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Highlights
Resilience-Constrained Expansion Planning of Integrated Power-Gas-Heat Distribution Networks
Seyed Vahid Sabzpoosh Saravi,Mohsen Kalantar,Amjad Anvari-Moghaddam

• A stochastic expansion planning model is proposed for integrated energy networks
• An efficient and privacy-preserving approach is used to solve the optimization model
• A resilience index is proposed to evaluate suitability of solutions in long-term planning
• A framework for the interaction among integrated distribution networks is proposed
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A B S T R A C T
Integrated energy systems (IESs) have attracted wide attention as effective frameworks to develop effi-
cient use of energy resources. Proactive preparedness is a sensible approach for integrated distribution
networks (IDNs) to propitiously cope with high-impact rare (HR) events. In this paper, a resilient-
constrained two-stage expansion planning methodology is proposed with the aim of simultaneously
optimal expansion of the IDNs and resilience improvement against hurricanes in long-term. To
maintain the independence of IDN’s operation and to cope with the computational complexity of such
large-scale planning problem, a modified linearized alternating direction method of multipliers with
parallel splitting and the adaptive penalty (LADMMPSAP) is introduced to convert the centralized
model to a decentralized one. Accordingly, a new framework for the interaction between IDNs is
proposed with the resilience and energy coordinator unit (RECU), which is responsible for couplings
coordination between IDNs. The main goal of stage 1 is to minimize total cost, which includes
investment, operation, and resilience costs. The optimal expansion scheme with optimal operation
strategies is obtained in this stage. A stochastic resilience maximization under hurricane occurrence
scenarios is modeled in stage 2. A normalized resilience index (RI) for evaluating resilience in IDNs
suitable for long-term planning is proposed. The priorities of lines hardening and tie-line installation
are determined using the proposed resilience importance index (RII) in stage 2 and sent back to stage
1. The effectiveness of the proposed methodology is tested on real-scale IDNs. The simulation results
depict the privileges of incorporating resilience in long-term expansion planning from both economic
and technical aspects.

1. Introduction
Nowadays, energy system planning and operation are

done separately by types of energy sectors (e.g., electricity,
gas, heat). In contrast, an integrated energy system (IES)
connects different energy sectors with the objections of
energy efficiency, cost-effective investment, increasing re-
newable energy utilization, and reliability of IESs. The result
is increased energy efficiency and tackling environmental
pollution, which is among the present significant concerns
in the world. With the increased penetration of power-to-
gas (P2G) and gas-to-power (G2P) technologies, especially
combined heat and power(CHP) units, coordinated expan-
sion planning of electricity, gas, and heat distribution net-
works becomes a challenging task. IESs can incorporate re-
newable energy resources effectively through advanced en-
ergy conversion technology, which are more economical and
environmentally friendly and thus combat climate change
[1]. The high penetration of multi-energy technologies like
CHPs, gas boilers (GBs), electric boilers (EBs), and heat
pumps (HPs) and ongoing transformation in energy sectors
present increasingly strong interactions among information,
electricity, gas, heat, and transport networks [2]-[3]. Accord-
ingly, energy system planning is affected by such growing
interactions between different kinds of energy networks. The
planning decision is influenced by the preference of energy
utilization, geographical location, and situation of energy
distribution [4]. New challenges are posed for traditional
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planning strategies specially in handling the interactions
between energy sectors. Therefore, a combined co-planning
approach is highly needed to expand integrated distribu-
tion networks (IDNs) economically and environmentally
friendly. Contrary to power distribution networks (PDNs)
planning, the literature on natural gas distribution (GDNs)
planning is much limited. Integrated coordination of power
and gas networks should be considered from operational and
long-term planning aspects [5].

In recent years, some research has been conducted to
solve expansion planning optimization problems in IDNs,
mainly combining two types of distribution networks such
as power-gas or power-heat. Integrating natural gas and
electricity sectors requires examining their interactions and
resource co-optimization, usually from a central planner
perspective [6]. A co-planning model for integrated power
and natural gas systems to minimize total investment and op-
eration costs is presented in [7]. A joint N-1 and probabilistic
reliability criterion is included in the model using two sub-
problems. The authors conclude that the defined criterion
can guarantee the overall system reliability. An expansion
planning problem considering the interconnection of natural
gas and electricity energy infrastructures is addressed in [8].
The main goal of the proposed model is to optimally select
network elements, and expand electric power lines and nat-
ural gas pipelines, in order to achieve a satisfying reliability
performance. Some research has been developed stochastic
models for IESs expansion planning. In [9] a stochastic
expansion planning of gas and power networks is carried
out in which wind power and load growth uncertainties
are considered.Multi-stage stochastic programming model
is investigated in [10] to study the sequential investment
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Nomenclature

𝐼𝑛𝑑𝑖𝑐𝑒𝑠
𝑇 , 𝑇 𝑔 , 𝑇 𝑠, 𝑇 𝐿 Indices of planning period, generation, stor-

age and, line useful lifetime
𝐶𝑂
𝑁,𝑔 , 𝐶

𝑂
𝑁,𝑠, 𝐶

𝑂
𝑁,𝐿 Annual operation costs of generation units,

storage units and lines

𝑦, 𝕤, 𝑡 Indices of years, seasons, and time 𝐿(𝑛)
𝐸,𝑖𝑗 , 𝐿

(𝑟)
𝐸,𝑖𝑗 Lengths of new and reinforced lines

𝑔, 𝑠, 𝐿 Indices of generation, storage units and lines 𝐶 (𝑟)
𝐸,𝐿 Reinforcement cost of lines in the PDN

𝑖, 𝑗 Indices of PDN buses 𝐶𝐸𝐶
𝑁,𝑔,𝑦,𝕤,𝑡 The energy carrier prices in the IDNs

𝑘, 𝑙 Indices of GDN nodes 𝐶𝑟𝑒𝑡𝑎𝑖𝑙
𝑁,𝑦,𝕤,𝑡 Retail price of energy in the IDNs

𝑚, 𝑟 Indices of DHN nodes 𝐶𝐿𝐷
𝑁,𝑦,𝕤,𝑡 Lost demand unit value in the IDNs

̂𝑖𝑘, ̂𝑖𝑚, ̂𝑘𝑚, 𝑘𝑖 Indices of connected buses/nodes between
IDN's

Δ𝑡 Duration of each time period

𝑠𝑙𝑎𝑐𝑘 Index of slack bus/node 𝐶𝑟𝑒𝑝𝑎𝑖𝑟
𝑝 Repair cost of failed power poles

𝑁 Index of networks E,G,H 𝐶𝐹𝑃 Number of failed power poles
𝜈 Index of wind speed pro�le 𝐶𝐵𝑢𝑑𝑔𝑒𝑡 Annual budget
𝑐 Index of spatial coordinates 𝐺𝑖𝑖, 𝐺𝑖𝑗 Self and mutual conductance of power lines
𝑃𝑢, 𝐶𝑜 Indices of pumps and compressors 𝐵𝑖𝑖, 𝐵𝑖𝑗 Self and mutual susceptance of power lines

𝑆𝑒𝑡𝑠
Ω𝕤 Set of seasons 𝑍𝐿

𝑖𝑗 Impedance of power lines

𝑇𝑑 Set of daily load periods in seasons 𝜓𝐺,𝑘𝑙, 𝜓𝐻,𝑚𝑟 Weymouth constant for gas and heat
pipelines

𝑇𝑒 Set of emergency load periods in years 𝑆
𝐼𝑚𝑝

𝐸,𝑡 Maximum imported apparent power from
upstream power grid

Ω𝑁 Set of distribution networks 𝑃
𝑙𝑜𝑠𝑠

𝐸,𝑖𝑗 Upper limit for active power loss of line 𝑖𝑗
Ω(𝑛)
𝑁,𝑔 Set of new generation units 𝑃 𝐸,𝑠, 𝑞𝐺,𝑠,𝑀𝐻,𝑠 Capacity of electric, gas, and thermal stor-

age units

Ω(𝑛)
𝑁,𝑠 Set of new storage units 𝑃𝐷

𝐸,𝑖,𝑡, 𝑄
𝐷
𝐸,𝑖,𝑡 Active and reactive power demands

Ω(𝑛,𝑒)
𝑁,𝐿 Set of new and existing lines 𝑃𝐷,𝑁𝑐𝑟

𝐸,𝑖,𝑡 Non-critical active power demands

Ω𝑇𝐿 Set of candidate tie-lines in the PDN 𝑞𝐷𝐺,𝑘,𝑡, 𝑚
𝐷
𝐻,𝑚,𝑡 Gas and heat demands

Ω𝑓 Set of buses/nodes with demand curtail-
ment

𝑞𝐷,𝑁𝑐𝑟𝐺,𝑘,𝑡 , 𝑚
𝐷,𝑁𝑐𝑟
𝐻,𝑚,𝑡 Non-critical gas and heat demands

Ω𝑓
𝐸,𝐿 Set of damaged lines in the PDN 𝜉𝑘𝑙 Compression coe�cient in active gas

pipelines
Ω𝐸,𝑛,Ω𝐺,𝑛,Ω𝐻,𝑛 Sets of buses/nodes in the PDN, GDN and

DHN
𝑘1, 𝑘2 A constant and isentropic coe�cient of

natural gas

Ω𝐸,𝑔 ,Ω𝐺,𝑔 ,Ω𝐻,𝑔 Sets of generation units in the PDN, GDN
and DHN

𝐶𝑅,𝐶𝑅 Lower and upper limits of compressor com-
pression ratio

Ω𝐸,𝑠,Ω𝐺,𝑠,Ω𝐻,𝑠 Sets of storage units in the PDN, GDN and
DHN

𝜂𝑐ℎ𝑁,𝑠, 𝜂
𝑑𝑖𝑠
𝑁,𝑠 Conversion e�ciencies of storage units in

related network 𝑁
Ω𝐶𝐻𝑃 ,Ω𝑃2𝐺 Sets of CHP and P2G units 𝜑𝑚𝑟 Heat loss coe�cient of heat pipelines

Ω𝐸𝐵 ,Ω𝐺𝐵 Sets of electric and gas boilers 𝜂𝐶𝐻𝑃 ,𝑒𝑖,𝑔 , 𝜂𝐶𝐻𝑃 ,ℎ𝑙𝑖,𝑔 Generating and heat loss of CHP units

Ω𝐶𝑜,Ω𝐿,𝐶𝑜,Ω𝑃𝑢 Sets of compressors, lines with compressor
and pumps

𝛽𝐶𝐻𝑃𝑖,𝑔 Heat exchange coe�cients of CHP units

Ω𝐶𝐻𝑃
𝐸,𝑛 ,Ω𝑃2𝐺

𝐸,𝑛 Sets of PDN buses with CHP and P2G 𝜂𝑃2𝐺𝑖,𝑔 , 𝜂𝐸𝐵𝑚,𝑔 , 𝜂
𝐺𝐵
𝑚,𝑔 Energy conversion coe�cient in P2G, EB,

and GB

Ω𝐸𝐵
𝐻,𝑛,Ω

𝐺𝐵
𝐻,𝑛 Sets of DHN nodes with EB and GB 𝑃 𝑓

𝑇ℎ Failure probability thresholds

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠
𝑃 𝑟𝜁 Probability of scenario 𝜁 𝑃 𝑓

𝑃𝑜𝑢
, 𝑃 𝑓

𝐶𝑜𝑤
The failure probability of pole 𝑢 and conduc-
tor 𝑤

𝐼𝑅𝜁 Interest rate in scenario 𝜁 𝜔𝑁 The importance weight of network 𝑁
𝑁𝕤 Number of days in season 𝕤 𝜇, 𝜆 Adaptive penalty parameter, penalty factor
𝑁𝐻 Number of hurricanes in a year 𝜌, 𝜎 Adaptively updated parameter and a con-

stant
𝜌𝐻𝕤 Probability of hurricane occurrence in each

season
𝑉 𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠

𝑅𝑁,𝑔 , 𝑅𝑁,𝑠 Rated capacity of generation and storage
units

𝑥𝑁,𝑔,𝑦, 𝑥𝑁,𝑠,𝑦 Binary investment variables for generation
and storage units

𝐶𝐼
𝑁,𝑔 , 𝐶

𝐼
𝑁,𝑠, 𝐶

𝐼
𝑁,𝐿 Investment costs (per unit) of generation

and storage units, and lines
𝑥𝑁,𝐿,𝑦, 𝑥𝑟𝐸,𝐿,𝑦 Binary investment and reinforcement vari-

ables for lines
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𝑥𝑐ℎ𝑁,𝑠,𝑡 Statuses of storage units; charging (1), dis-
charging (0)

Γ𝐺,𝑘,𝑡 Gas pressure at node 𝑘 at time 𝑡

𝐸𝑁,𝑔,𝑦,𝕤,𝑡 Energy produced by generator 𝑔 in year 𝑦,
season 𝕤 at time 𝑡

𝑚𝐻,𝑚,𝑔,𝑡,𝑀𝐻,𝑚,𝑔,𝑡 Water mass �ow and heat supply of source
𝑔 at node 𝑚 at time 𝑡

𝐷𝑁𝑆
𝑁,𝑖∕𝑘∕𝑚,𝑦,𝕤,𝑡 The demand not supplied at bus/node

𝑖/𝑘/𝑚 in year 𝑦, season 𝕤 and time 𝑡
𝑀 𝑐𝑢𝑟𝑡

𝐻,𝑚,𝑡 Heat demand curtailment at node 𝑚 at time
𝑡

𝑃𝐸,𝑖,𝑔,𝑡, 𝑄𝐸,𝑖,𝑔,𝑡 Active and reactive power of generator 𝑔 at
bus 𝑖 at time 𝑡

𝑀 𝑐ℎ
𝐻,𝑚,𝑠,𝑡,𝑀

𝑑𝑖𝑠
𝐻,𝑚,𝑠,𝑡 Charging and discharging heat of thermal

storage 𝑠 at node 𝑚 at time 𝑡
𝑃 𝑐𝑢𝑟𝑡
𝐸,𝑖,𝑔,𝑡, 𝑄

𝑐𝑢𝑟𝑡
𝐸,𝑖,𝑔,𝑡 Active and reactive power demand curtail-

ment at bus 𝑖 at time 𝑡
𝑚𝐻,𝑚𝑟,𝑡 Water �ow through pipeline 𝑚𝑟 at time 𝑡

𝑃 𝑐ℎ
𝐸,𝑖,𝑠,𝑡, 𝑄

𝑑𝑖𝑠
𝐸,𝑖,𝑠,𝑡 Charging and discharging power of storage

𝑠 at time 𝑡
Π𝐻,𝑚,𝑡 Water pressure of node 𝑚 at time 𝑡

𝑃𝐸,𝑖𝑗,𝑡, 𝑄𝐸,𝑖𝑗,𝑡 Active and reactive power �ow in line 𝑖𝑗 at
time 𝑡

𝜏 𝑖𝑛𝐻,𝑚𝑟,𝑡, 𝜏
𝑜𝑢𝑡
𝐻,𝑚𝑟,𝑡 Inlet and outlet temperature of pipeline 𝑚𝑟

at time 𝑡
𝑉𝑖,𝑡, 𝜃𝑖,𝑡 Voltage magnitude and angle of bus 𝑖 at

time 𝑡
𝜏𝑚𝑖𝑥𝑚,𝑡 Mixed temperature of node 𝑚 at time 𝑡

𝑃 𝐼𝑚𝑝
𝐸,𝑡 , 𝑄

𝐼𝑚𝑝
𝐸,𝑡 Imported power to upstream grid at time 𝑡 𝜏𝑎 Ambient temperature

𝑆𝑜𝐶𝑁,𝑠,𝑡 State of charge in storage 𝑠 at time 𝑡 𝑃𝐷,𝑃 2𝐺
𝐸,𝑖,𝑡 , 𝑃𝐷,𝐸𝐵

𝐸,𝑚,𝑡 Power consumption of P2G and EB at bus 𝑖
and node 𝑚 at time 𝑡

𝑞𝐺,𝑘,𝑔,𝑡 Gas �ow of source 𝑔 at node 𝑘 at time 𝑡 𝑃𝐷,𝐺𝐶
𝐺,𝑘,𝑡 , 𝑃

𝐷,𝑊 𝑃
𝐻,𝑚,𝑡 Power consumption of GC, and WP at node

𝑘 and 𝑚 at time 𝑡
𝑞𝑐𝑢𝑟𝑡𝐺,𝑘,𝑡 Gas demand curtailment at node 𝑘 at time

𝑡
𝑞𝐷,𝐺𝐵𝐸,𝑚,𝑡 , 𝑞

𝐷,𝐶𝐻𝑃
𝐺,𝑖,𝑡 Gas consumption of GB and CHP at node

𝑚 and bus 𝑖 at time 𝑡
𝑞𝑐ℎ𝐺,𝑘,𝑠,𝑡, 𝑞

𝑑𝑖𝑠
𝐺,𝑘,𝑠,𝑡 Charging and discharging �ows of gas stor-

age 𝑠 at node 𝑘 at time 𝑡
𝐷𝑁,𝑡, 𝐷𝑛𝑜𝑟

𝑁,𝑡 Supplied demand and normalized demand of
network 𝑁 at time 𝑡

𝑞𝐺,𝑘,𝑡, 𝑞𝐺,𝑐,𝑡, 𝑞𝐺,𝑘𝑙,𝑡 Gas �ow in node 𝑘, compressor 𝑐 and
pipeline 𝑘𝑙 at time 𝑡

𝛿 Lagrangian multiplier

decision with the uncertainties revealed gradually over time,
where constraints in power and gas systems are considered.

The role of energy storage facilities in IESs has been in-
vestigated in some studies. A long-term planning study using
a two-stage chance-constrained model for integrated gas and
power systems is presented in [11] highlighting the role of
natural gas storage in mitigating the effect of uncertainties in
operation. Since P2G could be a good option for long-term
storage in IES, integrated expansion planning of gas and
power networks considering P2G units and gas-fired devices
is investigated in [12–14]. A comprehensive stochastic IES
planning framework that accommodates the cap-and-trade
market and P2G investment options is presented in [14].
The effects of incorporating multi-carrier energy storage
technologies on the optimal scheduling of integrated power,
gas, and heat networks are addressed in [15]. In [16], the
authors propose an integrated demand response model which
coordinates flexible loads, P2Gs, HPs, and energy storage
systems (ESSs).

Quite a few studies have been conducted to address
the expansion planning of IESs considering the interdepen-
dency issues and the economic and resilient operation of
IESs [17]. A total cost minimization objective function is
developed, focusing on the optimal determination of the
infrastructure’s technologies, size, and location. A multi-
temporal simulation model for analyzing IDNs including
PDN, GDN, and DHN is proposed in [18]. The coupling of
networks has been modeled using a multi-vector efficiency
matrix, and the integrated networks flow has been solved

simultaneously through the Newton-Raphson method. The
energy hub concept has been investigated in some studies for
modeling of IESs expansion planning models. An expansion
planning model for multi-energy system integrating active
PDN, GDN, and energy hub is developed in [19], which
explore the influence of active PDN management on multi-
energy system expansion. An optimal operation strategy
for the multi-carrier energy system within the energy hub
framework model is conducted. An optimal expansion plan-
ning within energy hub coupling electricity, natural gas, and
heat energy system is proposed in [20] where the plans are
evaluated with reliability, energy efficiency, and emission
matrices. A two-stage mixed-integer linear programming
(MILP) approach for optimal planning of IESs is proposed in
[21]. The first stage is optimizing the selection of candidate
elements in a three-layered energy hub, and the second stage
is optimizing the connection path for the selected elements
of the first stage in every two adjacent layers.

The concept of network resilience against high-impact
rare (HR) events has received wide attention recently since
natural disasters can cause severe and wide-spreading ef-
fects, including shortage of power, gas, and district heating
supplies for large parts of the distribution network demands
[22]. Hurricane Sandy, for example, caused the inaccessi-
bility of about 7 million people to electric power in North
America and many water pumps (WPs) outages, and loss of
clean water in New York City in 2012 [23]. 90% of faults
due to natural disasters occurs in PDNs [24]. According to
the findings of [25], if the world becomes 3 to 4 degrees
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warmer due to greenhouse gas emissions in this century, the
frequency of hurricanes will increase by 30%; concurrently,
the wind speed can be intensified up to 13 m/s. Therefore,
the resilience of distribution networks is of particular im-
portance and should be studied in the expansion planning of
distribution network’s long-term programs.

DG integration, network reconfiguration, and network
reinforcement provide alternatives approaches to make a
PDN more flexible and resilient. Authors of [26] proposed
a reliability-constrained expansion planning model for PDN
using a MILP model. The model incorporates a defined
reliability index in the proposed multi-stage PDN expan-
sion planning problem. Therefore, the planner can achieve
an optimal plan simultaneously accounting for investment,
operation, and reliability. In [2], a tri-level optimization-
based decision support tool is proposed to enhance the
resilience of a coupled PDN-urban transportation system in
HR events. A two-level planning model for integrated power
and gas networks considering a resilient scheduling strategy
is studied in [27] to improve the adaptation to the resilience
requirements in actual operation. A two-level planning ap-
proach for integrated electricity and gas energy systems
is proposed in [28] that considers a short-term resilience
scheduling strategy to determine the optimal configuration
along with the operation. A stochastic model with a central
problem and two sub-problem is proposed in [24] to improve
the resilience of integrated power and water distribution
networks. The main problem is to minimize power and
water load outages against hurricanes and investment cost
of strategies. In the above mentioned researches, resilience
improvement has been studied in the form of a short-term
planning problem.

The data exchange infrastructure among different en-
ergy systems in IESs is rarely investigated in the previous
literature. Centralized expansion planning of IDNs implic-
itly assumes a vertically integrated structure while these
distribution networks are independent energy parties. So
a practical approach is required to address the proposed
resilience-constrained expansion planning problem as a tri-
partite problem. The alternating direction method of multi-
pliers (ADMM) can convert the proposed centralized prob-
lem to a decentralized one. The ADMM can be used for
only two blocks of variables. A central coordinator us-
ing the ADMM for integrated gas and electricity networks
is introduced in [9], which preserves the privacy of gas
and electricity networks. Decentralized problems based on
ADMM have been studied in recent years, such as utilizing
distributed scheduling frameworks to distinguish different
energy parties as independent stakeholders [29]-[30]. For
a problem with more than two blocks of variables and a
complex objective function, ADMM may not converge [31].
Linearized ADMM with Parallel Splitting and Adaptive
Penalty (LADMMPSAP) is proposed in [32] which fits
for more than two blocks of variables and helps to faster
convergence. The LADMMPSAP method introduced in this
paper is inherited from [32], except that some modification
has been made in variable updating and stop criteria.

Unlike numerous works which have been studied the
expansion planning of individual PDNs against hurricanes
in recent years, a few works have investigated the expansion
planning of integrated PDN, GDN and DHN. To the best
of the author’s knowledge, the following aspects are still
research gaps:
(1) The comprehensive IDNs (including PDN, GDN, and

DHN) expansion planning considering the interaction
between distribution networks under HR events has not
been reported in the literature.

(2) The reality-based decentralized structure of IDNs in a
multi-energy system with high dependency levels has
not been comprehensively investigated. The role of the
coordinator unit in the decentralized model considering
HR events needs research.

(3) Some research has been done for resilience improve-
ment in short-term planning, but comprehensive long-
term expansion planning incorporates resilience plan-
ning, has not been reported in the literature.

To fill the mentioned gaps, the resilience-constrained two-
stage integrated distribution networks stochastic expansion
planning (IDNSEP) model is originally proposed. The IDNs
are composed of PDN, GDN, and DHN. In stage 1, a
comprehensive expansion planning model with total cost
minimization objective is proposed, which focuses on the
optimal determination of technology, location, and size of
candidate generation units, storage units, and distribution
lines in IDNs. The resilience maximization under hurricane
occurrence scenarios is modeled in stage 2. The optimal
reinforcement and tie-line installation strategies are deter-
mined in stage 2. The optimal tie-line installation helps to
obtain optimal reconfiguration in operation mode. To make
the planning model robust and more accurate, the stochastic
framework is adopted in both stages. The key contributions
of this paper can be summarized as follows:
(1) A stochastic two-stage expansion planning model for

IDNs is proposed, which considers resilience in long-
term planning.

(2) A new framework for the interaction between IDNs is
proposed where the resilience and energy coordinator
unit (RECU) is responsible for couplings coordination
between IDNs.

(3) LADMMPSAP is introduced to convert the centralized
model to a decentralized one; using this, the proposed
complex model can be efficiently solved.

(4) A normalized resilience index (RI) for evaluating re-
silience in IDNs is proposed, which considers both dis-
ruption and recovery phases and is proper for evaluating
resilience in long-term planning. Also, using this RI,
a resilience importance index (RII) is proposed, which
determines the priorities of lines hardening value and
tie-line installation in improving resilience of the IDNs
under hurricane occurrence.

The remainder of this paper is organized as follows: Section
2 explains the interactive framework of the proposed two-
stage IDNSEP and modelling of each stage. In Section 3 the
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solution methodology is described and the flowchart of the
proposed methodology is presented. Section 4 elaborates on
the simulation results and numerical analysis of case studies.
Finally, Section 5 concludes the paper.

2. Proposed two-stage IDNSEP interactive
framework
Fig. 1 shows the main problem, objective and output of

each stage and also the relation between the two stages of the
proposed IDNSEP method. Stage 1 runs both in normal and
emergency periods of the study while stage 2 runs only in the
emergency period. To make the synergy happen among dif-
ferent vectors, different types of information such as power,
gas, and heat consumption of networks have to be exchange
among integrated networks. In the proposed framework in
this paper, the central expansion planning model is con-
verted to a decentralized model using the LADMMPSAP
not only to facilitate the synergy, but also to preserve the
privacy of IDNs, which decomposes the central optimization
problem into three local optimization sub-problems. Each of
the distribution networks only exchanges information about
coupling variables between IDN’s with the coordinator agent
(not with other system’s operators) while developing the
expansion plans on its own thus the privacy of each sector
will be preserved in an environment with different uncer-
tainties. In a centralized model, the problem should however
be solved by a single agent with the information from all
parties which in turn reduces the independence of distribu-
tion system operators in decision-making act and the privacy
of critical information within each sector (which might be
exposed to unauthorized access). Therefore, the expansion
planning problem will be solved locally for each distribution
network, and the coupling constraints will be checked by
the coordinator unit. The repetitive process of exchanging
data between distribution networks and the coordinator unit
continues until the agreements at the coupling points are
reached. The framework of the examined IDNs is shown
in Fig. 2. In this section, the proposed two-stage IDNSEP,
including the objective function and operation constraints
of the PDN, GDN, and DHN are mathematically formu-
lated. The optimization problem formulation at stage 1 is
expressed in Section 2.1 with detailed operation constraints
in the IDNs. Problem formulation of Stage 2 which includes
island formation, reconfiguration, candidate tie-line instal-
lation, and PDN’s reinforcement prioritizing using the pro-
posed RII, is presented in Section 2.2. Then, in Section 2.3,
using the LADMMPSAP, the central expansion planning
model is decomposed into three sub-problems which are
coupled through the proposed RECU. The LADMMPSAP
algorithm is used to solve the linearized model to obtain a
convergent solution.
2.1. Formulation of stage 1 objective function

An analytical expression for the reliability-constraint
formulation of multi-stage PDN planning is proposed in
[26], which jointly accounts for economic and reliability.

Problem: Optimal reinforcement and tie-line 

installation strategies using RII

Objective: Resiliency maximization  

Output :  Resiliency improvement plan

Updated IDNs topology

Reinforcement 

and 

tie-lines installation

 strategies

In normal and emergency periods

Problem: Resiliency-constraint integrated 

distribution network expansion planning

Objective  : Cost minimization   

Output: Long-term expansion plan of IDNs

Unsupplied 

demand

In emergency period

Figure 1: The proposed two-stage IDNSEP structure

In this paper, a resilience-constrained formulation for IDNs
expansion planning is developed based on the general math-
ematical model in [26]. Also, IDNs are considered to deter-
mine the effects of co-planning and the resilience of IDNs in
long-term expansion. The proposed model can be cast in a
simple representation form as follows:
𝑀𝑖𝑛
𝑥,𝑦,𝑧

𝐶𝐼,𝑃𝑉 (𝑥, 𝑦) + 𝐶𝑂,𝑃𝑉 (𝑥, 𝑦) + 𝐶𝑅𝐼,𝑃𝑉 (𝑧) (1)
𝑥 ∈ {0, 1}𝑛 (2)
𝑓 (𝑥, 𝑦) <= 0 (3)
𝑔(𝑥, 𝑧) <= 0 (4)
where 𝐶𝐼,𝑃𝑉 (𝑥, 𝑦), 𝐶𝑂,𝑃𝑉 (𝑥, 𝑦), and 𝐶𝑅𝐼,𝑃𝑉 (𝑧) are the
present values of investment, operational and resilience
costs, respectively. The resilience cost function represents
the costs of resilience in terms of new decision variables
vector z in the expansion planning optimization problem. x
and y are vectors used to model the binary and continuous
variables for investment and operating decisions. f(x,y) is a
set of constrained functions for investment and operation.
g(x,z) is a new set of constraints related to resilience in
the expansion planning model. The detailed formulation of
the resilience-constrained IDNSEP according to (1)-(4) is
provided in the continuation of this section. The objective
function of the IDNSEP problem (5) is to simultaneously
minimize the investment, operational, and resilience costs of
networks in the planning horizon, which include nine terms.
The terms related to the investment costs of new generation
units, storage units, and distribution lines are modeled in (6),
(7), and (8), respectively.

𝐼𝐶 (𝑛)
𝑁,𝑔,𝑦 = (𝐴

𝑃
, 𝐼𝑅𝜁 , 𝑇

𝑔)
∑

𝑔∈Ω(𝑛)
𝑁,𝑔

𝑥𝑁,𝑔,𝑦𝑅𝑁,𝑔𝐶
𝐼
𝑁,𝑔 (6)

𝐼𝐶 (𝑛)
𝑁,𝑠,𝑦 = (𝐴

𝑃
, 𝐼𝑅𝜁 , 𝑇

𝑠)
∑

𝑠∈Ω(𝑛)
𝑁,𝑠

𝑥𝑁,𝑠,𝑦𝑅𝑁,𝑠𝐶
𝐼
𝑁,𝑠 (7)

<short author list for running head>: Preprint submitted to Elsevier Page 5 of 22



<Resilience-Constraint Expansion Planning of IDNs>

Gas Distribution 

Network

Heat Distribution 

Network

Power Distribution 

Network

 
CHP 

plants

CHP  

plants

CHP 

plants

CHP 

plants

CHP  

plants

CHP 

plants

Heat 

Pump

Heat 

Pump

Heat 

Pump

Heat 

Pump
P2G P2GP2G P2G

Compressor CompressorCompressor Compressor

Gas 

Boiler

Gas 

Boiler

Gas 

Boiler

Gas 

Boiler

NG source

NG storage

Wind power

 source

PV  power

 source

Battery energy 

storage

Thermal 

storage

Heat 

source

Energy & RI

Couplings Coordinator

Electricity energy flow

Gas energy flow

Heat energy flow

Couplings data flow
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Figure 2: The proposed IDNs couplings and energy �ow

𝑀𝑖𝑛 𝐶𝐼𝐷𝑁𝑆𝐸𝑃 = min
∑

𝜁
𝑃𝑟𝜁

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

( 𝑃
𝐴
, 𝐼𝑅𝜁 , 𝑇 )

∑

𝑁∈Ω𝑁

∑

𝑦∈Y
( 𝑃
𝐹
, 𝐼𝑅𝜁 , 𝑦)(𝐼𝐶

(𝑛)
𝑁,𝑔,𝑦 + 𝐼𝐶

(𝑛)
𝑁,𝑠,𝑦 + 𝐼𝐶

(𝑛,𝑟)
𝑁,𝐿,𝑦)

+
∑

𝑁∈Ω𝑁

∑

𝑦∈Y
( 𝑃
𝐹
, 𝐼𝑅𝜁 , 𝑦)(𝐹𝑂𝐶

(𝑛,𝑒)
𝑁,𝑔,𝑦 + 𝐹𝑂𝐶

(𝑛,𝑒)
𝑁,𝑠,𝑦 + 𝐹𝑂𝐶

(𝑛,𝑒)
𝑁,𝐿,𝑦 +

∑

𝕤∈Ω𝕤

𝑁𝕤
∑

𝑡∈𝑇𝑑
𝑉 𝑂𝐶𝑁,𝑦,𝕤,𝑡

𝑛,𝑒))

+
∑

𝑁∈Ω𝑁

∑

𝑦∈Y
( 𝑃
𝐹
, 𝐼𝑅𝜁 , 𝑦)

∑

𝕤∈Ω𝕤

𝑁𝕤
∑

𝑡∈𝑇𝑑
𝐸𝑃 𝑐𝑜𝑠𝑡

𝑁,𝑦,𝕤,𝑡

+
∑

𝑁∈Ω𝑁

∑

𝑦∈Y
( 𝑃
𝐹
, 𝐼𝑅𝜁 , 𝑦)

∑5
𝑁𝐻=0

∑

𝕤∈Ω𝕤

𝜌𝐻𝕤 𝑁𝐻𝑓𝐻𝑁𝐻
∑

𝑡∈𝑇𝑒
𝑅𝐼 𝑐𝑜𝑠𝑡𝑁,𝑦,𝕤,𝑡

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(5)

𝐼𝐶 (𝑛,𝑟)
𝑁,𝐿,𝑦 = (𝐴

𝑃
, 𝐼𝑅𝜁 , 𝑇

𝐿)
∑

𝐿∈Ω(𝑛,𝑒)
𝑁,𝐿

(𝑥𝑁,𝐿,𝑦𝐿𝑛𝑁𝐶
𝐼
𝑁,𝐿

+𝑥𝐸,𝐿,𝑦𝐿𝑟𝐸𝐶
𝑟
𝐸,𝐿) (8)

where terms 𝐴, 𝑃 , and 𝐹 express annual value, present
value and future value, respectively. The terms (𝐴𝑃 , 𝐼𝑅𝜁 , 𝑇 ),
(𝑃𝐴 , 𝐼𝑅𝜁 , 𝑇 ), and (𝑃𝐹 , 𝐼𝑅𝜁 , 𝑇 ) are time value of money that
converts an annual value to its equivalent present value,
a present value to its equivalent annual value, and a fu-
ture value to its equivalent present value with interest rate
𝐼𝑅𝜁 over time 𝑇 , respectively and are calculated using the
formulation provided in [9]. The investment costs for the
distribution lines in (8) includes the cost for installation in
the relevant distribution network, the new tie-lines for the
reconfiguration in the PDN as well as lines to be reinforced
in the PDN. Fixed operation costs of new and existing
generation units, storage units, and distribution lines are
presented in (9), (10), and (11), respectively. The variable
costs are expressed in (12).
𝐹𝑂𝐶 (𝑛,𝑒)

𝑁,𝑔,𝑦 =
∑

𝑔∈Ω(𝑛,𝑒)
𝑁,𝑔,𝑦

𝑅𝑁,𝑔,𝑦𝐶
𝑂
𝑁,𝑔 (9)

𝐹𝑂𝐶 (𝑛,𝑒)
𝑁,𝑠,𝑦 =

∑

𝑠∈Ω(𝑛,𝑒)
𝑁,𝑠

𝑅𝑁,𝑠,𝑦𝐶
𝑂
𝑁,𝑠 (10)

𝐹𝑂𝐶 (𝑛,𝑒)
𝑁,𝐿,𝑦 =

∑

𝐿∈Ω(𝑛,𝑒)
𝑁,𝐿

𝐿(𝑛,𝑒)
𝑁,𝑖𝑗∕𝑘𝑙∕𝑚𝑟,𝑦𝐶

𝑂
𝑁,𝐿 (11)

𝑉 𝑂𝐶 (𝑛,𝑒)
𝑁,𝑦,𝕤,𝑡 =

∑

𝐿∈Ω(𝑛,𝑒)
𝑁,𝑔

𝐸𝑁,𝑔,𝑦,𝕤,𝑡𝐶
𝐸𝐶
𝑁,𝑔,𝑦,𝕤,𝑡 (12)

The purchasing energy cost from the upstream grid is mod-
eled using (13). The last term in (5) models the resiliency
cost, corresponding to the last term in (1) which is expressed
in (14). Variable operating costs, costs of purchasing energy
from the upstream grid, and resilience costs in (5) are season-
ally calculated for the whole year. Instead of just considering
a snapshot of the demand profile in the year, the seasonal
variation in the demand and wind and solar power sources
generation in the IDNs are also considered using seasonal
profiles to increase the model’s accuracy. In this way, in
addition to avoiding the simulation complexity due to the
calculations for all days, the model’s accuracy also increases.
𝐸𝑃 𝑐𝑜𝑠𝑡𝑁,𝑦,𝕤,𝑡 = 𝐸𝑁,𝑠𝑙𝑎𝑐𝑘,𝑦,𝕤,𝑡𝐶

𝐸𝐶
𝑁,𝑠𝑙𝑎𝑐𝑘,𝑦,𝕤,𝑡 (13)
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𝑅𝐼𝑐𝑜𝑠𝑡𝑁,𝑦,𝕤,𝑡 =
∑

𝑖∈Ω𝑓

(𝐷𝑁𝑆
𝑁,𝑖,𝑦,𝕤,𝑡𝐶

𝑟𝑒𝑡𝑎𝑖𝑙
𝑁,𝑦,𝕤,𝑡Δ𝑡 +𝐷

𝑁𝑆
𝑁,𝑖,𝑦,𝕤,𝑡𝐶

𝐿𝐷
𝑁,𝑦,𝕤,𝑡Δ𝑡

+𝐶𝑟𝑒𝑝𝑎𝑖𝑟𝑃 𝑁𝐹𝑃 ) (14)
Resilience is defined at the distribution network level in this
paper. The resilience cost in (14) consists of three terms,
corresponding to unsupplied energy in the IDNs due to
outage in the PDN, financial losses due to the lost load of
IDNs customers, and imposed cost to the PDN due to poles
and conductor failure, respectively. The latter of which is
more related to reliability indices. However, in the technical
view, a resilience index is used, which perfectly models
the resilience of IDNs. In order to implement a reality-
based model, real-time pricing (RTP) for energy carriers is
considered. In this way, the IDNs have the opportunity to
decide how to optimize their energy purchase costs and their
energy utilization from time to time. Also, this model can
result in optimal performance of coupling units in IDNs. For
example, when the price of natural gas is high and the price
of electricity is low; it is optimal to convert excess electricity
into natural gas using P2G units. The hourly unsupplied en-
ergy cost in (14) is calculated using the RTP. It is customary
to meet demand growth in the future, considering capacity
expansion investment as a part of the national budget. This is
taken into consideration within the proposed IDNSEP model
under annual budget limit constraint (15) for IDNs.

∑

𝑁∈Ω𝑁

⎛

⎜

⎜

⎜

⎜

⎝

(𝐼𝐶 (𝑛)
𝑁,𝑔,𝑦 + 𝐼𝐶

(𝑛)
𝑁,𝑠,𝑦 + 𝐼𝐶

(𝑛,𝑟)
𝑁,𝐿,𝑦)

+(𝐹𝑂𝐶 (𝑛,𝑒)
𝑁,𝑔,𝑦 + 𝐹𝑂𝐶

(𝑛,𝑒)
𝑁,𝑠,𝑦 + 𝐹𝑂𝐶

(𝑛,𝑒)
𝑁,𝐿,𝑦)

+
∑

𝕤∈Ω𝕤

𝑁𝕤
∑

𝑡∈𝑇𝑑
𝑉 𝑂𝐶 (𝑛,𝑒)

𝑁,𝑦,𝕤,𝑡

⎞

⎟

⎟

⎟

⎟

⎠

≤ 𝐶𝐵𝑢𝑑𝑔𝑒𝑡

(15)
2.2. Power distribution network model

AC power flow equations (16)–(19), limit on power
exchange with the upstream grid (20), active and reac-
tive power generation limits of power sources (21)-(22),
line active and reactive power flow limit (23)-(25), voltage
magnitude and angle constraints (26)-(27), power demand
curtailment bounds (28) are operating constraints of power
flow in the PDN. The non-linear constraints (20) is linearized
using special-order sets of type 2 (SOS2) method according
to [26]. Three types of power sources exist in the model asso-
ciated with constraints (21) and (22), including CHPs, wind
turbines (WTs) , and PV farms. P2G is a power consumer in
the PDN and a source of gas production for the GDN.
∑

𝑔∈Ω𝐸,𝑔

𝑃𝐸,𝑖,𝑔,𝑡 − 𝑃𝐷𝐸,𝑖,𝑡 −
∑

𝑠∈Ω𝐸,𝑠

(𝑃 𝑐ℎ𝐸,𝑖,𝑠,𝑡 − 𝑃
𝑑𝑖𝑠
𝐸,𝑖,𝑠,𝑡) + 𝑃

𝑐𝑢𝑟𝑡
𝐸,𝑖,𝑡

=
∑

𝑗∈Ω𝐸,𝑛
𝑖≠𝑗

𝑃𝐸,𝑖𝑗,𝑡 (16)

∑

𝑔∈Ω𝐸,𝑔

𝑄𝐸,𝑖,𝑔,𝑡 −𝑄𝐷𝐸,𝑖,𝑡 +𝑄
𝑐𝑢𝑟𝑡
𝐸,𝑖,𝑡 =

∑

𝑗∈Ω𝐸,𝑛
𝑖≠𝑗

𝑄𝐸,𝑖𝑗,𝑡 (17)

∑

𝑗∈Ω𝐸,𝑛

𝑃𝐸,𝑖𝑗,𝑡 = (2𝑉𝑖,𝑡 − 1)𝐺𝑖𝑖 +
∑

𝑗∈Ω𝐸,𝑛
𝑗≠𝑖

(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡)𝐵𝑖𝑗

+
∑

𝑗∈Ω𝐸,𝑛
𝑗≠𝑖

(𝑉𝑖,𝑡 + 𝑉𝑗,𝑡 − 1)𝐺𝑖𝑗 (18)

∑

𝑗∈Ω𝐸,𝑛

�̂�𝐸,𝑖𝑗,𝑡 = −(2𝑉𝑖,𝑡 − 1)𝐵𝑖𝑖 −
∑

𝑗∈Ω𝐸,𝑛
𝑗≠𝑖

(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡)𝐺𝑖𝑗

−
∑

𝑗∈Ω𝐸,𝑛
𝑗≠𝑖

(𝑉𝑖,𝑡 + 𝑉𝑗,𝑡 − 1)𝐵𝑖𝑗 (19)

(𝑃 𝐼𝑚𝑝𝐸,𝑡 )2 + (𝑄𝐼𝑚𝑝𝐸,𝑡 )
2 ≤ (𝑆

𝐼𝑚𝑝
𝐸,𝑡 )

2 (20)
𝑃𝐸,𝑖,𝑔 ≤ 𝑃𝐸,𝑖,𝑔,𝑡 ≤ 𝑃𝐸,𝑖,𝑔 (21)
𝑄
𝐸,𝑖,𝑔

≤ 𝑄𝐸,𝑖,𝑔,𝑡 ≤ 𝑄𝐸,𝑖,𝑔 (22)
𝑃𝐸,𝑖𝑗,𝑡 = ℜ(𝑍𝐿

𝑖,𝑗)(𝑉𝑖,𝑡 − 𝑉𝑗,𝑡) −ℑ(𝑍𝐿
𝑖,𝑗)(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡) (23)

𝑄𝐸,𝑖𝑗,𝑡 = −ℑ(𝑍𝐿
𝑖,𝑗)(𝑉𝑖,𝑡 − 𝑉𝑗,𝑡) −ℜ(𝑍𝐿

𝑖,𝑗)(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡) (24)
𝑃𝐸,𝑖𝑗,𝑡 + 𝑃𝐸,𝑗𝑖,𝑡 ≤ 𝑃

𝑙𝑜𝑠𝑠
𝐸,𝑖𝑗 (25)

𝑉 𝑖 ≤ 𝑉𝑖,𝑡 ≤ 𝑉 𝑖 (26)
𝜃𝑖 ≤ 𝜃𝑖,𝑡 ≤ 𝜃𝑖 (27)
0 ≤ 𝑃 𝑐𝑢𝑟𝑡𝐸,𝑖,𝑡 ≤ 𝑃𝐷,𝑁𝑐𝑟𝐸,𝑖,𝑡 (28)
In distribution lines, power flow is limited by the maximum
thermal capacity of the conductors. This constraint can be
modeled with the maximum apparent power of the line.
Based on [33], it can be converted to the line power losses as
expressed in (25), which is a linear constraint and is superior
to the nonlinear model in terms of reducing the complexity
of the model. The demand curtailment constraint in (28)
is applied to non-critical demands in emergency conditions
if needed. The GDN and DHN demands that are supplied
from the PDN’s buses such as pumps and electric boilers
in the DHN and compressor in the GDN are critical loads.
The battery energy storage system (BESS) constraints are
modeled in (29)-(32). The state-of-charge (SoC) of BESS at
each time instant is represented by (29) and limited through
constraints (30). Limits on charge and discharge power of the
BESS are shown in (31) and (32), respectively. The initial
SoC of the BESS units is considered as 0.5.

𝑆𝑜𝐶𝐸,𝑠,𝑡 = 𝑆𝑜𝐶𝐸,𝑠,𝑡−1 +
𝜂𝑐ℎ𝐸,𝑠𝑃

𝑐ℎ
𝐸,𝑖,𝑠,𝑡

𝑃𝐸,𝑠
−

𝑃 𝑑𝑖𝑠𝐸,𝑖,𝑠,𝑡

𝜂𝑑𝑖𝑠𝐸,𝑠𝐸𝑃 ,𝑠
(29)

𝑆𝑜𝐶𝐸,𝑠 ≤ 𝑆𝑜𝐶𝐸,𝑠,𝑡 ≤ 𝑆𝑜𝐶𝐸,𝑠 (30)
0 ≤ 𝑃 𝑐ℎ𝐸,𝑠,𝑡 ≤ 𝑃

𝑐ℎ
𝐸,𝑠𝑥𝐸,𝑠,𝑡 (31)

0 ≤ 𝑃 𝑑𝑖𝑠𝐸,𝑠,𝑡 ≤ 𝜂𝑑𝑖𝑠𝐸,𝑠𝑃
𝑑𝑖𝑠
𝐸,𝑠(1 − 𝑥𝐸,𝑠,𝑡) (32)

2.3. Gas distribution network model
The main components in the GDNs consist of the

town board stations (TBSs), pipelines, compressor stations,
valves, regulators, natural gas storage (GS), and demand.
Many of the parameters that affect the gas flow through
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pipelines, such as the pressure of the nodes, natural gas
type, and the pipeline’s length and diameter, are fixed
in the daily operation of GDNs. The GDN steady-state
modeling is described below. Nodal mass balance and gas
flow in pipelines of the GDN are modeled as (33) and (34),
respectively.
∑

𝑔∈Ω𝐺,𝑔

𝑞𝐺,𝑘,𝑔,𝑡 − 𝑞𝐷𝐺,𝑘,𝑡 −
∑

𝑠∈Ω𝐺,𝑠

(𝑞𝑐ℎ𝐺,𝑘,𝑠,𝑡 − 𝑞
𝑑𝑖𝑠
𝐺,𝑘,𝑠,𝑡) + 𝑞

𝑐𝑢𝑟𝑡
𝐺,𝑖,𝑡

=
∑

𝑗∈Ω𝐺,𝑛
𝑘≠𝑙

𝑞𝐺,𝑘𝑙,𝑡 (33)

𝑞2𝐺,𝑘𝑙,𝑡 = 𝑠𝑖𝑔𝑛(𝑞𝐺,𝑘𝑙,𝑡)𝜓2
𝐺,𝑘𝑙(Γ𝐺,𝑘,𝑡 − Γ𝐺,𝑙,𝑡) (34)

For simplicity and computational efficiency, the quadratic
term on the left side of (34) is approximated using the piece-
wise linearization method (details can be found in [34]).
Constraints (35)-(37) sets the bounds on the gas production
of gas sources, gas flow in pipelines, and gas pressure in
nodes.
𝑞
𝐺,𝑘,𝑔

≤ 𝑞𝐺,𝑘,𝑔,𝑡 ≤ 𝑞𝐺,𝑘,𝑔 (35)
𝑞
𝐺,𝑘𝑙

≤ 𝑞𝐺,𝑘𝑙,𝑡 ≤ 𝑞𝐺,𝑘𝑙 (36)
Γ𝐺,𝑘 ≤ Γ𝐺,𝑘,𝑡 ≤ Γ𝐺,𝑘 (37)
Constraint (38) represents the maximum possible demand
curtailment in the GDN. Demand curtailment can be applied
to non-critical gas demands only. Natural gas-consuming
units in the PDN and DHN are considered critical gas
demands.
0 ≤ 𝑞𝑐𝑢𝑟𝑡𝐺,𝑘,𝑡 ≤ 𝑞𝐷,𝑁𝑐𝑟𝐺,𝑘,𝑡 (38)
The Gas Compressor compensates for the pressure loss of
gas pipelines for long-distance transmissions. Gas pressure
constraint for active pipelines with compressor is given in
(39).
Γ𝐺,𝑘,𝑡 ≤ Γ𝐺,𝑙,𝑡 ≤ 𝜉𝑘𝑙Γ𝐺,𝑘,𝑡 (39)
It is assumed that when the compressor input power is cut
off or reduced, it operates as a regular pipeline. When the
compressor operates as a regular pipeline, the compression
coefficient, 𝜉𝑘𝑙, is equal to 1. The GS mathematical model is
addressed by (40)-(43) which SoC in consecutive time stages
of the problem, the SoC level limit of the GS, and charge and
discharge mass flow rate limits are expressed, respectively.

𝑆𝑜𝐶𝐺,𝑠,𝑡 = 𝑆𝑜𝐶𝐺,𝑠,𝑡−1 +
𝜂𝑐ℎ𝐺,𝑠𝑞

𝑐ℎ
𝐺,𝑘,𝑠,𝑡

𝑞𝐺,𝑠
−

𝑞𝑑𝑖𝑠𝐺,𝑘,𝑠,𝑡
𝜂𝑑𝑖𝑠𝐺,𝑠𝑞𝐺,𝑠

(40)

𝑆𝑜𝐶𝐺,𝑠 ≤ 𝑆𝑜𝐶𝐺,𝑠,𝑡 ≤ 𝑆𝑜𝐶𝐺,𝑠 (41)
0 ≤ 𝑞𝑐ℎ𝐺,𝑠,𝑡 ≤ 𝑞𝑐ℎ𝐺,𝑠𝑥𝐺,𝑠,𝑡 (42)
0 ≤ 𝑞𝑑𝑖𝑠𝐺,𝑠,𝑡 ≤ 𝜂𝑑𝑖𝑠𝐺,𝑠𝑞

𝑑𝑖𝑠
𝐺,𝑠(1 − 𝑥𝐺,𝑠,𝑡) (43)

2.4. District heating network model
Water is the medium in the DHNs and, heat transfers en-

ergy between two nodes in these networks. Two parameters
play a key role in the operation mode of DHNs: temperature
and mass flow. Regarding control of these parameters, there
are four types of operating strategies for a DHN [34]. To
have the most economical and accurate design, the variable
temperature-variable flow (VT-VF) operating strategy is em-
ployed in this paper. The nodal mass balance and water flow
equations of the DHN are modeled as follows:
∑

𝑔∈Ω𝐻,𝑔

𝑀𝐻,𝑚,𝑔,𝑡 −𝑀𝐷
𝐻,𝑚,𝑡 −

∑

𝑠∈Ω𝐻,𝑠

(𝑀𝑐ℎ
𝐻,𝑚,𝑠,𝑡 −𝑀

𝑑𝑖𝑠
𝐻,𝑚,𝑠,𝑡)+

𝑀𝑐𝑢𝑟𝑡
𝐻,𝑚,𝑡 =

∑

𝑟∈Ω𝐻,𝑛
𝑚≠𝑟

𝑐𝑤𝑚𝐻,𝑖𝑗,𝑡(𝜏 𝑖𝑛𝐻,𝑚𝑟,𝑡 − 𝜏
𝑜𝑢𝑡
𝐻,𝑚𝑟,𝑡) (44)

𝑚2
𝐻,𝑚𝑟,𝑡 = 𝑠𝑖𝑔𝑛(𝑚𝐻,𝑚𝑟,𝑡)𝜓2

𝐻,𝑚𝑟(Π𝐻,𝑚,𝑡 − Π𝐻,𝑟,𝑡) (45)
The squared pressure value is used in (45) to eliminate the
nonlinearity of the “Weymouth equation”. The quadratic
term on the left side is approximated using the piecewise
linearization method. The water temperature is the state
parameter that measures thermal energy. Heat loss between
hot water in the pipeline and the ambient temperature is
modeled by (46) and the nodal temperature of the mixed
water is calculated by (47) as done in [35]. As expressed in
(48) the temperature of mass flowing out of the pipeline is
equal to the mixed temperature at the start node. To simplify
the problem, the heat loss coefficient 𝜑𝑚𝑟 is assumed to be a
constant for simplicity.
(𝜏𝑜𝑢𝑡𝐻,𝑚𝑟,𝑡 − 𝜏

𝑎) = (𝜏 𝑖𝑛𝐻,𝑚𝑟,𝑡 − 𝜏
𝑎)𝜑𝑚𝑟 (46)

𝜏𝑚𝑖𝑥𝐻,𝑟,𝑡

∑

𝑚𝑟∈Ω𝐻,𝐿

𝑚𝐻,𝑚𝑟,𝑡 =
∑

𝑖𝑗∈Ω𝐻,𝐿

(𝑚𝐻,𝑚𝑟,𝑡𝜏𝑜𝑢𝑡𝐻,𝑚𝑟,𝑡) (47)

𝜏 𝑖𝑛𝐻,𝑚𝑟,𝑡 = 𝜏𝑚𝑖𝑥𝐻,𝑟,𝑡 ∀𝑚, 𝑟 ∈ Ω𝐻,𝑛 , 𝑚𝑟 ∈ Ω𝐻,𝐿 , 𝑡 ∈ 𝑇 (48)
Constraints corresponding to the upper and lower limits
of mass flow in heat sources, nodes water pressure and
temperature are expressed by (49)-(51).
𝑚𝐻,𝑚,𝑔 ≤ 𝑚𝐻,𝑚,𝑔,𝑡 ≤ 𝑚𝐻,𝑚,𝑔 (49)
Π𝐻,𝑚 ≤ Π𝐻,𝑚,𝑡 ≤ Π𝐻,𝑚 (50)
𝜏𝐻,𝑚 ≤ 𝜏𝐻,𝑚,𝑡 ≤ 𝜏𝐻,𝑚 (51)
Constraint (52) represents the maximum possible demand
curtailment in the DHN. Demand curtailment can be applied
to non-critical heat demands only.
0 ≤𝑀𝑐𝑢𝑟𝑡

𝐻,𝑚,𝑡 ≤𝑀
𝐷,𝑁𝑐𝑟
𝐻,𝑚,𝑡 (52)

The thermal storage (TS) mathematical model is expressed
in (53)-(56), which is similar to the BESS and GS models.

𝑆𝑜𝐶𝐻,𝑠,𝑡 = 𝑆𝑜𝐶𝐻,𝑠,𝑡−1 +
𝜂𝑐ℎ𝐻,𝑠𝑀

𝑐ℎ
𝐻,𝑚,𝑠,𝑡

𝑀𝐻,𝑠

−
𝑀𝑑𝑖𝑠

𝐻,𝑚,𝑠,𝑡

𝜂𝑑𝑖𝑠𝐻,𝑠𝑀𝐻,𝑠

(53)

𝑆𝑜𝐶𝐻,𝑠 ≤ 𝑆𝑜𝐶𝐻,𝑠,𝑡 ≤ 𝑆𝑜𝐶𝐻,𝑠 (54)
<short author list for running head>: Preprint submitted to Elsevier Page 8 of 22
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0 ≤𝑀𝑐ℎ
𝐻,𝑠,𝑡 ≤𝑀

𝑐ℎ
𝐻,𝑠𝑥𝐻,𝑠,𝑡 (55)

0 ≤𝑀𝑑𝑖𝑠
𝐻,𝑠,𝑡 ≤ 𝜂𝑑𝑖𝑠𝐻,𝑠𝑀

𝑑𝑖𝑠
𝐻,𝑠(1 − 𝑥𝐻,𝑠,𝑡) (56)

2.5. Coupling component model
In this paper, CHP, P2G, WP, compressor, EB, and GB

couples IDNs. Among these, CHP plays the most significant
role in coupling between IDNs. The relationship between
heat production and electrical power generation of CHP
units is expressed in (57) [36], while (58) depicts the natural
gas fuel consumption of CHP [37].

𝑀𝑖,𝑔,𝑡 = 𝑃𝐸,𝑖,𝑔,𝑡
1 − 𝜂𝐶𝐻𝑃 ,𝑒𝑖,𝑔 − 𝜂𝐶𝐻𝑃 ,ℎ𝑙𝑖,𝑔

𝜂𝐶𝐻𝑃 ,𝑒𝑖,𝑔 𝛽𝐶𝐻𝑃𝑖,𝑔

∀𝑖 ∈ Ω𝐶𝐻𝑃𝐸,𝑛 , 𝑔 ∈ Ω𝐶𝐻𝑃 , 𝑡 ∈ 𝑇 (57)
𝑞𝐷,𝐶𝐻𝑃𝐺,𝑖,𝑡 = 𝜂𝐶𝐻𝑃 ,𝑒𝑖,𝑔 𝑃𝐸,𝑖,𝑔,𝑡
∀𝑖 ∈ Ω𝐶𝐻𝑃𝐸,𝑛 , 𝑔 ∈ Ω𝐶𝐻𝑃 , 𝑡 ∈ 𝑇 (58)
Another component that creates direct coupling between the
GDN and the PDN is P2G. The relationship between power
consumption and gas produced by the P2G units is modeled
using (59).
𝑞𝐸,𝑖,𝑡 = 𝜂𝑃2𝐺𝑖,𝑔 𝑃𝐷,𝑃2𝐺𝐸,𝑖,𝑡 ∀𝑖 ∈ Ω𝑃2𝐺𝐸,𝑛 , 𝑔 ∈ Ω𝑃2𝐺 , 𝑡 ∈ 𝑇 (59)

where 𝜂𝑃 2𝐺𝑖,𝑔 is the conversion coefficient of electric energy to
natural gas based on [37]. Similarly, the energy conversion
in electric and gas boilers, coupling the PDN and GDN to
the DHN, are modeled by (60)-(63).
𝑀𝐻,𝑚,𝑔,𝑡 = 𝜂𝐸𝐵𝑚,𝑔𝑃

𝐷,𝐸𝐵
𝐸,𝑚,𝑡 ∀𝑚 ∈ Ω𝐸𝐵𝐻,𝑛 , 𝑔 ∈ Ω𝐸𝐵 , 𝑡 ∈ 𝑇

(60)
0 ≤ 𝑃𝐷,𝐸𝐵𝐸,𝑚,𝑡 ≤ 𝑃

𝐷,𝐸𝐵
𝐸,𝑚 (61)

𝑀𝐻,𝑚,𝑔,𝑡 = 𝜂𝐺𝐵𝑚,𝑔𝑞
𝐷,𝐺𝐵
𝐺,𝑚,𝑡 ∀𝑚 ∈ Ω𝐺𝐵𝐻,𝑛 , 𝑔 ∈ Ω𝐺𝐵 , 𝑡 ∈ 𝑇

(62)
0 ≤ 𝑞𝐷,𝐺𝐵𝐺,𝑚,𝑡 ≤ 𝑞𝐷,𝐺𝐵𝐺,𝑚 (63)
According to (61) and (63), the EB power consumption and
the GB gas consumption are limited. Natural gas compres-
sors are installed along gas pipelines to compensate for gas
pressure drop. The compressor increases the pressure of a
gas by reducing its volume using power consumption. Com-
pressor power consumption during compression is modeled
by (64) according to [37].

𝑃𝐷,𝐺𝐶𝐺,𝑘,𝑡 = 𝑞𝐺,𝑐,𝑡𝑘1
𝑘2

1 − 𝑘2

(

( Γ𝑙,𝑡Γ𝑘,𝑡
)
0.5 𝑘2

1−𝑘2 − 1
)

∀𝑘, 𝑙 ∈ Ω𝐶𝑜𝐺,𝑛 , 𝐶𝑜 ∈ Ω𝐺,𝐶𝑜 , 𝑡 ∈ 𝑇 (64)
The compressor’s power consumption is related to the output
and input pressure ratio and the mass flow through the
compressor. The mass flow through the compressor is lim-
ited by (65). According to (66), the pressure ratio between

the compressor’s output and input is determined, which is
limited by the possible operation range of the compressor.
𝑞
𝐺,𝑘

≤ 𝑞𝐺,𝑘,𝑡 ≤ 𝑞𝐺,𝑘 ∀𝑘 ∈ Ω𝐶𝑜𝐺,𝑛 , 𝐶𝑜 ∈ Ω𝐺,𝐶𝑜 , 𝑡 ∈ 𝑇
(65)

𝐶𝑅 ≤ (
Γ𝑙,𝑡
Γ𝑘,𝑡

) ≤ 𝐶𝑅 (66)

Since the steady-state condition is studied in this paper,
the transient behavior of the compressor during the fault is
not considered. Therefore, the compressor acts as a regular
pipeline when an outage in the PDN leads to a cut-off or
reduction in the compressor input power. The WP in the
DHN is used to compensate for water pressure losses in
pipelines. The power consumption of the WP is modeled by
(67) based on [35], which is limited by technical constraint
(68).

𝑃𝐷,𝑊 𝑃
𝐻,𝑚,𝑡 =

𝑚𝐻,𝑊 𝑃 ,𝑡(Π𝑜𝑢𝑡𝐻,𝑚,𝑡 − Π𝑖𝑛𝐻,𝑚,𝑡)

𝜂𝑊𝑃 𝜌𝑤

∀𝑚 ∈ Ω𝑊𝑃
𝐻,𝑛 , 𝑊 𝑃 ∈ Ω𝑊𝑃 , 𝑡 ∈ 𝑇 (67)

𝑃𝐷,𝑊 𝑃
𝐻,𝑚 ≤ 𝑃𝐷,𝑊 𝑃

𝐻,𝑚,𝑡 ≤ 𝑃
𝐷,𝑊 𝑃
𝐻,𝑚

∀𝑚 ∈ Ω𝑊𝑃
𝐻,𝑛 , 𝑊 𝑃 ∈ Ω𝑊𝑃 , 𝑡 ∈ 𝑇 (68)

where in (67), 𝑚𝐻,𝑊 𝑃 ,𝑡 is the water flow through the pump.
With the help of the LADMMPSAP, coupling variables ex-
change between IDNs while maintaining the independence
of operation of each distribution network.
2.6. Formulation of stage 2 objective function

The proposed RI for the IDNs is expressed in (69), which
is a normalized index for evaluating the resilience of IDNs.
The RI should picture the system’s resilience in the whole
disruption and recovery phases. The proposed RI includes
both phases as follows:

𝑅𝐼 𝑡 =
∑

𝑁∈Ω𝑁

𝜔𝑁

(

∑𝑡𝑝𝑟
𝑡𝑑
𝐷𝑛𝑜𝑟𝑁,𝑡

𝐷𝑛𝑜𝑟𝑁,𝑡𝑑
(𝑡𝑝𝑟−𝑡𝑑 )

)

(69)

where 𝜔𝑁 is the importance weight of network 𝑁 such that
∑

𝑁∈Ω𝑁 𝜔𝑁 = 1. 𝐷𝑛𝑜𝑟
𝑁,𝑡 represents the normalized demand

of network 𝑁 at time 𝑡, which is obtained by dividing
the supplied demand by scheduled demand. The proposed
RI is normalized; the higher its value, the more resilient
the system is. (𝑡𝑝𝑟 − 𝑡𝑑) is a measure of system stamina
during the disruption phase and quality of operation in the
recovery phase. Therefore, the RI measures the dynamic
behavior of the system in response to a disturbance. After
a hurricane, the PDN forms islands to supply the demands
disrupted from the upstream grid. Therefore, new constraints
are proposed to guarantee the PDN radiality. The operational
constraints of the PDN in 2.2 should be reformulated consid-
ering formed islands resulting from the line outages under
hurricanes which is done using the presented method in
[38]. The reconfiguration of the PDN considering candidate
tie-lines is included in the reformulation based on [39],
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in which radiality is guaranteed using the spanning-tree
method. The detail of the reconfiguration formulation can
be found in [39]. Stage 2 model is defined for the emergency
condition with time interval 𝑇𝑒 = [𝑡𝑑 , 𝑡𝑝𝑟]. Investigation of
resilience impacts in the IDN’s expansion planning is a sub-
module. Therefore, to simplify the problem and consider
the pessimistic condition (due to being in the peak load
time interval), it is assumed that the hurricane incident will
occur in the period of 16:00 to 21:00 during the planning
period. It is also assumed that repairing damaged lines takes
three hours. Optimization problem (70) includes optimal
recovery measurements to maximize the proposed RI in the
emergency condition. Given that the resilience improvement
objective is studied from a planning perspective in this study,
some simplification assumptions have been applied to the
stage 2.
𝑂𝐹 2 = max

∑

𝜈
𝑃𝑟(𝜈)𝑅𝐼 𝑡|𝜈

= max
∑

𝑁∈Ω𝑁

∑

𝜈
𝑃𝑟(𝜈)𝜔𝑁

(

∑𝑡𝑝𝑟
𝑡𝑑
𝐷𝑛𝑜𝑟𝑁,𝑡

𝐷𝑛𝑜𝑟𝑁,𝑡𝑑
(𝑡𝑝𝑟−𝑡𝑑 )

)

(70)

where 𝜈 is a set of wind profile speed scenarios with differ-
ent classes according to the Saffir-Simpson category. Post-
hurricane recovery strategy’s effectiveness depends on ac-
curately estimating risks incurred due to induced damage to
the system. By integrating the cost associated with outages
induced by various damage scenarios over the probabilities
of these scenarios, imposed risk can be computed. Because
pipelines are primarily located underground, they are pro-
tected from the direct effects of a hurricane in the GDN and
DHN. Therefore, this paper focuses on the hurricane wind-
induced damage to PDN’s overhead infrastructural assets.
The damages are dependent on the hurricane wind speed,
direction, and duration. Wind turbines are vulnerable to
hurricanes since the maximum wind speeds can exceed the
cut-off speed limits (usually 25-30 𝑚∕𝑠) of wind turbines.
Furthermore, because the reliable forecast of when the wind
turbine shuts down due to critical speeds over the hurricane
is impossible, it is assumed that wind turbines shut down in
emergency conditions in stage 2. In the case of PDN’s over-
head lines, the situation is different because the vulnerability
of this component is a probable event and is computed based
on the fragility curve. These curves indicate the probability
of component failure for different wind speeds. The disrup-
tion phase modeling consists of two steps, first extracting
the hurricane model and then computing the probability of
PDN’s line failure in different hurricane scenarios. A simple
axisymmetric hurricane track is considered, which moves
a straight line with a constant translation speed. Locations
of the PDN’s components are defined using a 2D vector
determining latitude and longitude of components.The lack
of probabilistic spatially-time varying models for infrastruc-
ture outage prediction in PDNs is tangible in the literature.
The well-known Holland model [40] is used to compute
the hurricane wind speed at time 𝑡 in location 𝑐 with (71).
The speed 𝜈𝑐,𝑡 is a function of 𝑟𝑐,𝑡, the radial distance of
location 𝑐 from the hurricane center, which is assumed to

be at the center point of the PDN. Holland’s model has
three parameters: maximum wind speed, 𝑉max, the radius of
winds,𝑅max, and the shape of the hurricane, 𝛼, (More details
can be found in [36]).

𝜈𝑐,𝑡 = 𝑉max(
𝑅max
𝑟𝑐,𝑡

)𝛼∕2exp
(0.5(1−(𝑅max

𝑟𝑐,𝑡
)𝛼)) (71)

The overall failure probability of an overhead line under
wind speed 𝜈𝑐,𝑡 is modeled using (72) considering poles and
conductor failures [41]-[42]. The fragility curve of poles and
conductors, which is a function of wind speed and structural
characteristics of these components, is calculated using the
log-normal distribution function according to [22].
𝑃 𝑓𝐿 (𝜈𝑐,𝑡) = 1 −

∏

𝑢
[1 − 𝑃 𝑓𝑃𝑜𝑢 (𝜈𝑐,𝑡)]

∏

𝑤
[1 − 𝑃 𝑓𝐶𝑜𝑤 (𝜈𝑐,𝑡)] (72)

Priority of strategies in stage 2 is sorted using the proposed
RII in (73), which integrates stage 2 with the main planning
problem in the stage 1.

𝑅𝐼𝐼𝐿𝑡 =
𝑅𝐼 (𝑡|𝑃𝑟(𝐹𝐿)=0)

𝑅𝐼 𝑡
∀𝐿 ∈ Ω𝑓𝐸,𝐿 ,

Ω𝑓𝐸,𝐿 = {𝐿|𝑃 𝑓𝐿 > 𝑃 𝑓𝑇ℎ} , 𝑡 ∈ 𝑇𝑒 (73)

𝑅𝐼𝐼𝑇𝐿𝑡 =
𝑅𝐼 (𝑡|𝑥𝐸,𝑖,𝐿,𝑦=1)

𝑅𝐼 𝑡
∀𝐿 ∈ Ω𝑇𝐿 , 𝑡 ∈ 𝑇𝑒 (74)

where 𝑅𝐼 𝑡 is the optimal resilience of the IDNs at time 𝑡
and 𝑅𝐼 (𝑡|𝑃𝑟(𝐹𝐿)=0) is the optimal resilience of the IDNs at
time 𝑡 when the distribution line L is reinforced, and the
failure probability is zero. So, 𝑅𝐼𝐼𝐿𝑡 measures the impact
of a specific line reinforcement on the resilience of the
IDNs. Similarly, 𝑅𝐼𝐼𝐿𝑡 measures the potential impact of a
specific tie-line installation on the resilience of the IDNs
where𝑅𝐼 (𝑡|𝑥𝐸,𝑖,𝐿,𝑦=1) is the optimal resilience of IDNs at time
𝑡 when the tie-line 𝐿 is installed in the PDN. In other words,
two options for resilience improvement are evaluated using
the proposed RII. First, PDN’s lines reinforcement value
(lines with more probability of failure than the threshold).
Second, the importance of candidate tie-lines presence in
hurricane scenarios. The priority of reinforcement and tie-
line installation strategies sends to stage 1 of the IDNSEP as
shown in Fig. 1.

3. Solution methodology
The ADMM fits convex problems with separable ob-

jective functions and linear constraints. The main advan-
tage of the ADMM is that it converts the original prob-
lems to simpler sub-problems. Therefore, the centralized
IDNSEP problem can be converted to decentralized sub-
problems causing solving problems simpler and increasing
the convergence speed. Linear ADMM, which is the so-
called LADMM, is the linear version of ADMM, which
makes solving the sub-problems even simpler. The ADMM
or LADMM can be used for only two blocks of variables,
while the proposed IDNSEP problem in this paper integrates
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three distribution networks with three blocks of variable
and therefore LADMM with Parallel Splitting and Adap-
tive Penalty (LADMMPSAP) is used which fits for more
than two blocks of variables [32]. LADMMPSAP updates
variables parallel instead of serial, and thus convergence
can still be guaranteed. Also, using the adaptive penalty
in LADMMPSAP helps faster convergence. The introduced
modified LADMMPSAP in this paper has been stemmed
from form [32], where a new stop criterion is added to
ensure that in each iteration 𝐶𝑠𝑒𝑝((𝜅))𝑁,𝑡 improves and also the
variable updating process is improved. The difference of 𝑥(𝜅)𝑟
from 𝑥(𝜅)𝑟′ is used in the variable updating process instead
of using 𝐴(𝜆(𝜅)) (A is a linear mapping for the problem
constraints). These modifications help to a faster and more
reliable algorithm’s convergence. The general centralized
IDNSEP model of (1)-(4) which the objective function and
constraints are defined in detail in (5)-(74), is reformu-
lated using the LADMMPSAP as a linearly constrained
separable convex problem. To that end, each distribution
network tackles its own decoupled optimization problem.
RECU collects relevant information from IDNs and sends
it to them. The three separated minimization problems in
the decentralized IDNSEP model for the PDN, GDN, and
DHN are presented in (75), (76), and (77), respectively.
Where in (75), 𝐶𝑠𝑒𝑝(𝜅)𝐸,𝑡 includes the total investment, oper-
ation, energy purchase, and resilience costs for the PDN,
and costs related to the GDN and DHN are not included.
In the PDN sub-problem, 𝑞(𝜅+1)

𝐸,𝑗𝑖,𝑡
is variable while 𝑞(𝜅)

𝐺,𝑗𝑖,𝑡
is

supposed to be a constant determined by the consensus of
gas system operator and RECU and vice versa 𝑞(𝜅+1)

𝐺,𝑗𝑖,𝑡
is

variable in the GDN subproblem, and 𝑞(𝜅)
𝐸,𝑗𝑖,𝑡

is supposed
constant, which is determined through consensus of the PDN
and coordinator unit. Similarly, variables and parameters are
specified in decomposed sub-problems. A repetitive process
minimizes the differences between these variable and con-
stant parameters in each subproblem. The LADMMPSAP
algorithm is described in Algorithm I which is shown in
Appendix. A, using Lagrangian multipliers 𝛿, penalty factors
𝜆, and termination thresholds 𝜀. At each iteration of the
problem-solving process, objective functions of both stages
are calculated. A fuzzy decision method is used to select
the optimal solution from the solutions provided by the
two-stage IDNSEP problem-solving. A linear membership
function is defined by (78), which indicates the optimality
degree of solution in 𝜅-th iteration.

𝑀𝜅 =

⎧

⎪

⎨

⎪

⎩

0 if 𝑂𝐹 𝜅 < 𝑂𝐹𝑚𝑖𝑛
𝑂𝐹 𝜅−𝑂𝐹𝑚𝑖𝑛

𝑂𝐹𝑚𝑎𝑥−𝑂𝐹𝑚𝑖𝑛
if 𝑂𝐹𝑚𝑖𝑛 ≤ 𝑂𝐹 𝜅 ≤ 𝑂𝐹𝑚𝑎𝑥

1 if 𝑂𝐹 𝜅 > 𝑂𝐹𝑚𝑎𝑥
(78)

The optimal solution is determined using (79), which selects
the minimum member function in (78).
𝑀𝑚𝑖𝑛 = min{𝑀𝜅} ∀𝜅 (79)

The proposed methodology solution framework is illustrated
as the flowchart in Fig. 3. The flowchart expresses the pro-
cess of forming and solving the proposed two-stage IDNSEP
in the form of three sequential sections. Section A presents
the process of forming the two-stage IDNSEP model. As
seen in the steps of this section, the centralized model is first
formed, and then the model is linearized and is converted
to decentralized one using LADMMPASP method, creating
the proposed two-stage IDNSEP in this paper. The blue
arrow indicates the connection between sections A and B,
and the solution of stage 1 of the two-stage IDNSEP begins
in Section B. Section B presents the step-by-step problem-
solving process, which depends on the outputs of stage 2.
This connection is indicated by the "call Section C" rectan-
gular box in Section B. Section C is responsible for solving
the problem of stage 2, the solution process specified in this
Section. The outputs of Section C are called in Section B
to solve the Stage 1 problem. Also, the black arrow from
Section B to Section C indicates sending updated strategies
at each iteration of the Stage 1 problem to Stage 2 for the
next iteration. The global procedure of modeling can be
summarized as the following steps:
Step 1 (Uncertainty modeling): load growth, wind genera-
tion output, PV generation output, and interest rate are the
sources of uncertainty in the proposed model. These uncer-
tainties are considered to generate scenarios with associated
probabilities in Table. 1 to define a stochastic expansion
planning problem model. The hurricane scenarios defined in
Section C of the flowchart are used to calculate component
failure probabilities.
Step 2 (Centralized IDNSEP modeling): First, resilience-
based modeling of the IDNSEP objective function is es-
tablished, and then each distribution network is modeled
using operation constraints separately. The resulting model
is a mixed-integer nonlinear problem (MINLP) which, due
to the size of the problem, solving will be sophisticated
computationally.
Step 3 (Coupling modeling and linearization): To deter-
mine the connections between IDNs, coupling equations are
expressed in (57)-(68). The linearization methods of each
nonlinear equation is expressed in the related section.
Step 4 (Equivalent reformulation): The constructed model
in the previous steps is a centralized model, which is a
complicated one. Using the LADMMPSAP, the centralized
model is reformulated as a model with the separated sub-
problems in (75)-(77) causing problem-solving simpler and
speeds up convergence.
Step 5 (Solution): Solving procedure is shown in Section
B and Section C of the flowchart. The reinforcement and
reconfiguration strategies set are generated and updated in
Section C, and the results are used in section B. In each year,
reinforcement and reconfiguration, strategies are generated
considering the hurricane scenario in that year, and the re-
sults are as the updated inputs in Section B. After executing
the problem solving loops for each year iteration, the results
of that year will be sent to Section C to update the network
input parameters for the following year’s iteration loop.
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Figure 3: The proposed IDNSEP �owchart

4. Case studies and simulations
To express the effectiveness of the proposed resilience-

constrained IDNSEP, the modified well-known IEEE 33-
bus radial PDN [43] coupled with a 20-node GDN [44]
and a 16-node DHN, as shown in Fig. 4, are studied. In all

three networks, bus/node one is considered the slack bus.
Existing networks include a 1.5 MW CHP in bus 5 and
a 1 MW WT in bus 16 of the PDN, a 1500 𝑚3 TBS in
node 8 of GDN and, a 1 MW GB in node 15 of DHN.
Candidate alternative components, feeders, pipeline options
for investment in the distribution networks, and candidate
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Figure 4: Integrated distribution networks schematic

points of coupling between these networks are shown. The
rated capacities for CHPs, PV farms, wind turbine (WT),
P2Gs, and BESSs in the PDN are considered as the sets
of {0.6, 1, 1.2}, {1}, {1, 1.2}, {0.6, 1}, {0.6, 0.8, 1} all in
MW, respectively. The rated capacities of candidate TBSs
are considered in the range of 500-2000 𝑚3 with a step size
of 500 𝑚3 while for the candidate GSs the range of 1000-
1500 𝑚3 with a step size of 100 𝑚3 is considered. The rated
capacities for candidate generation and storage units in the
DHN are considered in the range of 1-1.5 MW with a step
size of 0.1 MW. The DHN is considered according to the
PDN and GDN scale. The IDNs technical data is provided
in Appendix. B. All of the lines in the PDN are overhead
distribution lines, and the distance between the feeder’s poles
is assumed to be 100 meters. The PDN and GDN load
profile are scaled to suit the proposed planning problem case
requirements. The total load profile of the PDN includes
fixed load and curtailable load that can be shed in emergency
conditions. It is assumed that maximum 10% of the hourly
loads are curtailable. The three study cases mentioned below
are employed to evaluate the model comprehensively.
Case 1: IDNSEP without reconfiguration and reinforcement
Case 2: IDNSEP with reconfiguration-without reinforce-
ment
Case 3: IDNSEP with reconfiguration and reinforcement
The budget limit for the centralized IDNSEP is $ 3.5 million

Table 1
Scenarios of stage 1

Sce. Prob. Wind(%) PV(%) IR(%) LG(%)

1 0.28 50 100 5 3
2 0.23 75 75 10 5
3 0.41 50 50 5 4
4 0.08 100 50 15 6

� � � � � � � 	 
 � �� �� �� �� �� �� �� �	 �
 �� �� �� �� ��
���	��
����

���

���

���

���

���

���

���

���

	��

�
	�

�
��
��

�
�

������������
����������

����

����

����

����

����

����

�
	�

�
��
�m

3 �����������

Figure 5: Demand pro�les of the IDNs in the �rst year

per year, of which $ 2 million, $ 1 million, and $ 0.5 million
per year, respectively, are allocated to PDN, GDN, and DHN
in the decentralized IDNSEP. Table. 1 shows the uncertainty
scenarios with associated probabilities in stage 1. Wind and
PV power generation, load growth (LG), and interest rate
(IR) are considered sources of uncertainty in the model.
Generation profiles of wind and solar power sources have
been extracted for selected area of the study from [45],
representing the nominal generation of wind and PV sources.
A multi-level probabilistic model for wind and PV sources
output power according to [9] is used to assign a probability
to each output power level. Load growth of 3%, 4%, 5%, and
6% based on the historical data for load growth within the
understudied area (Florida state in the USA) are considered
in the modeling. It is assumed that load growth in the IDNs
has the same pattern. Similarly, for interest rates, according
to the economic reports, interest rates of 5%, 10%, 15% have
been considered. Thus, 192 scenarios were created, which
were reduced to 4 as presented in Table. 1, using the step-by-
step scenario reduction method [46]. Fig. 5 shows the hourly
demand profile of the IDNs in the first year of the study. The
GDN demand in cubic meters per hour is observed in the
second vertical axis on the right side of the diagram. For
the better investigating impact of seasonal demand variation,
a seasonal coefficient, according to Table. 2, is considered,
which multiplies the peak demand profile in each season
for demand profile adjustment in different seasons. Fig. 6
and 7 show the wind and solar power generation profiles
in different seasons of the year, respectively. The middle
day of each season is selected for deriving seasonal profiles
based on the year 2019 data in [42]. These profiles show
the generation per MW for wind and solar power sources
in the understudied area. The understudy area is assumed to
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Table 2
Seasonal demand coe�cients

Network
Season

Spring Summer Fall Winter

PDN 0.85 1 0.85 0.80

GDN 0.80 0.50 0.75 1

DHN 0.70 0.75 0.70 1
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Figure 6: Wind generation pro�le (per MW)
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Figure 7: PV generation pro�le (per MW)

be located on the east coast of Florida, in the latitude range
27.95 to 28.00 and the longitude range -82.37 to -82.53. The
related parameters for all candidate components and PDN’s
poles and conductors are listed in Tables. 3-6. Investment
cost of PDN’s lines includes isolation switch for each line.
It is assumed that the poles supporting the distribution lines
are southern pine wood poles since they are the dominant
used in the understudied area. It is assumed that classes 2,
3, and 4 southern pine poles with 60, 30, and new ages exist
in the PDN at the beginning of the study. In the planning
period, the frequency of hurricane occurrence in each year is
determined using a Poisson probability distribution function
according to the climatic information of the understudied
area. The fragility curve of the poles is age-dependent. So,
in each year of the study, the probability of pole failure

Table 3
Parameters of candidate components

Component
IC

(106$/MW)
Fixed OC

(103$/MW.year)
Lifetime
(year)

CHP 0.95 19.8 25
WT 1.2 25 20
PV 1.5 18 25
P2G 1.15 50 20
BESS 1.58 15 15

TBS 0.40 12 20
GS 0.35 8 20

EB 0.20 4 20
GB 0.18 12 30
TS 0.12 10 35

Table 4
Parameters of distribution lines

Component
IC

(106$/km)
Fixed OC

(103$/km.year)
Lifetime
(year)

Power line 0.15 1 40

Pipeline 0.16 1.5 40

Table 5
Parameters of PDN's poles

Class
Installation
($/pole)

Purchase
($/pole)

Height
(m)

Diameter
(m)

2

Normal:2500
Emergency:4000

708 13.7
Top:0.20

Ground:0.33

3 544 13.7
Top:0.19

Ground:0.30

4 479 13.7
Top:0.17

Ground:0.28

Table 6
Parameters of PDN's conductor and accessories

Component
Cost

($/km)
Impedance
(Ω/km)

Max current
(Amp)

Conductor
(ACSR otter)

770 0.343+j0.328 270

Other 3850 - -

is determined using updated fragility curves. Therefore, it
is possible that in year one, a specific pole in the PDN is
resilient, while in the tenth year of the planning, in the same
scenario, the pole will be introduced as a high-risk pole in the
face of the hurricane. Wind profile scenarios shown in Fig. 8
are extracted using Holland’s model in (71) for categories 1,
2, and 3 of the Saffir-Simpson hurricane scale classification.
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Figure 8: Hurricane's wind speed pro�les
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Figure 9: PDN's poles with di�erent classes fragility curves
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Figure 10: The worst and best fragility curve cases

As can be seen, hurricane’s Wind profiles are displayed
in a three-dimension curve according to the location and
time. Fig. 9 and 10 are presented to determine the effect
of age and class of poles on fragility curves. Fig. 9 shows
the fragility curves of new poles with different ages, while
Fig. 10 expresses the best and worst cases of fragility in
the system. Table. 7 shows the priority of candidate lines
for reinforcement and the priority of candidate tie-line for
installation in the planning period in the PDN for case 1. The

priorities, as mentioned earlier, are obtained using (73) and
(74), respectively. Priority lists in each year of the planning
are obtained in stage 2 and sent to stage 1. The reinforced
lines and installed tie-lines are determined by solving the
stage 1 optimization problem. As shown in Table. 7, power
line 23 in the PDN is reinforced in year 1, but by increasing
the pole ages and considering the high wind intensity on
this line in the hurricane track, it encounters an outage in
the tenth year of the planning. Nevertheless, considering the
criteria that each PDN’s lines can be reinforced only once in
the planning period, this line is not in the list of reinforced
lines in the tenth year of the planning in case 3. Table. 8
shows the economic results of the three case studies. The
net present values (NPV) of investment cost (IC), operation
cost (OC), energy purchasing from the upstream grid cost
(EPC), and resilience improvement cost (RC) are listed in
this table. In Table. 8 the row related to the IDN in the
network column depicts the summation of costs in the PDN,
GDN, and DHN. According to the results of studies, the total
cost of stage 1 optimization objective function in the fourth
scenario is lower than in other scenarios. The main reason
is reducing costs due to power outages and damage to the
networks by adding resilience improvement planning to the
integrated expansion planning problem. The imposed cost
of the distribution network’s energy outages and failure is
called resilience cost in this paper. The resilience cost in
case 3 is just 9.24% of case 1, proving the significance and
necessity of planning for resilience improvement. Also, the
resilience cost of case 1 and case 3 comprise 9.24% and
0.35% of the total cost, respectively. It is worth noting that
in this paper, just hurricane is considered; if other HR events
or a combination of events be considered, the resilience cost
would be a more significant share of the total cost. In case
2, the reconfiguration is added as a solution for improving
resilience, but the resilience cost, in this case, is still more
than twice that of case 3 which PDN lines reinforcement is
added as a resilience improvement alternative in the plan-
ning. In order to scrutiny the technical details of the proposed
IDNSEP case studies, some noteworthy results are presented
in the continuation of this section. Fig. 11 shows the IDNs
resilience curve using the proposed RI in (69) for the first,
fifth, and tenth years of the planning. In this way, resilience
improvement of IDNs during the 10-year IDNSEP can be
evaluated. As shown in Fig. 11, the RI of the IDNs has the
best values in case 3 and the worst in case 1. The resilience
curve of case 3 has a better condition than case 2, which
expresses that line reinforcement as a resilience improve-
ment tool is more effective than tie-lines installation and
network reconfiguration. The resilience curve of year 5 has a
worse condition in cases 1 and 2 but is better in case 3. First,
because of CHP units installation, the interdependency of
the PDN and the DHN increases and impacts the resilience
of the DHN by the outages in the PDN. Second, as the
pole age increases, the probability of its outage increases,
and without a reinforcement plan, the power outages may
increase in the hurricane events. In the fifth year of case 3,
the RI has its maximum possible value because, with the
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Table 7
Stage 2 output results in the planning period

Year
Reinforcement list

(Line No.)
Priority

Reinforced
(Line No.)

Candidate tie-line
(Tie-line No.)

Priority
Installed

(Tie-line No.)

1
5,6,7,8,9,10,11,25

26,27,28,29,30,23,24
1,2,3,4,5,6,15,7

8,9,11,10,12,13,14
5,6,7,8,9,10,25,26 37,38,39,40,41 2,5,1,4,3 39,37,41

2 11,27,28,29,30,23,24 7,1,3,2,4,5,6 11,27,28,29,30,23,24 38,40 2,1 -

10 23 1 - - - -

Table 8
Economic results of case studies

Case Network
Net present value (106$)

IC OC EPC RC Total

PDN 8.618 3.798 4.186 0.924 17.526
1 GDN 1.874 3.395 4.113 0.134 9.516

DHN 0.662 2.040 2.369 0.111 5.182
IDN 11.154 9.233 10.668 1.169 32.224

PDN 7.892 4.017 4.620 0.553 17.082
2 GDN 1.874 3.419 4.226 0.116 9.635

DHN 0.645 2.073 2.195 0.095 5.008
IDN 10.411 9.509 11.041 0.764 31.707

PDN 8.228 3.732 4.538 0.048 16.546
3 GDN 1.717 3.274 4.124 0.044 9.159

DHN 0.688 2.125 2.250 0.016 5.079
IDN 10.633 9.131 10.912 0.108 30.784
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Figure 11: Resilience curves of the IDNs in case studies

implementation of reinforcement plan, all the poles with the
probability of failure more than the threshold probability
value are reinforced, and therefore no outage occurred in
the PDN. The resilience curve of cases 1 and 2 in the tenth
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Figure 12: Voltage pro�le in normal condition of case 1
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Figure 13: Voltage pro�le in normal condition of case 3

year has gotten worse for the same reasons mentioned above.
The resilience curve of case 3 is worsened in the tenth year
rather than the fifth year of the planning because the failure
probability of power line 10 is more than the threshold value
and needs to be reinforced. However, it is failed due to
the considered constraint; each line can be reinforced only
once in the planning period. For the operation phase of
IDNs, voltage, pressure, and temperature in the PDN, GDN,
and DHN in the worst normal and emergency conditions
have been investigated.The voltage profile of PDN’s normal
condition for cases 1 and 3 are given in Fig. 12 and 13.
These figures reveal the voltage profiles of PDN buses for
years 1, 5, and 10 of planning in the maximum demand
hour, 19:00. Fig. 14 and Fig. 15 depict the voltage profiles
in the PDN in the worst condition, hour 18:00, in cases 1
and 3, respectively. Power line 23 in the PDN is reinforced
in year 1 of case 3 planning, but with increasing the pole
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Figure 14: Voltage pro�le in emergency condition of case 1

� � �� �� �� �� �� ��
�������

���

���

���

��	

��


���

���

���

	�
��


��
���

��
��

���
�������
��� ���
�������
������
�������
����

��������
���
��������
���
���������
���

Figure 15: Voltage pro�le in emergency condition of case 3

ages and considering the high wind intensity on this line in
the hurricane track, it encounters outage in the tenth year of
the planning. As given in Fig. 14, the voltage profile in the
emergency condition of case 1 experiences the worst profile
in the tenth year with 20 lines outage while Fig. 15 shows
a noticeable line outage reduction in case 3, which in the
worst condition experiences 2 line outages in the first year
of planning. Fig. 16 and Fig. 17 show nodes gas pressure in
the GDN, and nodes temperature in the DHN for emergency
conditions in case 3. According to the results of the studies,
in all cases, operation variables are within the permissible
range. Gas pressure in the GDN is coupled to the PDN using
power lines which connect bus 24 and bus 27 of the PDN
to compressors placed between nodes 5-9 and nodes 17-
18 in the GDN, respectively. In the emergency condition of
the first year in case 3, bus 27 encounters an outage due to
the outage of line 26 in the PDN; consequently, the related
compressor in the GDN is forced to act as a regular pipeline.
Therefore, as shown in Fig. 16, the gas pressure drops and
leads to load shedding in nodes 18, 19, 20, and 21 in the
GDN. Similarly, in the emergency condition of the tenth year
in case 3, due to outage of line 23 in the PDN, the related
compressor acts as a regular pipeline, consequently causes
a pressure drop and load shed in nodes 5, 6,7, and 22 in
the GDN. In the tenth year of planning, the dependence
between the DHN and the PDN is maximized by installing
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Figure 16: Pressure pro�le in emergency condition of case 3
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Figure 17: Temperature pro�le in emergency condition of case3

CHP units, so by the outage of CHP connected bus in the
PDN, buses 11 and 29 in case 1, supplied heat in the DHN
is reduced, which leads to a decrease in the temperature of
the nodes. Consequently, part of the demand is not supplied
in the DHN and decreases the RI of the IDNs. In case 3,
with the PDN line reinforcement strategy in the planning,
line outage is largely prevented; as a result, the temperature
profile in the tenth year of case 3 shown in Fig. 17 has
a significant improvement, and there is no load shedding
in this case. For better comparison, the lowest temperature
of the nodes in the DHN is 83.1◦𝐶 in case 1 and 86.4◦𝐶
in case 3. Adjusting the parameters in the LADMMPSAP
significantly affects the convergence of the solution and its
speed. Determining the exact coefficients of the parameters
is problem-based, so multiple choices are tried. The fixed
and adaptive updating mechanisms for penalty parameters
have been studied, based on which a dynamic 𝜇 makes
the convergence faster. Also, the parameters of 𝜇0 and 𝜌0can be tuned easily when the adaptive penalty is used.
For fast convergence, parameters are suggested, as given in
Appendix. B. The parameter 𝜌 should be chosen such that
𝜇(𝑘) increases steadily onward with iterations. To obtain the
ground truth solution 𝑂𝐹 ∗ for measuring the relative errors
in the solutions, LADMMPSAP with 2000 iterations with
𝜇𝑚𝑎𝑥 = 1000, 𝜌0 = 1 with a conservative approach runs.
This number of iterations is far more than necessary. The
obtained results are considered as the optimum results. Then,
using (80), the relative error in the solutions of each iteration
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Figure 18: Convergence curve of case studies

is obtained, and the convergence curve is shown in Fig. 18.

𝑂𝐹 𝑒𝑟𝑟𝑜𝑟 =
|𝑂𝐹 − 𝑂𝐹 ∗

|

𝑂𝐹 ∗ (80)
As expected, the problem converges later in case 3 because
a more complicated problem is solved due to considering
reconfiguration as well as reinforcement strategy in the
optimization. Dash line curves show the relative error’s
logarithm in iterations 28 to 41. It shows that cases 1, 2,
and 3 converge in iteration 33, 40, and 45, respectively. The
convergence is completed when the imbalance amount in
(84) has reached the boundary condition 0.001.

5. Conclusion
This paper proposed a two-stage resilience-constrained

expansion planning for integrated power, gas, and heat dis-
tribution networks. The optimal size and location of candi-
date generation and storage units were determined in stage
1. In stage 2, a resilience maximization problem was de-
fined using the proposed RI and RII, which determine the
priorities of PDN’s reinforcement and tie-line installation
to improve the IDNs resilience. The proposed centralized
IDNSEP was a complex problem that was difficult to solve
and time-consuming. Therefore, a new framework for in-
tegrating IDNs was proposed leveraging a coordinator unit
responsible for coupling coordination among IDN’s. Using
the proposed LADMMPSAP, centralized IDNSEP was con-
verted to decentralized sub-problems causing solving prob-
lems simpler and increasing the convergence speed. It was
shown that the coordinator unit plays a vital role in accel-
erating problem solving, convergence and at the same time
maintaining the independence of operation in the IDNs.The
proposed resilience constrained IDNSEP with a limited bud-
get was studied in a real scale IDNs with three case studies.
The paper concluded that considering resilience in the long-
term planning of the IDNs can simultaneously reduce the
imposed cost to the system and improve the resilience of
IDNs against HR events. Another implication of the results
of this paper was that although reconfiguration is effective
in improving the resilience of the IDNs and reducing costs,

Algorithm I: The LADMMPSAP method

1.Calculation of 𝐶𝑠𝑒𝑝(𝜅)
𝑁,𝑡 for separated sub-problems in each

iteration k
2.Set initial value for 𝑥𝑟 vector elements and constants
𝜀1, 𝜀2, 𝜀3 > 0, 𝜌0 > 1, 𝜇𝑚𝑎𝑥 ≫ 1≫ 𝜇0 > 0
3.Solving the decentralized IDNSEP (75)-(77) with operation
constraints and data exchange with coordinator
4.Parallel updating of 𝑥𝑟 vector elements as following:
(𝑟 and 𝑟′ presents two integrated elements in 𝑥𝑟)

𝑥(𝜅+1)𝑟 = 𝛿(𝜅)(𝑥𝑟 − 𝑥
(𝜅)
𝑟′ ) +

𝜆(𝜅)

2
‖(𝑥𝑟 − 𝑥

(𝜅)
𝑟′ ) + (

𝑥(𝜅)𝑟 −𝑥(𝜅)
𝑟′

𝜆(𝜅)
)‖2

5.Updating 𝜆(𝜅) and 𝛿(𝜅)as following
𝛿(𝜅+1) = 𝛿(𝜅) + 𝜇(𝜅)(𝑥(𝜅+1)𝑟 − 𝑥(𝜅+1)𝑟′ )
𝜆(𝜅) = 𝜎𝑟𝜇(𝜅)

𝜇(𝜅+1) = min(𝜇𝑚𝑎𝑥, 𝜌𝜇(𝜅))

𝜌 =
{

𝜌0 if 𝜇(𝜅)𝑚𝑎𝑥(
√

𝜎𝑟‖𝑥(𝜅+1)𝑟 − 𝑥(𝜅)𝑟 ‖, 𝑟 = 1, ..., 8) < 𝜀2
1 otherwise

6.Coordinator checks the below stop criteria, if they are not
satis�ed go to 2, otherwise stop

Error 1: ‖𝑥(𝜅+1)𝑟 − 𝑥(𝜅+1)𝑟′ ‖

2
2 < 𝜀1

Error 2: 𝑚𝑎𝑥(
√

𝜎𝑟‖𝑥(𝜅+1)𝑟 − 𝑥(𝜅)𝑟 ‖) < 𝜀2 ∀𝑟 = 1, ..., 8
Error 3: 𝑚𝑎𝑥(‖𝐶𝑠𝑒𝑝(𝜅+1)

𝑁,𝑡 − 𝐶𝑠𝑒𝑝(𝜅)
𝑁,𝑡 ‖) < 𝜀3 ∀𝑁 ∈ Ω𝑁

the impact of considering resilience in long-term planning
is far more significant. It is recommended for future works
to study the impacts of considering microgrids with private
owners in expansion planning of IDNs and investigate the
coordinator roles to couples IDNs to microgrids.

Appendix A LADMMPSAP Algorithm
In order to simplify the formulation in the algorithm, a

general vector variable 𝑥𝑟 as (A.1) is used to represent the
variables exchanges between sub-problems.

𝑥𝑟 =
{

𝑞𝐸,𝑗𝑖,𝑡, 𝑞𝐺,𝑗𝑖,𝑡, 𝑃𝐸, ̂𝑖𝑘,𝑡, 𝑃𝐻, ̂𝑖𝑘,𝑡,
𝑞𝐺, ̂𝑗𝑘,𝑡, 𝑞𝐻, ̂𝑗𝑘,𝑡, 𝑃𝐸,𝑖𝑗,𝑡, 𝑃𝐺,𝑖𝑗,𝑡

}

(A.1)

Appendix B Data and simulation parameters
Technical data of lines and pipelines, simulation param-

eters, and geographical coordination of PDN’s buses are
given in Tables. B.4-B.3.
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Table B.1
PDN buses geographical coordination

Bus No.
Coordinate

(Longitude,Latitude) Bus No.
Coordinate

(Longitude,Latitude) Bus No.
Coordinate

(Longitude,Latitude)

1 (82.7500W, 28.0650N) 12 (82.6240W, 28.0650N) 23 (82.7270W, 28.0750N)
2 (82.7400W, 28.0650N) 13 (82.6140W, 28.0650N) 24 (82.7270W, 28.0850N)
3 (82.7270W, 28.0650N) 14 (82.6060W, 28.0650N) 25 (82.7180W, 28.0850N)
4 (82.7150W, 28.0650N) 15 (82.5930W, 28.0650N) 26 (82.6900W, 28.0730N)
5 (82.7000W, 28.0650N) 16 (82.5830W, 28.0650N) 27 (82.6790W, 28.0730N)
6 (82.6900W, 28.0650N) 17 (82.5830W, 28.0740N) 28 (82.6690W, 28.0820N)
7 (82.6780W, 28.0650N) 18 (82.5830W, 28.0850N) 29 (82.6570W, 28.0820N)
8 (82.6650W, 28.0650N) 19 (82.7350W, 28.0550N) 30 (82.6560W, 28.0820N)
9 (82.6570W, 28.0650N) 20 (82.7250W, 28.0480N) 31 (82.6480W, 28.0820N)
10 (82.6440W, 28.0650N) 21 (82.7150W, 28.0480N) 32 (82.6390W, 28.0820N)
11 (82.6350W, 28.0650N) 22 (82.7040W, 28.0480N) 33 (82.6280W, 28.0820N)

34 (82.7080W, 28.0850N) 35 (82.5710W, 28.0650N) - -

Table B.2
Data of lines and pipelines

Network
Existing lines\pipelines Candidate lines\pipelines

Line
No.

Line
(i-j)

Length
(km)

Line
No.

Line
(i-j)

Length
(km)

Line
No.

Line
(i-j)

Length
(km)

Line
No.

Line
(i-j)

Length
(km)

1 1-2 1 12 12-13 1 23 23-24 1 33 25-34 1

2 2-3 1.3 13 13-14 0.8 24 24-25 0.9 34 6-34 1.3

3 3-4 1.2 14 14-15 1.3 25 6-26 0.9 35 16-35 1.2

4 4-5 1.5 15 15-16 1 26 26-27 1.1 36 18-35 2

PDN 5 5-6 1 16 16-17 0.9 27 27-28 1.2 Tie-lines

6 6-7 1.2 17 17-18 1.4 28 28-29 1 37 25-29 2.5

7 7-8 1.3 18 2-19 1.3 29 29-30 0.8 38 8-21 1.7

8 8-9 0.8 19 19-20 1.2 30 30-31 0.9 39 12-22 3.1

9 9-10 1.3 20 20-21 1 31 31-32 1.1 40 9-15 2

10 10-11 0.9 21 21-22 1.1 32 32-33 0.8 41 18-33 1.2

11 11-12 1.1 22 3-23 1 - - - - - -

1 1-2 1 8 8-9 1.1 15 15-16 1 20 7-22 0.8

2 2-3 1 9 9-10 0.9 16 11-17 1.2 21 12-22 1.4

3 3-4 0.8 10 10-11 0.8 17 17-18 1.5 22 20-21 1.1

GDN 4 4-5 1.3 11 11-12 0.9 18 18-19 0.9 23 16-21 1.1

5 5-6 0.9 12 12-13 0.7 19 19-20 1 - - -

6 6-7 1.1 13 13-14 1 - - - - - -

7 5-9 1.4 14 14-15 1 - - - - - -

1 1-2 0.6 7 7-8 1.2 13 13-14 0.5 18 14-20 1.1

2 2-3 0.7 8 8-9 1 14 5-15 1.2 19 6-20 1.1

DHN 3 3-4 0.7 9 9-10 1 15 15-16 1.1 20 18-19 1

4 4-5 1 10 3-11 0.9 16 16-17 0.9 21 8-19 1

5 5-6 1.1 11 11-12 0.6 17 17-18 1.1 - - -

6 6-7 0.9 12 12-13 0.7 - - - - - -
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Table B.3
Data of interconnected lines and pipelines

Existing lines\pipelines Candidate lines\pipelines

Type
Network
(From-To)

Bus\Node
No.

Length
(km)

Type
Network
(From-To)

Bus\Node
No.

Length
(km)

Pipeline G-H 17-15 0.6 Pipeline G-H 3-6 0.6

Pipeline E-H 5-3 0.3 Pipeline G-E 7-29 0.5

Line E-G 24-𝐶𝑜5,9 0.4 Pipeline G-E 8-23 0.3

Line E-G 27-𝐶𝑜17,18 0.5 Pipeline G-E 9-5 0.5

Line E-H 21-𝑃𝑢5,15 0.5 Pipeline G-E 20-11 0.4

- - - - Pipeline E-G 14-16 0.5

- - - - Pipeline E-G 31-13 0.8

- - - - Pipeline E-H 23-13 0.4

- - - - Pipeline E-H 29-8 0.7

- - - - Pipeline E-H 11-17 0.4

- - - - Line E-H 9-11 0.7

Table B.4
Simulation parameters

Parameter Value Parameter Value

𝑆
𝐼𝑚𝑝

𝐸,𝑡 10 MVA 𝜂𝑐ℎ𝐸,𝑠, 𝜂
𝑑𝑖𝑠
𝐸,𝑠 0.95

𝜉5,9, 𝜉17,18 1.08,1.12 𝜂𝑐ℎ𝐺,𝑠, 𝜂
𝑑𝑖𝑠
𝐺,𝑠 0.95

𝐶𝑅,𝐶𝑅 1.2 𝜂𝑐ℎ𝐻,𝑠, 𝜂
𝑑𝑖𝑠
𝐻,𝑠 0.92

𝑘1 25 𝑊 ℎ∕𝑚3 𝜂𝑃 2𝐺𝑖,𝑔 , 𝜂𝐸𝐵𝑖,𝑔 , 𝜂
𝐺𝐵
𝑖,𝑔 0.65,0.98,0.90

𝑘2 1.3 𝜂𝐶𝐻𝑃 ,𝑒𝑖,𝑔 , 𝜂𝐶𝐻𝑃 ,ℎ𝑙𝑖,𝑔 2.4,0.03

𝑉 𝑖,𝑉 𝑖 0.9,1.1 p.u. 𝛽𝐶𝐻𝑃𝑖,𝑔 1.2

𝑃 𝑓
𝑇ℎ 0.1 𝜇0,𝜌0 0.01,2

𝜀1,𝜀2,𝜀3 0.001 𝜇𝑚𝑎𝑥 100
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