studies to comprehend
its impact. Furthermore, inherent technological advances
in the NGN, such natural gas storage systems could be
integrated into the problem to observe their outcome in
improving the natural gas delivery to the generation units.
It is noteworthy that a certain amount of natural gas can be
effectively stored in the pipeline itself, which is known as
the NGN pipeline, which can be incorporated to expedite
the restoration. Therefore, ignoring the inter-dependencies of
NGN and power systems can lead to devastating catastrophes.
One example of a such contingencies caused by the NGN,
is the extensive blackout on 15/2/2021, in the state of Texas,
USA [4]. The occurrence of cold and frost in the state
of Texas caused an extensive pressure drop in the NGN
nodes, and as a result, the production capacity of GFUs
decreased drastically. In turn, the gas facilities dependent on
electricity (e.g., compressors, valves, and extractors) were
shut down due to the widespread power blackout, which led to
a sharp shortage in gas provision. Thus, more than 4.8 million
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residential consumers were left without gas through deep
freeze conditions.

Renewable energy sources can play an important role in
reducing dependence of electricity and gas networks due
to advantages such as significant reduction in pollution,
free resources, and easy operation. It is predicted that by
2050, 50% of electrical energy will be provided by solar
and wind energy [5]. In this regard, renewable energy
sources can contribute to the restoration of power grids due
to their fast start-up and needlessness for cranking power
to blackstart. However, most independent system operators
are conservative in using renewable energy for system
restoration [6]. For example, the independent system operator
excludes renewable energy sources from the restoration
process and takes them out of service until the final stages
of restoration. This conservative attitude is due to the lack
of knowledge about the management of variability and
the uncertainty of renewable energy in system restoration.
However, not using renewable energy sources during the
restoration period delays the restoration time and supply of
the majority of loads. Therefore, a new restoration strategy
for wind or solar-assisted power systems is urgently needed.

Among various storage options, pumped-storage hydro
(PSH) stands out as the most mature and economical
choice for large-scale applications. PSH units possess the
capability to seamlessly switch between pumping and
generation modes, offering rapid response energy and reserve
capacity. PSH units can quickly switch between pumping
(power charging) and generating (power discharging) modes.
Therefore, the fast response of PSH units can be a suitable
support for the fluctuating behavior of wind farms in the
process of restoring power systems. An optimal coordination
of wind power and PSH units can minimize the restoration
time of power systems [7].

However, in addition to increasing the flexibility of power
systems using PSH, it is necessary to accurately model
the non-deterministic behavior of fluctuating renewable
resources. In this regard, the latest distributionally robust
optimization (DRO) schemes have presented a notable effi-
ciency in handling uncertainties, while proving a reasonably
conservative solutions. Therefore, it is imperative to observe
their impact in improving the availability of the wind
energy in the restoration process. It is noteworthy that
coordination of these two network needs to be handled
with an appropriate decentralized algorithm that ensures
a reasonable convergence. To this end, analytical target
cascading (ACT) algorithm provides a novel approach for
solving such problems, which can also be effective in solving
the restoration models

A. LITERATURE REVIEW AND CONTRIBUTIONS
Recently, extensive studies have been conducted on the
application of renewable energy sources in the restoration
process of power systems. A two-stage stochastic optimiza-
tion approach is presented in [8] to evaluate the impact of

wind farms in the power system restoration process. In this
study, the impact of wind farms has been investigated from
the location aspect, inertial capability, wind penetration,
fluctuations, and uncertainty. To evaluate the coordination of
water pump storage units with wind farms in the restoration
process of power systems, a two-stage robust optimization
approach is proposed in [7]. In the first stage of this study,
the starting sequence of the generators is determined, then
the load pickup sequence, wind power dispatch level, and
pump storage unit operational modes are designated in the
second stage. In [9], a risk-based approach has been studied
for bulk power systems restoration with high penetration
of wind farms. In [10], a two-stage robust optimization
algorithm is investigated for the synchronization of power
islands under the high penetration of wind farms, considering
the bulk power system recovery process. In this study,
first, robust distributed restoration models are constructed
considering power islands under uncertain conditions. Then
a distributed algorithm is developed to solve the problem.
In [11], a multi-objective optimization approach has been
investigated for the restoration of the power transmission
network considering the impact of electric vehicle battery
discharge. A propagation-based optimization approach is
investigated in [12] for restoring power systems considering
the requirements of blackstart resources, power balancing,
synchrocheck relays for ties lines and renewable energy
sources. A decentralized approach based on distributionally
robust optimization (DRO) has been studied in [13] for
restoration of transmission and distribution systems under
high penetration of wind farms. A mixed integer linear
programming (MILP) is investigated in [14] for restoration
of electric distribution network (EDN) using distributed
generation energy resources. In this study, the goal of the
EDN operator is to maximize power supply for critical
loads within the network. Study [15] presents a preventive
strategy for transmission grid operators that leads to increased
resilience of transmission grids against high impact and
low probability (HILP) events. In [16], a load restoration
program is proposed to improve the resilience of power
systems considering the physical constraints of the power
network. In this study, benders algorithm is used to solve the
proposed problem. In [17], a bi-level optimization framework
is presented for power system restoration in the presence
of renewable energy sources, electric vehicles, and electric
storage systems. At the upper level of this problem, the
sequence of generators is determined. Subsequently, the
uncertainty of renewable energy sources and electric vehicles
is modeled at the lower level problem. An effective two-
stage stochastic recovery after storm is investigated in [18]
to improve the resilience of microgrids by utilizing mobile
emergency resources and network reconfiguration. A mixed
integer linear programming is developed in [19] to investigate
the coordination of battery storage systems with wind farms
in the restoration process of bulk power systems. It is
noteworthy that the impact of NGN constraints in power
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system restoration has not been addressed in any of the
studies [8], [7], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19].

In general, little research has been done on the role
of the NGN in blackstart units and the restoration of
power systems. Most of the conducted studies focus on
the resilience of electricity and NGNs pre or post-disaster.
In [20], an optimal dispatch problem of repair crews is
investigated to improve the resilience of integrated natural
gas and electricity systems. A two-stage robust optimization
framework is presented in [21] for integrated electricity
and natural gas Transmission systems in the presence of
multi-energy systems to increase resilience against natural
disasters. In this study, benders algorithm and C&CG were
used to solve the two-stage problem. An optimal scheduling
has been studied in [22] for the restoration of integrated
electricity, natural gas and transportation networks after a
HILP event. In this study, alternating direction method of
multipliers algorithm is used to solve the proposed problem.
In [23], an optimization model is presented for restoration
integrated electric and natural gas distribution systems in the
presence of mobile emergency energy sources. An optimal
multi-objective program is investigated in [24] for restoration
of integrated electricity and natural gas distribution networks
considering the impact of electrical storage systems. In this
proposed program, the island method is used to restoration
of electricity and natural gas distribution systems. In [25],
a robust two-stage resilient scheduling for the commitment
of GFUs in integrated electricity and natural gas distribution
systems is proposed to increase resilience in the event of a
disaster. A two-stage scheduling has been investigated in [26]
to increase the resilience of integrated electricity and natural
gas distribution systems by considering the impact of the
demand response program. An optimal scheduling frame-
work based-on uncertainty is proposed in [27] to investigate
the effect of mobile gas storage systems on the resiliency of
the integrated electricity and NGNs. A decentralized robust
optimization (RO) approach has been studied in [28] to
improve the resilience of independent electricity and natural
gas systems considering the N-1 criterion. In this approach,
the C&CG algorithm has been used to solve this decentralized
problem. An optimal scheduling has been studied in [4] for
the restoration of integrated electricity andNGNs considering
the time and cost of repair to increase resilience. In [29],
a probabilistic optimization approach has been investigated
to improve the resilience of integrated electricity and natural
gas systems using the demand response program and electric
vehicles. In this study, a probabilistic analysis algorithm
based-on max-min optimization is used to find the worst
scenario of power system outage. In addition to the above
studies, much research has been conducted in the field of
improving the restoration of bulk power systems. However,
in none of the past studies, a decentralized framework based
on DRO has been presented to investigate the restoration of
independent electricity and natural gas systems under high

penetration of wind farms. The main gap of the above studies
is summarized as follows.

1) In studies [8], [7], [9], [10], [12], [13], [14], [15],
[17], and [19], the authors focus on investigating
the impact of using renewable energy sources in
the restoration process of power systems. However, the
impact of NGN constraints and the application of gas
storage systems (GSSs) and linepack technology in the
restoration process of power systems have not been
scrutinized. For a network where more than 40% of its
electricity production is dependent on natural gas fuel,
it is obvious that the constraints of the NGN will have
a significant impact on the restoration process of the
power system.

2) In studies [20], [21], [23], [24], [25], [26], [27], [28],
and [29], the authors focus on improving the resilience
of integrated electricity and NGNs, and assume that
they are operated by a centralized single operator.
However, in practice, electricity and NGNs are mostly
operated separately in normal and emergency condi-
tions. Hence, they have different operators. Nonethe-
less, there are also cases in which these two entities
are controlled under a single integrated structure, such
as currently operational ‘‘PG&E Corporation’’ that has
undertaken the electricity and natural gas distribution
in the northern and central California regions.

3) Except research [13], most authors use stochastic and
robust programming to model the uncertain behavior
of renewable energy sources. Using the stochastic
optimization method can be useful if there are exact
probability distribution functions (PDF). However,
in practice, either we do not have access to PDFs,
or if available, these distributions are not exact. In the
RO method, probability distributions are not needed.
However, the solution obtained from the RO method
is very conservative and leads to imposing additional
unnecessary costs on the system operators.

According to the literature review gap and Table 1, the main
contribution of this article is summarized as follows:

1) A bi-level decentralized approach is presented to
investigate the impact of NGN constraints on the
restoration of bulk power systems considering PSH,
GSSs and linepack technology and under the high
penetration of wind farms. According to the authors’
knowledge, this is the first study that investigates the
effect of the NGN, GSS and the linepack technology
in the restoration process of bulk power systems
in a decentralized approach. The proposed approach
thoroughly addresses the impact of the interconnec-
tion between electricity and natural gas transmission
networks in the restoration process. This aspect is
crucial for the development of future sustainable energy
systems.

2) The analytical target cascading (ATC) algorithm has
been used to solve the decentralized optimization
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model, which meets privacy requirements between
power systems and NGNs.

3) A new moment-based DRO approach is developed to
model the uncertain behavior of wind farms in bulk
power system restoration. According to the knowledge
of the authors, this is the first study on DRO models
in the decentralized restoration process of electricity
and natural gas systems under the high penetration
of wind farms. Solving the proposed problem leads
to a distributionally robust solution, which avoids
overly conservative results such as the conventional RO
method.

In addition to the above contribution, this article tries to
answer the following questions:

• What are the effects of electricity network restoration
on the NGN, considering 50% production penetration of
gas-fired units?

• Can the NGN respond to the heavy demand for GFUs
during the restoration period, while supplying the
residential consumers?

• What should be done if the power grid restoration time
overlaps with the peak hour of the NGN?

• Can the presence of wind farms in the load restoration
process, with all its uncertainties, reduce the dependence
of electricity production on the NGN?

II. THE DECENTRALIZED OPTIMAL RESTORATION MODEL
OF TSO AND GNO (ATC METHOD)
Natural gas is a vital resource for GFU and strongly affects
the operation of the power grid in normal and emergency
conditions. These generation units depend on stable and
reliable supply of natural gas to produce electricity. Fig. 1
shows the interconnection of electricity and NGNs. As is
clear, the TS includes conventional power plants, RESs,
PSH, sub transmission system loads and distribution system
(DS) loads. The NGN also includes gas wells, industrial and
residential loads. electricity and NGNs are connected to each
other through GFU. In many countries globally, there is a
predominant emphasis on preserving the privacy of energy
systems, leading to the separate operation of electricity and
NGNs. Therefore, improving the coordination of electricity
and NGNs under a decentralized optimal approach is very
important, especially in critical situations. Hence, this study
introduces a decentralized optimization framework utilizing
the ATC distributed algorithm. The proposed framework
ensures effective coordination between electricity and natural
gas systems, particularly in emergency conditions. The
details of ATC algorithm are as follows.

The augmented Lagrangian method with a quadratic
penalty term is used to relax the set constraints of σ in the
model presented in section (IV) [30], as follows:

8(σ ) = vσ T +

∥∥∥w ◦ σ T
∥∥∥2
2

=

∑
g∈�GFU

(vgσg +
∥∥wg ◦ σg

∥∥2
2)

(1)

FIGURE 1. Coordination within TS and coordination within NGN.

where v is a Lagrangian coefficient parameter vector,
while w is a quadratic term vector. These two vectors
are model penalty coefficients and are updated during an
iterative process (discussed in Section. IV-D). The symbol
◦ also represents the Hadamard multiplier, which shows the
entry-wise multiplication of two vectors. Since σ means
the distance between the response variable GD∗

g,t and the
target variable GG∗

g,t , the target variables are the only external
variables for TSOmodeling Eqs. (3)-(41).While the response
variable is the only unmanaged variable for each GFU
in the NGN Eqs. (42)-(57). Therefore, according to the
ATC method, a practical way to manage TSO and GNO
external variables is to consider them as parametric values.
As shown in Fig. 1, with fixed values of external variables,
the coordination of TS and NGN can be easily achieved
by decentralized optimization until achieving the point of
equilibrium.

III. RESILIENCE INDICES
In general, the time performance of a system against HILP
events is shown in Fig. 2. As it is known, in the resilient
state (t0-te), the operator tries to identify potential risks and
take preventive measures to manage the effects of the future
event. Preventive measures can include locations based on
equipment resilience, hardening assets, creating redundancy
in different parts of power systems. After an event occurs
in (te-tpe), the power system will lead to equipment damage
depending on its resilience level. After the end of the event
or disaster in (tpe-tr ), the power system enters the post-event
degraded state. Where the resilience of the power system
is significantly damaged (the amount of resilience loss of
the system is indicated by Rpe). At this stage, operators and
repairmen should immediately restart the critical part of the
power system and put the system in a restoration state. After
this stage, the power system enters the restoration state at
(tr -tpr ), where the blackstart power plant is start-up and the
critical loads are energized. In the next step, the cranking
power required by the non-black start units for restarting and
the power system enters the post-restoration state. In the post-
restoration state (i.e tpr -tir ), the most important part of the
power systems has been restored, and the power system can
provide the critical loads reliably. In the last step (tir -tpir ),
considerable time may pass until the power system reaches
the ideal conditions before the event. However, themain focus
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TABLE 1. Comparison of the proposed approach with previous studies.

of this study is on the restoration mode of power systems (ie,
tr -tir ). Therefore, to evaluate the restoration efficiency of the
electricity and NGN from tr to tir , a restoration index (RI)
is defined in equation Eq. (2). This index is 100 for a fully
efficient system and 0 for a weak system with complete loss
of performance.

RI =

tir∫
tr
R(t)dt

(tr − tir ).Rpr
.100 (2)

where R(t) represents the studied resilience index. In this
study, energizing critical loads and providing cranking power
of non-blackstart units in the restoration process of bulk
power systems is considered as an indicator. The energization
of critical loads is modeled by the key method of weighting
or load prioritization, while the cranking power supply of
non-black start units is also modeled by constraints of starting
generators.

IV. MATHEMATICAL MODELING
A. TRANSMISSION SYSTEM RESTORATION MODEL
(UPPER LEVEL)
The objective function of the transmission system operator
(TSO) is expressed in Eq. (3). As it is known, the first and
second terms of Eq. (3) respectively express themaximization
of the total generation power of conventional generators
and wind units. The third term is the objective function of
minimizing the unserved loads during the restoration period
of power systems. The fourth and fifth terms also express
the penalty of the ATC algorithm to achieve convergence

FIGURE 2. Power system resilience curve.

between the problems of the power and NGNs.

max
∑
t

∑
g

(
Pmax
g − Pstartg

)
uong,t +

∑
t

∑
w
Pmax
w,t uw,t

−
∑
t

∑
d

αd
(
Pmax
d − Pd,t

)
−∑

g∈GU
νg

(
GGg,t − GD∗

g,t

)
+

∥∥∥wg ◦

(
GGg,t − GD∗

g,t

)∥∥∥2
2


(3)

The binary variable uong,t expresses the generation status
of unit g at the restoration time t , while Pmax

g and Pstartg
represent the generation capacity and cranking power of the
units, respectively. In addition, αd expresses the load priority
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coefficient,Pmax
d indicates the maximum restorable load, and

Pd,t is the total restored load during the time period t .

1) CONSTRAINTS OF INITIAL CONDITIONS
Before running the optimization problem, the TSO must
determine the initial state of the TS following a blackout.
The main infrastructure of the power grid can suffer extensive
damage from natural disasters. Therefore, some network
components may not be immediately available for restoration
after a blackout. On the other hand, the occurrence of some
incidents, such as cyber-attacks targeting substations, power
plants, or local facilities, is considered, which may cause
partial blackout. In such cases, themajor part of the network is
not affected and does not require major restoration measures.
In this paper, it is assumed that a complete blackout occurs
without causing serious damage to the network equipment as
well as the main infrastructure of the system. Conventional
generating units as well as wind turbines are readily available
to help restore the power grid. Therefore, it is easy to
set the constraints of the problem with initial conditions.
Eqs. (4)-(5) indicate that at t = 0, all non-blackstart units are
off, and transmission lines/buses are not energized. Eq. (6)
shows that the network restoration process starts at t = 1
when the black start units 1 are turned on [8].

ustartg,t=0 = 0 ∀g ∈ GNBSU (4)

ul,t=0 = 0 un,t=0 = 0 (5)

ustartg,t=1 = 1 ∀g ∈ GBSU (6)

2) FUNCTIONS OF STARTING GENERATORS
The starting characteristic of non-blackstart units is shown in
Eq. (7). As it is known, Eq. (7) is a nonlinear equation, the
details of its linearization are presented in [31].

Pstartg,t =

{
0 0 ≤ t ≤ tstartg

Pstartg tstartg ≤ t ≤ tstartg + T startg
(7)

Restarting the units and re-energizing the transmission
lines are necessary for the restoration process. Eq. (8)
indicates that it is necessary to start the non-blackstart units
that the bus bg has energized. Assuming that a transmission
line l connects buses n and m, if both buses are cut off at
restoration time t, transmission line l remains de-energized at
time t in equation Eq. (11) [32].

ustartg,t ≤ ui,t ∀i ∈ Aib, ∀g, ∀t (8)∑
t

(1 − uong,t ) ≥

∑
t

(1 − ustartg,t ) + T startg ∀g (9)

uw,t ≤ ui,t , ∀i ∈ Awi , ∀w, ∀t (10)

ul,t ≤ ui(j),t ∀l ∈ Aij, ∀ij, ∀t (11)

ul,t+1 ≤ (ui,t + uj,t ) ∀l ∈ Aij, ∀ij, ∀t (12)

3) GENERATOR CHARACTERISTIC LIMITATIONS
Eqs. (13)-(14) expresses the limitation of active and reactive
power generation of TS generators, respectively. Eq. (15)

1A black start unit does not require initial electricity for start-up

has also been to model the constraints of the forecasted
wind power. Eqs. (17)-(24) show the constraints of the active
and reactive ramp rate power of production units. Eq. (24)
shows the coupling of the electricity TS to the NGN through
GFUs [33].

Pmin
g uong,t ≤ Pg,t ≤ Pmax

g uong,t ∀g, ∀t (13)

Qmin
g uong,t ≤ Qg,t ≤ Qmax

g uong,t ∀g, ∀t (14)

0 ≤ Pw,t ≤ Pmax
w,t uw,t ∀w, ∀t (15)

Rdng ≤ Pg,t − Pg,t+1 ≤ Rupg ∀g, ∀t (16)

Rdng ≤ Qg,t − Qg,t+1 ≤ Rupg ∀g, ∀t (17)

GGg,t = φPg,t 1
ηg

∀g, ∀t (18)

4) CONSTRAINTS OF PUMPED STORAGE HYDROPOWER
The operation constraints of the PSH are modeled through
Eqs. (19)-(23). Eq. (19) expresses the way of energy storage
by PSH. The capacity limitation of the PSH is also expressed
through Eq. (20). The charging and discharging limitations
of the PSH storage system are modeled through Eq. (21)
and Eq. (22), respectively. Eq. (23) also prevents simulta-
neous charging and discharging in the network restoration
process [7].

Hp,t = Hp,t−1 + ηcPcp,t − Pdp,t
/

ηd
(19)

Hp ≤ Hp,t ≤ Hp (20)

Z cp,tP
c
p ≤ Pcp,t ≤ Z cp,tPcp (21)

Zdp,tP
d
p ≤ Pdp,t ≤ Zdp,tPdp (22)

Zdp,t + Z cp,t ≤ 1 (23)

5) CONSTRAINTS OF POWER FLOW AND POWER BALANCE
Eqs. (24)-(25) express the active and reactive power balance
equations in the TS, respectively. Eqs. (26)-(27) are modeled
active and reactive power flow in the TS. Active and reactive
power flow in the TS are modeled in Eqs. (26)-(27). The
power flow proposed in this paper is linearized using the
method presented in [34]. Eqs. (28)-(29) express the limits
of active and reactive power that can be transmitted in power
grid lines. Voltage and bus angle limits in the TS are also
modeled through Eqs. (30)-(31).∑

g∈Agi

(Pg,t − Pstartg,t ) +

∑
w∈Awi

Pw,t −

∑
d∈Adi

Pd,t

+

∑
p∈Api

(Pdp,t − Pcp,t ) =

∑
j∈Aji

Pflowij,t ∀i, ∀t (24)

∑
g∈Agi

Qg,t +

∑
w∈Awi

Qw,t −

∑
d∈Adi

Qd,t =

∑
j∈Aji

Qflowij,t

∀i, ∀t (25)

Pflowij,t = gij(Vi,t − Vj,t − c̃os(δi,t ) + 1)

− bij(δi,t − δj,t ) ∀ij, ∀t (26)
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Qflowij,t = −bij(Vi,t − Vj,t − c̃os(δi,t ) + 1)

− gij(δi,t − δj,t ) ∀ij, ∀t (27)

−Pflowij,t ≤ Pflowij,t ≤ Pflowij,t ∀ij, ∀t (28)

−Qflowij,t ≤ Qflowij,t ≤ Qflowij,t ∀ij, ∀t (29)

Vi ≤ Vi,t ≤ Vi ∀i, ∀t (30)

δi ≤ δi,t ≤ δi ∀i, ∀t (31)

6) CONSTRAINTS OF COLD PICKUP LOADS
In load restoration, it should be noted that when a large load
is picked up, a severe frequency drop occurs, which leads
to instability in the entire power system. In this approach,
a load restoration coefficient is defined for each production
unit. In other words, the coefficient of each load is calculated
as the maximum load that a generator can supply without
causing a frequency drop. These load restoration coefficients
are calculated for 5% of fossil-fueled units, 15% hydro units,
and 25% combustion units [7]. Loads of the TS can be
restored as soon as the corresponding buses are energized,
which is modeled by Eq. (32). The maximum cold pickup
load capability is also calculated by Eq. (34) [33].

0 ≤ Pd,t ≤ Pmax
d ui,t ∀i ∈ Adi , ∀d, ∀t (32)∑

d

Pd,t+1 −

∑
d

Pd,t ≤

∑
g

Rg,t ∀t (33)

Rg,t ≤ min(Pmax
g λg,Pmax

g − Pg,t ) ∀g, ∀t (34)

Equation (29) shows the total dynamic reserve of the power
system in the network restoration process. It is worth noting
that UFLS according to practical procedures should be 50%
less than the total system reservation, which is modeled by
Eq. (36).

7) DYNAMIC RESERVATION CONSTRAINTS
Dynamic reservation constraints are applied to ensure system
stability. Especially when contingencies occur, the frequency
of the system must be kept within an acceptable range. The
Eq. (35) shows the dynamic reserve of the power system
in the network restoration process. As is clear, dynamic
reservation is obtained from three sources of reservation
including conventional generating units, wind units and under
frequency load shedding (UFLS). It is worth noting that
UFLS according to practical procedures should be 50%
less than the total system reservation, which is modeled by
Eq. (36). If we assume that Rt represents the reservation level
at time t, the dynamic reservation constraints are calculated
as follows [8].

Rt ≤

∑
d∈D

Rd,t +

∑
g∈G

Rg,t +

∑
w∈W

Rw,t ∀t (35)

∑
d

Rd,t ≤ 0.5Rt ∀t (36)

For each of the energy sources, including wind farms and
conventional production units, the dynamic reserve should be
limited based on their available capacity. For this purpose,

Eqs. (37)-(38) apply the upper limit of the dynamic reserve
for conventional production units and wind farms. Eq. (39)
relates the maximum dynamic reserve available to the
governor characteristics of power plants. Where, variable
1Pg shows the load pickup of generators, which can be
calculated using Eq. (34) [8].

Rg,t ≤ PMaxg − Pg,t ∀g, ∀t (37)

Rw,t ≤ PMaxw,t − Pw,t ∀w, ∀t (38)

Rg,t ≤ 1Pg ∀g, ∀t (39)

To deal with the loss of large production units, we must
make sure that the active power of conventional generators
and wind generators does not exceed the total dynamic
reserve of the system [8].

Pg,t ≤ Rt − Rg,t ∀g, ∀t (40)

Pw,t ≤ Rt − Rw,t ∀w, ∀t (41)

B. NGN MODELING (LOWER LEVEL)
The NGN is modeled through Eqs. (42)-(57) based on
the SOCP relaxation method [25]. Eq. (42) expresses the
objective function of the NGN. The first term is the objective
function expressing the production minus the sale of natural
gas to the power grid. Moreover, the second term of the
equation expresses penalty term of the ATC algorithm.
The constraints of natural gas production and pressure of
NGN nodes are modeled through equations Eqs. (43)-(44)
respectively. Eq. (45) expresses the gas flow in the NGN
(Weymouth equation). As it is known, Eq. (45) is a non-linear
and non-convex equation. Therefore, Eq. (45) is relaxed
into Eq. (46) to benefit from the computational advantages
of SOCP. The natural gas flow is modeled by Eq. (47)
considering linepack technology. Eq. (48) expresses the direct
relationship between the linepack technology and pressure
level in NGN nodes. Eqs. (49)-(50) also indicate the level
of natural gas stored in pipelines. Eq. (51) models the
initial storage value of the linepack system. The amount
of stored natural gas in GSS is established via Eq. (52),
whilst Eqs. (53)-(55) limit the charge/discharge rates and the
amount of stored natural gas within the nominal degrees.
Similar to the other storage units, the initial and final storage
statues are equalized by Eq. (56) to hold up the energy
conservancy. Eventually, The NGN balance equation is also
modeled through Eq. (57) [35].

min
∑
t 

∑
r C

Well
r Gwell

r,t −
∑

g∈GU C
C
g G

D
g,t

−
∑

g∈GU νg

(
GD
g,t − GG∗

g,t

)
+

∥∥∥wg ◦

(
GD
g,t − GG∗

g,t

)∥∥∥2
2


(42)

Gw ≤ Gwellr,t ≤ Gw ∀r, ∀t (43)

Prn ≤ Pr
n,t

≤ Prn ∀n, ∀t (44)
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(Gflown,m,t )
2

= K f
n,m(Pr

2
n,t − Pr2m,t ) ∀n, ∀m, ∀t (45)∥∥∥∥∥ Gflown,m,t

K f
n,mPrm,s,t

∥∥∥∥∥
2

≤ K f
n,mPrn,t ∀n,∀m,∀t (46)

Gflown,m,t =
Ginn,m,t − Goutn,m,t

2
∀n,∀m,∀t (47)

Ln,m,t = C f
n,m

Prn,t + Prm,t

2
∀n,∀m,∀t (48)

Ln,m,t = Ln,m,t−1 + Ginn,m,t − Goutn,m,t

∀n, ∀m, ∀t ≥ 1 (49)

Ln,m,t = Ln,m,0 + Ginn,m,t − Goutn,m,t

∀n, ∀m, ∀t = 1 (50)

Ln,m,t ≤ Ln,m,0 ∀n,∀m,∀t (51)

GSGSSh,t = GSGSSh,t−1 + η
GSS,ch
h Gchh,t −

Gdish,t
η
GSS,dis
h

∀h, ∀t (52)

0 ≤ Gchh,t ≤ GSch,max
h , ∀h, ∀t (53)

0 ≤ GSdish,t ≤ GSdis,max
h , ∀h, ∀t (54)

GSMinh ≤ GSGSSh,t ≤ GSMaxh , ∀h, ∀t (55)

GSh,t=0 = GSh,t=24, ∀h, ∀t (56)∑
r∈Arn

Gwell
r,t −

∑
gl∈Agln

GLoad
gl,t −

∑
g∈Agn

GD
g,t

−

∑
h∈Ahn

Gchh,t +

∑
h∈Ahn

Gdsh,t

=

∑
m∈Amn

(Gin
n,m,t − Gout

m,n,t)∀n,∀t (57)

C. MATHEMATICAL MODELING OF DRO
The stochastic optimization model does not provide a
robust behavior in its solution and requires exact probability
distribution functions π = {πs, ∀s ∈ �} for scenario
generation, which may not be feasible in many situations.
On the other hand, the RO method is overly conservative
and leads to imposing additional costs on the operators [36].
Therefore, we have proposed a DRO framework to model
the uncertain behavior of the wind farms in the TS. The
solution of the proposed approach leads to the presentation
of a robust solution, which avoids overly conservative
solutions, such as the conventional robust optimization
method. In the DRO approach, instead of minimizing the
expected value in the worst case, the expected value by
worst-case probability distribution in the ambiguity set D
to an estimated distribution Pξ is minimized. Eq. (58) is a
conventional formula of the ambiguity set D that considers
all possible distributions with mean vector µ and standard
deviation matrix σ [37].

D =


P{ξ ∈ 4} = 1

Pξ ∈ MM
+ (EP{ξ} − µ)T σ−1 (EP{ξ} − µ) ≤ 01

EP
{
(ξ − µ)(ξ − µ)T

}
≤ 02σ


(58)

where MM
+ represents the set of all valid probability

distributions in RM . Additionally, P {ξ ∈ 4} = 1 is called
the support set, which has the purpose of realizing the
uncertainties in a limited set 4. In addition, 01 ≥ 0 and
02 ≥ 1 are uncertainty control parameters, whose task is
to control the volume of the ambiguity set. In this way, it is
possible to reformulate the DRO problem for wind farms in
the TS by equation Eq. (59).

OF1 = minmax
P∈D

∑
t

EP



∑
g

(
Pstartg − Pmax

g

)
uong,t

−
∑
t

∑
w
Pmax
w,t uw,t+∑

t

∑
d

αd
(
Pmax
d − Pd,t

)
+

∑
g∈GU

νg

(
GGg,t − GD∗

g,t

)
+

∥∥∥wg (
GGg,t − GD∗

g,t

)∥∥∥2
2


(59)

s.t Eqs. (4)-(36)
Eq. (59) is in general a bi-level problem, which cannot be
solved by conventional commercial solvers. To this end,
we convert the min-max problem into a min-min problem
using the theory of duality. The details of this duality
conversion method are fully presented in [38].

D. INTERACTION BETWEEN GNO AND TSO BY ATC
ALGORITHM
Fig. 3 shows the interaction process of GNO with TSO
under the ATC iterative algorithm. The interaction between
GNO and TSO is done through the exchange of boundary
information between TS and NGN. Boundary information
refers to the boundary power value calculated by TSO
and GNO. Although the objectives of TS and NGN are
different, with the presented algorithm, they can have a
significant impact on each other. The inner loop shows the
interaction betweenGNO and TSO and the outer loop updates
the penalty coefficients. In each iteration, TSO and GNO
independently determine their strategies by Eqs. (3)-(41) and
Eqs. (42)-(57), respectively. In this algorithm, after running
the restoration strategy program, the TSO calculates the
amount of natural gas fuel demand of GFU units (i.e., GG∗

g,t
value) and submits it to GNO as a parameter. On the other
hand, GNO receives the values of natural gas fuel demand of
GFU units (i.e. value GG∗

g,t ) and sends this value back to TSO
again after implementing optimal dispatch scheduling. This
process continues until both systems reach an equilibrium
point (or the convergence criterion is satisfied) [30].

V. SIMULATION AND RESULTS
The coordination of electricity and NGN topology is
presented in Fig. 4. As it is known, the electricity and NGN
are connected to each other through GFUs. In the proposed
problem, the power transmission system is simulated by
IEEE 57-bus standard test system. Additionally, the NGN
has been modeled using the real-world Belgian 20-node
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FIGURE 3. Interaction between TSO and GNO by the ATC iterative
algorithm.

TABLE 2. Solution time of case study’s.

network. Information and data related to TS and natural
NGN can be accessed through the link provided in [39].
The expected value of the wind farms are plotted in Fig. 5
In the proposed TS, the total amount of de-energization
is 1250.5 MW. In this modeling, the G1 unit is defined
as a blackstart unit and the rest of the power plants are
defined as non-blackstart units. Moreover, the configuration
includes twowind farms, each boasting a capacity of 100MW
and situated at buses 37 and 42. Additionally, two PSH
units, with a maximum capacity of 300 MW, have been
strategically positioned at buses 38 and 56. Comprehensive
details and data regarding the PSH installations can be
found in Appendix B. The specifications and types of
generators are presented in Table 2. Each step of network
restoration time is 10 minutes (1p.u), which is required
for preparation and frequency stabilization. In the proposed
approach, the wind farm is operated with a unit power factor.
The proposed approach is a MILP which is simulated in
the GAMS programming environment and solved with a
powerful CPLEX solver. The built model is implemented in
a personal laptop with hardware features Intel(R) Core(TM)
i5-8250U CPU @ 3.50 GHz (4 CPUs) and 8 GB of RAM.
In addition, the solution time of the different case studies is
presented in table. 2.

1) CASE STUDY 1-A
In the first case study, the effect of wind farms in the
restoration process of the TS is investigated. In this case study,

FIGURE 4. Coordinated electricity and NGN topology.

FIGURE 5. Foretasted expected value if the wind farms.

the constraints of the NGN have not yet been considered.
Fig. 6 shows the restoration process of the TS with/without
consideration of wind farms. Table 3 also shows the start-up
time of the power plants. As it is known, the start-up time
of blackstart unit G1 is t=3 (p.u). Accodingly, the first bus is
energized at time t=3 (p.u) and the restoration process begins.
At the next stage, the first non-blackstart unit is synchronized
with the power grid at t=12 (p.u). The continuous red graph in
Fig. 6 shows the load restoration process without considering
the wind farm.

As it is shown, (from Fig. 6), the restoration process started
at time t=3 (p.u) and ends at time t=19 (p.u). The total
restored active power without considering wind farms is
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FIGURE 6. Restoration process with/ without wind farms.

TABLE 3. Type and start-up time of the generation units.

2213.1 MWh. In addition, the total generation capacity of TS
units without considering wind farms is 2294.56 MWh. The
blue dashed graph in Fig. 6 shows the load restoration process
considering the impact of wind farms. The wind farms in
busses 38 and 42 start producing electric power at times
t = 6 and t = 5, respectively. It is worth mentioning that in
this study, the uncertain behavior of wind farms is modeled
by SP. The total restored power in the presence of wind
farms is 2575.093 MWh, which is 361.995 MWh more than
the previous state (i.e. without the presence of wind farms).
In addition, the load restoration time is reduced by 1(p.u)
compared to the previous state. Therefore, it can be concluded
that the presence of wind farms in the load restoration process
leads to a speedy restoration, improvement of pickup load
and increasing the resilience of the TS. The Fig. 7 shows
the order of energization of electricity transmission network
loads in this case study. As it is known, after starting the
black start generator at t = 3, part of the critical loads 19,
23, 24 and 26 are energized in order of priority. In the next
steps, by increasing the production power of the blackstart
generator and start-up other generators, the remaining loads
are also energized. Similarly, Fig. 8 shows the scheduling
of power system loads coming online during the restoration
period. As it is known, the yellow color indicates the time of
energizing the loads of the power system.

2) CASE STUDY 1-B
In this case study, the effect of the presence of pumped storage
hydropower unit (PSH) in the restoration process of power
systems is investigated. For this purpose, two PSHs of power
systems have been placed in buses 42 and 53. the sensitivity
analysis of the restoration process for the total network loads
under various PSH initial values is illustrated in Fig. 9.
As it is known, the amount of restored loads is significantly
dependent on the initial value of PSH (the capacity of PSH
before blackout). In other words, the more energy stored

FIGURE 7. The process of energizing loads during the power grid
restoration period.

FIGURE 8. Optimal scheduling of power grid loads coming online during
the restoration period.

in the PSH before the blackout, the more the restored load
increases. In addition, the restoration process with/without
considering PSH is also compared in Fig. 9. As it is known,
the presence of PSH can reduce the unserved loads in the
restoration process of power systems.

Similarly, Fig. 10 shows the online scheduling of power
system loads in the restoration time period, where the upward
slope of the line represents storage and the downward slope
of the line represents energy discharge. As it is known,
PSH is started at time t=5 p.u and starts to store or
discharge electrical energy compared to the initial capacity.
For example, in the case of A0=22MW, the PSH starts
to store electrical energy at times t=5 to t=10 (because
the initial value of PSH is low) and then starts discharging
electrical energy to the grid from time t=11 onwards. On the
other hand, in the case of A0=250 MW, due to the high value
of the initial capacity, the PSH starts to discharge electrical
energy immediately after restarting at t=5 and significantly
improves the network restoration.

3) CASE STUDY 2-A
In this case study, the impact of NGN constraints on the
restoration process of the TS under the proposed ATC
algorithm is investigated.

Fig. 11 shows the load restoration process considering the
constraints of the NGN. The continuous graph line in Fig. 11
shows the load restoration process in the presence of NGN
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FIGURE 9. Sensitivity analysis of load restoration process for initial
values of PSH storage.

FIGURE 10. Optimal scheduling of PHS system storage for different initial
values.

FIGURE 11. Impact of NGN constraints on the TS restoration process.

constraints. The total restored power in the presence of NGN
constraints is 2301.35 MWh, which is 273.74 MWh less
than case study 1. The reason for the reduction in the total
restored power is that the priority of supplying residential
loads in the NGN is higher than supplying industrial loads
(like the GFUs’ gas demand). In addition, the presence
of pressure constraints in the NGN nodes, and gas flow
constraints in the pipeline cause limitations on fuel supply
to GFUs. Therefore, it is clear from Fig. 11 that the area
under the curve is significantly smaller when NGN model is
considered, which means that less power demand is restored.
In this regard, it is obvious that ignoring the NGN model can
result in destructive overestimation of the actual production
capacity. Fig. 12 shows the total generation power of GFUs
with/without considering the constraints of the NGN. The
total production power of GFUs without/with the NGN
constraints is 1071.64 MWh and 674.34 MWh, respectively.
Consequently, the presence of NGN constraints curtails the
total production capacity of GFUs decreases by 397.30MWh.

4) CASE STUDY 2-B
In this case study, the impact of using the GSS in the load
restoration process is investigated. Fig. 12 shows the effect
of using the GSS (pay attention to the yellow dashed graph).
To check the application of GSSs in the network restoration

FIGURE 12. Total generation power of GFUs with/without considering the
constraints of the NGN.

FIGURE 13. Charge and discharge patterns of the GSS.

process, three GSSs are connected in nodes 5, 6, and 7 of
the NGN. The capacity of each GSS is 10 million cubic
meters. The total restored power in the presence of the GSS
is 2347.05 MWh, which is 45.69 MWh more than the case
without GSS. In addition, the total production power of GFUs
is 714.42 MWh, which is 40.425 MWh more than the case
without GSS. The scheduled charge/discharge patterns of the
GSS is shown in Fig. 13. As it is illustrated, the GSS starts
to store natural gas in the reservoirs at the initial time steps
of restoration and starts to discharge in the final time steps.
This phenomenon reduces the fuel-supply limitation to GFUs
in the restoration process.

5) CASE STUDY 2-C
In this case study, the impact of using linepack technology in
the load restoration process is evaluated. The black dashed
graph in Fig. 11 shows the load restoration process in the
presence of linepack technology. The total restored power
in the presence of linepack technology is 2368.13 MWh,
which is 66.78 MWh more than the case without linepack
technology. Furthermore, the total production power of GFUs
is 742.92 MWh, which is 71.92 MWh more than the case
without linepack technology. Fig. 14 shows how linepack
technology is stored in NGN pipelines. As it is demonstrated,
natural gas is stored in the pipeline at the beginning of
restoration and injected back into the network at the final time
steps. In general, the use of linepack technology has led to
an increase in fuel supply to GFUs and thus improves the
network restoration process. However, a power grid where
50% of its units are GFU can create high stress in the NGN.
In this study, even considering all the flexible resources (such
as GSS and linepack technology), gas network constraints
prevents the full restoration of the TS. Thus, in power grids
where the production of electric energy is highly dependent
on natural gas fuel, it is very necessary to model the
limitations of the NGN in the restoration process.
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FIGURE 14. The linepack storage level in different NGN pipes.

FIGURE 15. The restoration process of coordinated natural gas and
electricity networks under different uncertainty strategies.

FIGURE 16. Total restored power of the power grid under different
uncertainty strategies.

6) CASE STUDY 3
In this case study, the effect of uncertain behavior of
wind farms in the restoration process of electricity and
NGNs is investigated in the framework of DRO. Fig. 15
shows the restoration process of coordinated natural gas and
electricity networks under different uncertainty strategies.
As it is clear from this figure, the DRO method provides
an intermediate solution compared to the usual stochastic
and robust optimization methods. Fig. 16 presents the total
restored power of the power grid under different uncertainty
strategies. In the SP and RO approaches, the total restored
power is calculated as 2373.85 MWh and 2063.98 MWh,
respectively. While the total power restored in the DRO
strategy is 2172.31 MWh. However, the SP strategy has
no robustness in the worst case scenarios, and it requires a
great number of SP scenarios to capture the PDFs. On the
other hand, the RO method provides the lowest restored load.
Therefore, the RO method has high robustness in the worst
case. But still, it may lead to increased unserved load in the
network restoration process and slow down the restoration.
The solution provided by the DRO optimization strategy,
while compensating the robustness of the SP method, avoids
the overly conservative solutions of the RO. It should be noted
that the convergence of the ATC algorithm under different
uncertainty strategies has been proven in Fig. 17.

FIGURE 17. Convergence of the ATC algorithm under different uncertainty
strategies.

VI. DISCUSSION
As it was noted, the study was implemented in three case
studies. The first study case was examined in two subsections.
The first sub-case illustrates howwind farms could impact the
restoration process, which showed that they can augment
the restored loads by 2575.09 MWh. In the second sub-
case study, the coordination of PSH and wind farm was
investigated in the process of restoring power systems. The
obtained results show that the presence of PSH leads to a
reduction of 21.34% of the unserved loads in the restoration
process of power systems. In addition, it was shown that
the improve restoration process of power systems has a
significant dependence on the initial value of PSH capacity.

The second case was scrutinized in three seperate sub-
cases. The first sub-case depicted the destructive impact of
ignoring the NGN constraint, which has not been taken into
consideration the previous restoration studies. The outcomes
show that considering NGN, results in less restored power.
Therefore, there is a huge discrepancy between the studies
that have ignored the NGN model since 273.74 MWh of
loads remained unserviced. The second sub-case studied
the mitigating impact of including a gas storage system in
the restoration model. The results point out that a natural
gas storage system would ameliorate the restoration load of
45.69 MWh. Eventually, the model in the third sub-case was
devised to use the NGN pipelines in a linepack model that
allows to store extra energy in the NGN. It was noted that
through the optimization process the natural gas was stored in
the NGN pipelines and released back to the system at critical
restoration time steps, thereby leading to 71.92MWh of extra
resorted power.

The focus of the third case studywas to illustrate the impact
of different uncertainty-handling methods in the restoration
process, and use the state-of-the-art DRO approach. The
obtained numerical values showed that DRO model strike
a veritable balance between the advantages of conventional
RO and SP models. It is not as over-conservative as the RO,
while it also does not require the exact probability distribution
functions and numerous scenarios that are the foundation of
the SP approaches.

VII. COMPARISON
Compared to similar studies [8], [7], [9], [10], [12], [13], [17],
[19], the obtained results show that modeling the limitations
of the NGN is very critical in restoration the power network.
The high penetration of GFU in modern power systems has
made the restoration of the power grid completely dependent
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on the behavior of the NGN. The escalation of congestion
within the natural gas pipeline, especially in the winter
seasons, leads to new challenges in the operation of power
systems in normal and emergency conditions.

The results obtained in works [10], [25], and [40] show
that the robust optimization method provides an overly
conservative solution and leads to imposing additional costs
on network operators. On the other hand, the extracted
results of tasks [18] and [33] rely on stochastic optimization.
However, we do not always have access to the exact proba-
bility distributions for modeling the stochastic optimization
method. To cover the above gaps, we have proposed the
moment-based DRO approach for modeling the uncertain
behavior of wind power units. The moment-based DRO
method provides a robust solution that avoids excessive
conservatism of wind power units in the power system
restoration process.

The results obtained in works [31] and [32] show that the
authors have neglected the contribution of renewable energy
sources due to their uncertain behavior in restoring power
systems. However, neglecting the participation of renewable
energy sources leads to an increase in the restoration time of
power systems. Accurate modeling of uncertain behavior and
preparation of the desired requirements for the participation
of renewable energy sources in the power system restoration
process leads to the improvement of the resilience of power
networks and the acceleration of network recovery.

VIII. CONCLUSION
In this paper, a decentralized ATC optimization approach was
presented to investigate the impact of NGN constraints on
the TS restoration process, considering the PSH and high
penetration of wind farms. The ATC algorithm decentralizes
the problem and finds the point equilibrium in an iterative
framework. Unlike the centralized optimization models, the
proposed decentralized approach ensure the privacy of each
operator, while giving them the freedom to minimize their
own independent objective. Moreover, the effects of using
GSS and linepack technology in improving the restoration
of the TS was studied. In this article, the DRO method was
used to model the uncertain behavior of wind farms in the
restoration process. The proposed approach was investigated
in the framework of three case studies, the results of which
are summarized as follows:

• The use of wind farms with all its uncertainties can
lead to a significant improvement in the restoration
process of power grids. In addition, they can reduce the
excessive dependence of electricity generation on the
NGN. Restoring the bulk power system in the presence
of wind energy sources leads to a 16.35% reduction
in unserved loads, which is equal to 361.995 MWh of
energy. Furthermore, the restoration of the bulk power
system, in the coordination of wind farms and PSH,
results in a substantial 21.34% reduction in unserved
loads. This reduction is equivalent to a remarkable
472.39 MWh of energy.

• Ignoring the constraints of the NGN in the process
of restoring the TS can lead to unrealistic and wrong
decisions. Because the gas fuel consumption of GFUs
depends on the NGN. Therefore, the impact of the
pressure limit in the nodes, the maximum transferable
natural gas capacity, the behavior of the gas flow in the
pipelines, and the possibility of the overlap of the peak
times of the electricity andNGNsmust be investigated in
the process of restoring the TS. Restoring the power grid
in the presence of NGN constraint leads to an increase
of 11.92% or 273.74 MWh in unserviced loads

• The use of GSSs and linepack technology can improve
the restoration process of the TS. The reason is that
releasing the energy stored in GSSs and linepack
technology, leads to an increase in fuel supply to GFUs.
In addition, the use of these technologies leads to
an increase in the flexibility of the NGN. Overall,
considering the GSS and line pack technology leads to
a reduction of 1.98% and 2.09% of unserviced loads,
respectively.

• Solving the TS restoration problem in the DRO frame-
work leads to providing a robust solution, which avoids
overly conservative solutions such as conventional RO.

As a direction for future studies, it was noted that the
presence of active distribution systems has not been investi-
gated together with NGN models. Furthermore, comparison
between various decentralized restoration approaches is
relatively under-researched area in the topic of power system
restoration
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