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A B S T R A C T

Integrated distribution systems (IDSs) and multi-carrier energy microgrids (MCEMs) can play a crucial role
in enhancing distribution energy systems’ overall efficiency and flexibility. By cascading energy usage and
cooperating through energy trading, IDSs and MCEMs can reduce overall system costs and provide more
flexibility for system operators. Adding resilience to the planning problem of IDSs can reduce planning costs in
the long term, as proactive preparedness is key to coping with high-impact rare (HR) events. Adding resilience
to the planning problem of IDSs can reduce the planning costs in the long term since proactive preparedness is
a key necessity to cope with high-impact rare (HR) events. This paper proposes a resilience-oriented stochastic
tri-level and two-stage cooperative expansion planning of IDSs and MCEMs, considering energy trading between
IDSs and MCEMs. The first stage comprises two levels; the first level minimizes the investment and operation
costs of IDSs and MCEMs, while the second level desires to maximize the energy exchange profit for MCEMs
and thus reduce the overall costs. The second stage includes the third level problem involving two objective
functions: resilience cost minimization and resilience index (RI) maximization. The multi-objective problem
in the second stage is converted into a single-objective problem using the min–max regret method. The DC
and AC configurations for the power distribution system (PDS) and power microgrids (PMGs) are studied to
identify the optimal configuration of these networks in the expansion planning problem. A new framework
is proposed based on an aggregator-agent splitting solution using the aggregator coupling coordinator unit
(ACC) responsible for coordinating IDNs and MCEMs. The studied large-scale complex optimization problem
is efficiently solved computationally by introducing a combined adaptive dynamic programming (ADP) and
linearized alternating direction method of multipliers with parallel splitting (LADMMPSAP) algorithm. Three
cases are studied to demonstrate the effectiveness of the proposed model and method. The results depict that
MCEMs help reduce expansion planning costs and improve the system’s resilience. Adding resilience to the
expansion planning problem enhances the resilience of the whole system and simultaneously reduces the costs
by 2.7%. The expansion planning costs for the AC and DC configuration are close, and the AC is the optimal
choice in all case studies. By increasing the planning horizon from 5 to 10 years, DC will be the optimal
solution since network reinforcement costs and power losses are significantly lower.
1. Introduction

The choice of policy, technology, and economics are the main
levers to expand the energy systems and positively contribute to the
future energy system’s evolution. In this regard, the need for rethinking
current policies and principles of energy system planning is highlighted.
Efficient planning of energy systems can have benefits, such as in-
creasing efficiency, reducing the need for investment, and reducing
pollution. Increasing energy system couplings and interaction among
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electricity, gas, and thermal energy carriers inspire the integrated en-
ergy systems (IESs) concept (Geidl & Andersson, 2007). IESs at different
levels (district, city, or country) demonstrate technical, economic, and
environmental advantages over independent energy systems (Geidl &
Andersson, 2007; Mancarella, 2014). The multi-period multi-energy
scheduling is a challenging optimization problem because of its solid
couplings and inherent non-convexities within IESs. Authors of Zhang
et al. (2015) have proposed an IES expansion planning model based
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Nomenclature

Indices

𝑇 Index of planning period
𝑇 𝑔 , 𝑇 𝑠, 𝑇 𝐿 Indices of generation, storage and, line

useful lifetime
𝑦,S, 𝑡 Indices of years, seasons, and time
𝑔, 𝑠, 𝐿 Indices of generation, storage units and

lines
𝑖, 𝑗 Indices of PDS and PMGs buses
𝑘, 𝑙 Indices of GDS and GMGs nodes
𝑚, 𝑟 Indices of DHS and HMGs nodes
𝑖, �̂�, �̂� Indices of coupling buses between agents
𝑁 Index of energy agents (IDSs and MCEMs)
𝜈 Index of wind speed profile

Symbols

., . Symbols for lower and upper limits

Sets

𝑌 ,𝛺S Sets of the planning years and seasons
𝑇𝑑 Set of daily load periods in seasons
𝑇𝑒 Set of emergency load periods in years
𝛺𝑛
𝑁 , 𝛺

𝐿
𝑁 Sets of buses/nodes and lines in the agents

𝛺𝑔
𝑁 , 𝛺

𝑠
𝑁 Sets of generation and storage units

𝛺𝑠𝑙𝑎𝑐𝑘
𝑁 , 𝛺𝐶𝑜

𝑁 Sets of slack and coupling buses/nodes
𝑆
𝐼𝑚𝑝

Maximum imported apparent power from
upstream power grid

𝑁𝐹𝑃 Number of failed power poles
𝐿𝐹𝐶 Lengths of failed conductors
𝜓𝑘𝑙 , 𝜓𝑚𝑟 Weymouth constant for gas and heat

pipelines
𝜑𝑚𝑟 Heat loss coefficient of heat pipelines
𝜁𝑘𝑙 Compression coefficient in active gas

pipelines
𝜔𝑁 The importance weight of agent 𝑁
𝛩𝜉 Probability of scenario 𝜉
𝐾𝑣𝑠𝑐 ,𝑀𝑣𝑠𝑐 Converter constant value and modulation

index of VSCs
𝜂𝑣𝑠𝑐 Conversion efficiency of VSCs

Variables

𝑃𝑖,𝑔,𝑡, 𝑄𝑖,𝑔,𝑡 Active and reactive power generation of
generator 𝑔 at bus 𝑖 at time 𝑡

𝑃 𝑐ℎ𝑖,𝑠,𝑡, 𝑃
𝑑𝑖𝑠
𝑖,𝑠,𝑡 Charge and discharge power of storage 𝑠

𝑃𝐷𝑅𝑖,𝑡 , 𝑄𝐷𝑅𝑖,𝑡 Active and reactive curtailed power by DRP
𝑃 𝑖𝑛𝑗𝑖,𝑡 , 𝑄

𝑖𝑛𝑗
𝑖,𝑡 Injected active and reactive power at bus 𝑖

𝑃𝑖𝑗,𝑡, 𝑄𝑖𝑗,𝑡 Active and reactive flow in line 𝑖𝑗
𝑃 𝑒𝑥𝑖,𝑡 The exchanged power with coupled energy

agents
𝛺𝑓
𝐷𝑆 , 𝛺

𝑓
𝑀𝐺 Sets of the PDS and PMGs damaged lines

on the energy hub (EH), considering combined heat and power units
(CHPs) and gas boilers (GBs). Design and operation of park-level IESs
considering the different climate zones in China is proposed in Zhao
et al. (2023). A two-stage optimization approach is presented in which
total cost minimization is done in the first stage, and the resulting
operation scenarios are used to optimize the operation cost in the
second stage. An energy management model for the IES, including
2

Parameters

𝐺𝑦, 𝐵𝑦 Real and imaginary parts of admittance
matrix

𝑃 𝑆ℎ𝑖,𝑡 Upper limit for demand shedding in power
energy agents

𝑞𝑆ℎ𝑖,𝑡 ,𝑀
𝑆ℎ
𝑖,𝑡 Upper limit for demand shedding in gas,

and heat energy agents
𝑃𝐷𝑖,𝑡 , 𝑄

𝐷
𝑖,𝑡 Active and reactive power demands

𝑞𝐷𝑘,𝑡,𝑀
𝐷
𝑚,𝑡 Gas and heat demands

𝐶𝑅,𝐶𝑅 Lower and upper limits of compressor
compression ratio

𝜂𝑐ℎ𝑁,𝑠, 𝜂
𝑑𝑖𝑠
𝑁,𝑠 Charge and discharge efficiency of storage

units
𝑃
𝑙𝑜𝑠𝑠
𝑖𝑗 Upper limit for active power loss of line

𝐸𝑁,𝑠 Capacity of energy storage units
𝛥𝑡 Duration of each time period
𝑃 𝑓𝑇ℎ Failure probability thresholds
𝑘1 − 𝑘6 Energy conversion coefficients
𝜏𝑎 Ambient temperature
𝐼𝐶𝑁,𝑔 , 𝐼𝐶𝑁,𝑠 Investment costs of generation and storage

units
𝐼𝐶𝑁,𝐿, 𝐼𝐶

(𝑟)
𝑁,𝐿 Investment and reinforcement costs of lines

𝐶𝐵𝑢𝑑𝑔𝑒𝑡 Annual budget
𝐶𝐿𝑜𝑠𝑠 Cost of electrical energy loss in $∕𝑀𝑊ℎ
𝐶𝐿𝐿𝑁 Value of lost load in $∕𝑀𝑊ℎ
𝑃 𝑙𝑜𝑠𝑠𝑁,𝑦,S,𝑡 PDS and PMGs power losses
𝑉𝑖,𝑡, 𝜃𝑖,𝑡 Voltage magnitude and angle of bus 𝑖
𝑃 𝐼𝑚𝑝𝑡 , 𝑄𝐼𝑚𝑝𝑡 Imported active and reactive power to

upstream grid
𝑞𝑘,𝑔,𝑡, 𝑚𝑚,𝑔,𝑡 Gas and water flow of source 𝑔
𝑞𝑐ℎ𝑘,𝑠,𝑡, 𝑞

𝑑𝑖𝑠
𝑘,𝑠,𝑡 Charge and discharge flow of GS 𝑠 at node

𝑘
𝑞𝑘𝑙,𝑡, 𝑚𝑚𝑟,𝑡 Gas and water flow in pipelines 𝑘𝑙 and 𝑚𝑟
𝑞𝐷𝑅𝑘,𝑡 ,𝑀

𝐷𝑅
𝑚,𝑡 Gas and heat curtailed demand by DRP

𝑞𝑒𝑥𝑘,𝑡,𝑀
𝑒𝑥
𝑚,𝑡 The exchanged gas and heat with coupled

energy agents
𝛤𝑘,𝑡,𝛱𝑚,𝑡 Gas and water pressure at nodes 𝑘 and 𝑚
𝑀𝑚,𝑔,𝑡 Heat generation of source 𝑔 at node 𝑚
𝑀𝑐ℎ

𝑚,𝑠,𝑡,𝑀
𝑑𝑖𝑠
𝑚,𝑠,𝑡 Charge and discharge flow of TS

𝜏𝑖𝑛𝑚𝑟,𝑡, 𝜏
𝑜𝑢𝑡
𝑚𝑟,𝑡 Inlet and outlet temperature of pipeline 𝑚𝑟

𝜏𝑚𝑖𝑥𝑚,𝑡 Mixed temperature of node 𝑚
𝑃 𝑃 2𝐺
𝑖,𝑡

, 𝑃𝐸𝐵
𝑖,𝑡

Power consumption of P2G and EB
𝑞𝐺𝐵
�̂�,𝑡
, 𝑞𝐶𝐻𝑃
�̂�,𝑡

Gas consumption of GB and CHP
𝑃𝐺𝐶𝑘,𝑡 , 𝑃

𝑊𝑃
𝐻,𝑚,𝑡 Power consumption of GC, and WP

𝑆𝑜𝐶𝑁,𝑠,𝑡 State of charge in storage 𝑠
𝐸𝑆𝑁,𝑡, 𝐸

𝑃
𝑁,,𝑡 Sold and purchased power/heat/gas

𝛱𝑆
𝑁,𝑡,𝛱

𝑃
𝑁,𝑡 Sell and purchase price (per unit) of

power/gas/heat

power, water, and gas systems networked with EHs, has been proposed
in Zhao et al. (2021), which focuses on minimizing the operation costs
of the IES. In Zhang et al. (2014), CHP unit allocation in the integrated
power distribution system (PDS) and gas distribution system (GDS)
is optimized to maximize the power and heat supply for satisfying
flexible consumer needs. An IES scheduling model based on energy
hubs as distributed decision-makers has been investigated in Xu, Wu,
et al. (2020), which creates synergic coupling for power, heat, and

natural gas networks. This model solves the mixed-integer second-order
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𝐶𝑟𝑒𝑝𝑝𝑜𝑙𝑒, 𝐶
𝑟𝑒𝑝
𝑐𝑜𝑛 Repair cost of failed power poles and line

conductors
𝐶𝑅𝑇𝑃𝑁,𝑦,S,𝑡 Real-time price of energy in agent 𝑁
𝑥𝑁,𝐿,𝑡, 𝑥𝑟𝑁,𝐿,𝑡 Binary variables for investment and rein-

forcement of lines
𝐶𝐶𝐸𝑃 , 𝐶𝑅𝐼 Total coordinated expansion planning and

resilience costs
𝐶𝑃𝑟 Profit of energy exchange
𝑥𝑐ℎ𝑁,𝑠,𝑡 Statuses of storage units; charge (1), dis-

charge (0)
𝑥𝑁,𝑔,𝑡, 𝑥𝑁,𝑠,𝑡 Binary variables for generation and storage

units investment
𝐶𝐼𝑛𝑣𝜉 , 𝐶𝑂𝑝𝜉 Investment and operation costs in scenario

𝜉
𝑂𝐶𝐹 , 𝑂𝐶𝑉 Fixed and variable operational costs

cone programming optimization problem to optimize the operation of
coupled networks over a 24-hour scheduling period. A continuous-
time model for integrated electricity and district heating networks
considering wind generation uncertainty is proposed in Nourollahi
et al. (2023). The paper concludes that integrated power and district
heating networks with energy storage devices can provide flexibility
services in power system operation and enhance the reliability and
cost-effectiveness of the system. An operation cost minimization model
for integrated power, gas, and district heating systems considering
multi-carrier energy storage technologies is developed in Mirzaei et al.
(2020). The paper investigated the role of multi-carrier storage tech-
nologies in operation cost decreases. A two-stage planning framework
for distributed energy networks is proposed in Ren et al. (2023), which
includes a variety of energy sources trade to explore the possible
benefits. The energy storage and transmission equipment with two
scheduling strategies are developed with different priorities to balance
supply and demand in the energy system. The first stage maximizes the
system’s economic, energetic, and environmental performance, while
the second stage determines the optimum energy trading prices. A
daily energy management model for energy hubs using robust optimiza-
tion considering power-to-gas (P2G) and CHP technologies is proposed
in Habibifar et al. (2021). The main objective of the model is to capture
the electricity price variation with no information to help minimize
operation costs. The concept of distribution system resilience against
high-impact rare (HR) events has attracted wide attention in recent
years since it can cause extended energy supply disruption and severe
socio-economic losses. For example, there were 20 natural disasters in
the US, each incurring losses surpassing $1 billion in 2021 (Poudyal
et al., 2022). Few works have attempted to enhance the resilience
of IESs in a long-term planning problem. Proactive preparedness by
considering incorporating resilience in system planning is a sensible
approach for integrated distribution systems (IDSs) to diminish these
losses. Authors of Salyani et al. (2023) proposed a resilience-oriented
scheduling framework using a cooperative game approach for trans-
active MGs. These MGs engage in energy transactions through a local
market. The paper aims to minimize the operational costs of MGs under
normal conditions while ensuring that MGs can serve their loads during
emergency conditions. The paper focuses solely on the operational view
and does not consider the improvement of resilience from long-term
planning aspects. A resilience-oriented proactive scheduling method to
enhance the preparedness of multi-carrier energy microgrids (MCEMs)
against an ongoing hurricane for integrated gas and power distribution
systems is discussed in Amirioun et al. (2019). An MCEM is a small-
scale distributed energy system capable of operating independently
from the main distribution system. It can incorporate distributed power,
3

gas, heat sources, and energy storage systems. Additionally, MCEMs
maintain the ability to exchange energy with the upstream distribution
energy system. This allows them to consume energy from the grid when
needed efficiently and supply any excess energy back to the grid. As a
result, MCEMs offer heightened flexibility and resilience in managing
energy resources. Authors of Tabebordbar et al. (2023) proposed a
reliability-oriented optimal sizing method for integrated power and gas
networks, which determines the optimal size of the CHP and P2G as the
first-rate options to integrate a power network to a natural gas network.
A reliability method for IESs is proposed in Zhao et al. (2022). The fault
incidence matrix method is used to analytically evaluate the impact
of equipment failure on the system energy supply, which can demon-
strate the critical systems with the most effect on the energy system
reliability. The reliability constraints are added to the proposed model
in He et al. (2018) for planning coupled PDS and GDS. The solution
guarantees the desired reliability requirement for PDS. An interactive
framework for integrated power-water distribution systems utilizing
a stochastic energy management program for microgrids (MGs) con-
nected to PDS is outlined in Najafi et al. (2019, 2020). The introduced
model tries to improve the resilience of IDSs against natural disasters.
An expansion planning model that considers the integration of dis-
tributed generators to PDS is proposed in Behzadi and Bagheri (2023),
which includes investment, operational, emissions, and resilience costs.
The model aims to minimize costs while enhancing resilience by forma-
tion of MGs utilizing tie-lines for reconfiguration. The optimal siting
and sizing of DGs and substations are considered configuring resilient
MGs capable of withstanding extreme weather events adequately. A
resilience-oriented model for MG formation in the integrated power and
gas networks is proposed in Hemmati et al. (2021). A cost and resilience
minimization objective function is proposed, which tries to improve
the system resilience and reduce the operation cost by optimal sizing
and sitting of CHPs. Critical load restoration is defined to evaluate the
resilience of the system. A two-stage resilience-constrained model for
the MCEMs using mixed-integer quadratic programming is proposed
in Gharehveran et al. (2022). The investment decisions are taken in the
first stage, while the operation variables are optimized in the second
stage with the aim of resilience improvement. A resilience-oriented
two-stage stochastic chance-constrained model for IESs considering an
integrated demand response program (DRP) is proposed in Guo et al.
(2019). The expected energy not supplied (EENS) has been chosen
as the reliability criterion. Authors of Bao et al. (2020) proposed a
framework for evaluating the resilience of IESs, including natural gas
system, power system, and EHs under a wind storm. Nodal resilience
metrics for energy subsystems are introduced, which include expected
energy losses, collapse ratio, and recovery ratio. A co-optimization
model for an integrated electricity–gas–heat urban energy system con-
sidering resilience enhancement during extreme events is proposed
in Tao et al. (2023). The model aims to enhance the resilience of
IESs by considering weighted load shedding, the comfort of heat cus-
tomers, and the time delay of data centers. Various measures are
considered to enhance resilience, including redistributing workloads,
reusing waste heat, co-optimizing multiple energy systems, dispatching
repair crews, and utilizing linepack storage. Ultimately, the paper con-
cludes that the configuration of BESSs and the efficient dispatching of
repair crews play a vital role in ensuring optimal system performance.
Authors of Faramarzi et al. (2023) introduced a three-stage hybrid
framework to address the resilience-oriented distribution network plan-
ning problem. In the first stage, the decision-making process focuses
on line hardening and distributed generation placement, which aims
to enhance the overall resilience of the distribution network. In the
second stage, the paper discusses emergency and normal operation
optimization. The impact of potential hurricanes is specifically evalu-
ated in post-event emergency operation conditions using a worst-case
scenario approach. Normal operation conditions are assessed using a
scenario-based stochastic approach. The third stage proposes a risk-
averse hardening re-plan strategy using the information gap decision
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theory. A resilience-oriented planning approach for PDS using a three-
stage hybrid stochastic-robust model is proposed in Wang and Bo
(2023). Investment in renewable energy sources and power lines in
the first stage, reinvestment in urgent mobile storage renting and
line hardening in the second stage, and daily system operations and
emergent scenarios in the third stage are modeled. Integration of other
distribution systems or MCEMs is not considered. The paper focuses on
data centers as the power consumption subject that couples electric-
ity, cooling, and heating energy sources. However, the uncertainties
are not considered. A two-stage mixed integer linear programming
(MILP) model for optimizing the configuration of MESs at the planning
stage is proposed in Huang et al. (2019). The paper models IES as
a directed acyclic graph with multiple layers based on energy hubs.
Resilience-oriented planning for MGs utilizing deep learning techniques
is investigated in Vilaisarn et al. (2022). A stochastic bilevel model is
proposed to minimize the operational costs of MGs and maximize their
resilience by identifying the optimal location of distributed energy re-
sources (DERs) and isolating switches in the PDS. An optimal planning
for a park-integrated energy system for PDS considering resilience by
utilizing a quantified index for resilience assessment is proposed in Liu
et al. (2021). The entropy is used to reflect the uncertainty degree of
the system failure. More specifically, our previous work (Saravi et al.,
2022) proposed a two-stage resilience-constrained expansion planning
model for IDSs, including PDS, GDS, and district heating system (DHS),
which introduces a new framework considering a coordinator unit for
interaction between IDSs. A decentralized structure for solving the
two-stage problem has been introduced using a modified linearized al-
ternating direction method of multipliers with parallel splitting and the
adaptive penalty (LADMMPSAP), which results in simplicity and com-
putational efficiency. A novel structure for MCEMs, including power,
heat, and hydrogen energy carriers, considering P2G technologies, is
proposed in Mansour-Saatloo et al. (2021). A decentralized energy man-
agement approach using the alternating direction method of multipliers
(ADMM) algorithm is used to decentralize the model and preserve
the privacy of MCEMs. Integration of MCEMs could improve overall
energy efficiency through cascaded energy usage and enhance system
flexibility by incorporating DER (Good & Mancarella, 2019; Krause
et al., 2011). DC-MGs have attracted wide attention in recent years
since DC systems are free from reactive power, frequency, and synchro-
nization issues with more overall reliability and efficiency (Al-Ismail,
2021; Jithin et al., 2022). Other research (Ahmed et al., 2018; Ouyang
et al., 2022; Zhang et al., 2022) has demonstrated the technical and
economic benefits of incorporating DC systems in PDSs than in purely
AC systems, involving lower power losses, enhanced voltage profile,
higher transmission capacity, and lower investment costs. PDS planners
need to make decisions about scenarios for the configuration of PDSs
and Power MGs (PMGs) in expansion planning (Liu et al., 2022; Qu
et al., 2022). These scenarios include developing pure AC-PDSs and
AC-PMGs, pure DC-PDS and DC-PMGs, or hybrid AC and DC scenarios.
However, research in DC or hybrid AC-DC-PDSs is still in the infant
stage and needs a comprehensive investigation and an expansion plan-
ning perspective. Most of the existing literature focuses on investigating
the operational aspects of IDSs to enhance resilience, while including
resilience in the long-term planning problem of IDSs requires further
research. Furthermore, previous studies have predominantly examined
the planning of IDSs and MCEMs separately, without considering the
coordinated planning of IDSs and MCEMs as independent energy agents
with energy trading capabilities. More research on coordinated plan-
ning is needed to ensure the understanding of the synergistic benefits
and potential trade-offs between IDSs and MCEMs. The impacts of
expanding DC grids within existing PDS infrastructures on the planning
cost and resilience improvement of the IDSs and MCEMs have yet to
be investigated in the literature. A tri-level, two-stage, coordinated
resilience-oriented stochastic expansion planning model for IDSs and
MCEMs is proposed in this paper to address these research gaps. This
4

model aims to fill the aforementioned research gaps by considering
the integration of resilience into the expansion planning problem,
exploring coordinated expansion planning (CEP) of IDSs and MCEMs,
and investigating the effects of incorporating DC grid expansions on the
cost minimization and resilience improvement of the system. The IDSs
include AC or DC-type PDS, GDS, and DHS, while the MCEMs include
AC or DC-type PMG, gas MG (GMG), and heat MG (HMG). The DC-PDS
constituting with existing AC-PDS and expansion of AC or DC PMGs are
considered as the scenarios in the model to investigate the impacts of
these configurations on the planning problem and to clear the impacts
of developing DC-PDS and PMGs on the system’s resilience. The key
contributions of this paper can be listed as follows:

(1) A resilience-oriented model for coordinated expansion planning
of IDSs and MCEMs is proposed. This model can be used as a
benchmark for assessing collaboration plans between distribu-
tion system operators (DSOs) and MG system operators (MG-
SOs), considering the resilience improvement of the whole sys-
tem.

(2) The proposed model finds the optimal AC-DC configuration of
PDS and PMGs in the planning problem. The existing PDS can
be operated by DC power.

(3) A tri-level two-stage stochastic model for coordinated expan-
sion planning of IDSs and MCEMs is developed. The objective
function of the first stage is to minimize the investment and
operation costs in the planning horizon. The second stage aims
to minimize resilience costs imposed in an emergency condition.
A proper resilience maximization index (RI) is used at this stage.
A linearized convex tractable reformulation for the proposed
model is developed. A combined adaptive dynamic program-
ming (ADP) with the LADMMPSAP algorithm is proposed to
solve the problem efficiently.

(4) A variation of the aggregator-agent splitting using the agent cou-
pling coordinator (ACC) is introduced. This proposed framework
interacts with related agents in IDSs and MCEMs, distributing
the computational burden over the agents and preserving agents’
privacy. On this basis, LADMMPSAP is employed, which fits
more than two blocks of variables and helps faster convergence.

The remainder of the paper is organized as follows: Section 2 introduces
the problem description for the planning problem. Section 3 explains
the problem formulation and provides a detailed model for couplings
of agents. The solution procedures and the planning methodology are
outlined in Section 4. Section 5 describes the case study employed
for evaluating the effectiveness of the proposed CEP model. The final
section presents the conclusions.

2. Problem description

To fill the mentioned gaps in Section 1, a coordinated expansion
planning of the IDSs and MCEMs is proposed, as shown in Fig. 1. The
ACC unit is introduced as the aggregator to exchange the technical
and price information between agents. It is assumed that in scenarios
in which the proposed CEP is studied, the expansion of IDSs will be
done through MCEMs so that the demand growth during the planning
period is taken into account via MGs. MGs are independent agents with
a private owner and have independent operators. The main problem is
to minimize expansion planning costs for the whole system, including
IDSs and MCEMs, in the planning period. In the proposed framework,
MGs will send the amount and price for exchange energy via the IDSs
to the ACC to maximize their profit. A vital feature in the proposed
model is the couplings of energy systems at both IDSs and MCMEs
levels. Integrating resilience into the CEP problem of the proposed
model is a significant step towards developing more robust and resilient
IDSs. By introducing a normalized resilience index (RI), the model
considers both the disruption and recovery phases, offering a compre-
hensive evaluation of resilience in IDSs. Stage 2 of the model focuses

on maximizing resilience while minimizing the costs associated with
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Fig. 1. The proposed IDNs couplings and energy flow.
resilience improvement. This approach acknowledges the importance
of considering both the efficacy of recovery measures and the economic
aspects of enhancing resilience. By optimizing the proposed RI during
emergency conditions, the model identifies optimal recovery measures
that contribute to the system’s overall resilience. What sets this model
apart is the direct impact of the resilience-constrained problem in stage
2 on the CEP cost minimization problem in stage 1. The results obtained
from stage 2, including reinforcement scenarios, tie-line installations,
and unsupplied demands, are fed into stage 1, where the CEP prob-
lem is addressed. This integration ensures that the resilience-focused
decision-making in stage 2 directly influences the overall expansion
planning process. By incorporating resilience as a constraint within
the expansion planning problem, the model accounts for the potential
impacts of extreme events, such as hurricanes, on the IDSs. It allows
distribution system planners to prioritize reinforcement measures, tie-
line installations, and operational strategies that enhance the system’s
resilience against hurricanes and other disruptive events. This compre-
hensive approach to integrating resilience into the expansion planning
problem ensures that the resulting IDSs and MCEMs are better equipped
to withstand and recover from HR events, ultimately improving the
overall resilience and performance of the IDSs in the face of disruptions.

3. Formulation and methodology

3.1. PDS and PMG models

Taking into account the possibility of PMG connected to PDS being
AC or DC, the model finds the optimal AC-DC hybrid configuration of
PDS and PMGs by considering different scenarios of AC and DC combi-
nation. The mathematical model of AC and DC networks is presented
in the continuation of this section.
5

3.1.1. AC network model

The AC power flow mathematical model in (1) is established from
the linearized model developed in Amirioun et al. (2019) and Saravi
et al. (2022).

∑

𝑔∈𝛺𝑔𝑃𝐷𝑆

𝑃𝑖,𝑔,𝑡 +
∑

𝑖∈𝛺𝐶𝑜𝑃𝐷𝑆

𝑃 𝑒𝑥𝑖,𝑡 −
∑

𝑠∈𝛺𝑠𝑃𝐷𝑆

(𝑃 𝑐ℎ𝑖,𝑠,𝑡 − 𝑃
𝑑𝑖𝑠
𝑖,𝑠,𝑡) − 𝑃

𝐷
𝑖,𝑡 + 𝑃

𝐷𝑅
𝑖,𝑡

= 𝑃 𝑖𝑛𝑗𝑖,𝑡 ∀𝑖 ∈ 𝛺𝑛
𝑃𝐷𝑆 (1a)

∑

𝑔∈𝛺𝑔𝑃𝐷𝑆

𝑄𝑖,𝑔,𝑡 +
∑

𝑖∈𝛺𝐶𝑜𝑃𝐷𝑆

𝑄𝑒𝑥𝑖,𝑡 −𝑄
𝐷
𝑖,𝑡 +𝑄

𝐷𝑅
𝑖,𝑡 = 𝑄𝑖𝑛𝑗𝑖,𝑡 (1b)

𝑃 𝑖𝑛𝑗𝑖,𝑡 = (2𝑉𝑖,𝑡 − 1)𝐺𝑦𝑖𝑖 +
∑

𝑗∈𝛺𝑛𝑃𝐷𝑆
𝑗≠𝑖

(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡)𝐵
𝑦
𝑖𝑗 +

∑

𝑗∈𝛺𝑛𝑃𝐷𝑆
𝑗≠𝑖

(𝑉𝑖,𝑡 + 𝑉𝑗,𝑡 − 1)𝐺𝑦𝑖𝑗

(1c)
𝑄𝑖𝑛𝑗𝑖,𝑡 = −(2𝑉𝑖,𝑡 − 1)𝐵𝑦𝑖𝑖 −

∑

𝑗∈𝛺𝑛𝑃𝐷𝑆
𝑗≠𝑖

(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡)𝐺
𝑦
𝑖𝑗 −

∑

𝑗∈𝛺𝑛𝑃𝐷𝑆
𝑗≠𝑖

(𝑉𝑖,𝑡 + 𝑉𝑗,𝑡 − 1)𝐵𝑦𝑖𝑗

(1d)

𝑃 𝑖,𝑔 ≤ 𝑃𝑖,𝑔,𝑡 ≤ 𝑃 𝑖,𝑔 (1e)

𝑄
𝑖,𝑔

≤ 𝑄𝑖,𝑔,𝑡 ≤ 𝑄𝑖,𝑔 (1f)

𝑉 𝑖 ≤ 𝑉𝑖,𝑡 ≤ 𝑉 𝑖 (1g)

0 ≤ 𝑃𝐷𝑅𝑖,𝑡 ≤ 𝑃 𝑆ℎ𝑖,𝑡 (1h)

𝑃𝑖𝑗,𝑡 = 𝐺𝑙𝑖𝑛𝑒𝑖,𝑗 (𝑉𝑖,𝑡 − 𝑉𝑗,𝑡) − 𝐵𝑙𝑖𝑛𝑒𝑖,𝑗 (𝜃𝑖,𝑡 − 𝜃𝑗,𝑡) (1i)

𝑄𝑖𝑗,𝑡 = −𝐵𝑙𝑖𝑛𝑒𝑖,𝑗 (𝑉𝑖,𝑡 − 𝑉𝑗,𝑡) − 𝐺𝑙𝑖𝑛𝑒𝑖,𝑗 (𝜃𝑖,𝑡 − 𝜃𝑗,𝑡) (1j)

𝑆 𝑖𝑗 ≤ 𝑆𝑖𝑗,𝑡 ≤ 𝑆 𝑖𝑗 (1k)

(𝑃 𝐼𝑚𝑝)2 + (𝑄𝐼𝑚𝑝)2 ≤ (𝑆
𝐼𝑚𝑝

)2 (1l)
𝑡 𝑡
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𝑃𝑖𝑗,𝑡 + 𝑃𝑗𝑖,𝑡 ≤ 𝑃
𝑙𝑜𝑠𝑠
𝑖𝑗 (1m)

3.1.2. DC network model
DC-PDS and DC-MGs have been marked by a significant increase

in interest for numerous applications due to higher efficiency, better
controllability, better integration of renewable energy sources, better
compliance with consumer electronics, no issues with reactive power
flow and frequency stability, resulting in a notably less complex power
system (Dragicevic et al., 2018). The mathematical power flow model
for DC-PDS is presented by (2). VSCs can independently control active
and reactive power and bidirectional power flow control in AC-DC
systems. Thus, the proposed CEP model employs VSCs for AC-DC power
conversion. The steady-state model of VSC is expressed in (2h)–(2j) for
a VSC connected between AC bus 𝑖 and DC bus 𝑗. According to Ahmed
et al. (2018), the relation between AC and DC bus base voltage and
per-unit voltage can be described by (2h) and (2i), respectively. The
AC and DC active power of VSC are related by (2j) with the converter
efficiency, 𝜂𝑣𝑠𝑐 .

∑

𝑔∈𝛺𝑔𝑃𝐷𝑆

𝑃𝑔,𝑡 +
∑

𝑖∈𝛺𝐶𝑜𝑃𝐷𝑆

𝑃 𝑒𝑥𝑖,𝑡 −
∑

𝑠∈𝛺𝑠𝑃𝐷𝑆

(𝑃 𝑐ℎ𝑠,𝑡 − 𝑃
𝑑𝑖𝑠
𝑠,𝑡 ) − 𝑃

𝐷
𝑖,𝑡 + 𝑃

𝐷𝑅
𝑖,𝑡

= 𝑃 𝑖𝑛𝑗𝑖,𝑡 ∀𝑖 ∈ 𝛺𝑛
𝑃𝐷𝑆 (2a)

𝑖𝑛𝑗
𝑖,𝑡 =

∑

𝑗∈𝛺𝑛𝑃𝐷𝑆
𝑗≠𝑖

𝑃𝑖𝑗,𝑡 (2b)

𝑖𝑗,𝑡 = 𝐺𝑙𝑖𝑛𝑒𝑖,𝑗 𝑉𝑖,𝑡(𝑉𝑖,𝑡 − 𝑉𝑗,𝑡) (2c)

𝑃 𝑖,𝑔 ≤ 𝑃𝑖,𝑔,𝑡 ≤ 𝑃 𝑖,𝑔 (2d)

𝑖 ≤ 𝑉𝑖,𝑡 ≤ 𝑉 𝑖 (2e)

𝑖𝑗 ≤ 𝑃𝑖𝑗,𝑡 ≤ 𝑃 𝑖𝑗 (2f)

≤ 𝑃𝐷𝑅𝑖,𝑡 ≤ 𝑃 𝑆ℎ𝑖,𝑡 (2g)
𝑎𝑐,𝑏𝑎𝑠𝑒
𝑖 = 𝐾𝑣𝑠𝑐𝑉 𝑑𝑐,𝑏𝑎𝑠𝑒

𝑗 (2h)
𝑎𝑐,𝑝𝑢
𝑖 =𝑀𝑣𝑠𝑐𝑉 𝑑𝑐,𝑝𝑢

𝑗 (2i)

𝑎𝑐
𝑖 =

𝑃 𝑑𝑐𝑗
𝜂𝑣𝑠𝑐

(2j)

The superscripts ac and dc are used to show the voltage and power
value on the VSC’s AC and DC sides. The superscripts base and pu (2h)
and (2i) show the base and per-unit values of the voltage. The converter
constant value, 𝐾𝑣𝑠𝑐 , for the three-phase VSC with a sinusoidal pulse-
width modulation is equal to (√3∕2√2) (Ahmed et al., 2018). It is assumed
that the modulation index of VSC 𝑀𝑣𝑠𝑐 is equal to 1 in all cases studied.
The presented model is a non-linear which can be converted into a
linearized equivalent with the help of alternative variables 𝑢𝑖 = 𝑉 2

𝑖 and
𝑊𝑖𝑗 = 𝑉𝑖𝑉𝑗 . The piecewise linearization method, as done in Liu et al.
(2019), is used to linearize the term 𝑉𝑖𝑉𝑗 . Therefore, Eqs. (2c) and (2e)
are substituted with (3a) and (3b), respectively.

𝑃𝑖𝑗,𝑡 = 𝐺𝑙𝑖𝑛𝑒𝑖,𝑗 (𝑢𝑖,𝑡 −𝑊𝑖𝑗,𝑡) (3a)

𝑉 2
𝑖 ≤ 𝑢𝑖,𝑡 ≤ 𝑉

2
𝑖 (3b)

The mathematical models of AC and DC power flow for PMGs are
imilar to (1) and (2) unless the sets in the PDS should be replaced with
he corresponding ones for the PMGs, i.e. 𝛺𝑔

𝑃𝑀𝐺, 𝛺𝐶𝑜
𝑃𝑀𝐺, 𝛺𝑠

𝑃𝑀𝐺, 𝛺𝑛
𝑃𝑀𝐺.

3.2. GDS and GMG models

The GDS and GMG consist of town board stations (TBSs) as gas
sources, pipelines, natural gas storage (GS), gas compressors (GCs), and
demand. The steady-state gas flow model in (4) is established based
on (Huang et al., 2019). The mass balance in nodes and gas flow in
pipelines are expressed in (4b) and (4c), respectively. The gas flow in
6

pipelines is restricted by (4c). Constraint (4d) confirms an acceptable t
gas production of gas sources. The gas exchange between GDS and
GMGs will be limited by the coupling pipeline’s gas flow limitation
expressed in (4c). The DR can be applied to the non-critical demands
in the introduced bounds in (4e). The active pipelines are compensated
by GC, which puts the gas pressure of pipelines in the bounds given in
(4f).

∑

𝑔∈𝛺𝑔𝐺𝐷𝑆

𝑞𝑘,𝑔,𝑡 +
∑

𝑘∈𝛺𝐶𝑜𝐺𝐷𝑆

𝑞𝑒𝑥𝑘,𝑡 −
∑

𝑠∈𝛺𝑠𝐺𝐷𝑆

(𝑞𝑐ℎ𝑘,𝑠,𝑡 − 𝑞
𝑑𝑖𝑠
𝑘,𝑠,𝑡) − 𝑞

𝐷
𝑘,𝑡 + 𝑞

𝐷𝑅
𝑘,𝑡

=
∑

𝑙∈𝛺𝑛𝐺𝐷𝑆
𝑘≠𝑙

𝑞𝑘𝑙,𝑡 (4a)

2
𝑘𝑙,𝑡 = 𝑠𝑖𝑔𝑛(𝑞𝑘𝑙,𝑡)𝜓2

𝑘𝑙(𝛤𝑘,𝑡 − 𝛤𝑙,𝑡) (4b)

𝑘𝑙
≤ 𝑞𝑘𝑙,𝑡 ≤ 𝑞𝑘𝑙 (4c)

𝑞
𝑘,𝑔

≤ 𝑞𝑘,𝑔,𝑡 ≤ 𝑞𝑘,𝑔 (4d)

0 ≤ 𝑞𝐷𝑅𝑘,𝑡 ≤ 𝑞𝑆ℎ𝑘,𝑡 (4e)

𝑘,𝑡 ≤ 𝛤𝑙,𝑡 ≤ 𝜁𝑘𝑙𝛤𝑘,𝑡 (4f)

A piecewise linearization method, as done in Li et al. (2017), is
mployed to have a linear model and reduce the complexity of the
odel.

.3. DHS and HMG models

A steady-state thermal-hydraulic model is used to model the DHS
nd HMGs. The nodal mass balance and water flow of DHS in steady-
tate are expressed in (5a) and (5b), respectively. The nonlinear ‘‘Wey-
outh equation’’ in (5b) is linearized by the linearization method used

or (4b). The heat loss along the pipelines is computed by (5c), and
he nodal temperature of the mixed water is calculated using (5d)
ccording to Saravi et al. (2022). Eq. (5e) states that the temperature of
ass flowing out of the pipeline 𝑚𝑟 is equal to the mixed temperature

t the start node 𝑟. The upper and lower bounds of mass flow in heat
ources and pipelines are expressed in (5f) and (5g), which limits the
eat exchange using coupled pipelines between DHS and HMGs. The
ode’s water pressure and temperature are constrained by (5i) and (5j).

∑

∈𝛺𝑔𝐷𝐻𝑆

𝑀𝑚,𝑔,𝑡 +
∑

𝑚∈𝛺𝐶𝑜𝐷𝐻𝑆

𝑀𝑒𝑥
𝑚,𝑡 −

∑

𝑠∈𝛺𝑠𝐻

(𝑀𝑐ℎ
𝑚,𝑠,𝑡 −𝑀

𝑑𝑖𝑠
𝑚,𝑠,𝑡) −𝑀

𝐷
𝑚,𝑡 +𝑀

𝐷𝑅
𝑚,𝑡

∑

𝑟∈𝛺𝑛𝐷𝐻𝑆
𝑚≠𝑟

𝑐𝑤𝑚𝑚𝑟,𝑡(𝜏 𝑖𝑛𝑚𝑟,𝑡 − 𝜏
𝑜𝑢𝑡
𝑚𝑟,𝑡) (5a)

2
𝑚𝑟,𝑡 = 𝑠𝑖𝑔𝑛(𝑚𝑚𝑟,𝑡)𝜓2

𝑚𝑟(𝛱𝑚,𝑡 −𝛱𝑟,𝑡) (5b)

𝜏𝑜𝑢𝑡𝑚𝑟,𝑡 − 𝜏
𝑎) = (𝜏 𝑖𝑛𝑚𝑟,𝑡 − 𝜏

𝑎)𝜑𝑚𝑟 (5c)
𝑚𝑖𝑥
𝑟,𝑡

∑

𝑚𝑟∈𝛺𝐿𝐷𝐻𝑆

𝑚𝑚𝑟,𝑡 =
∑

𝑚𝑟∈𝛺𝐿𝐷𝐻𝑆

𝑚𝑚𝑟,𝑡𝜏
𝑜𝑢𝑡
𝑚𝑟,𝑡 (5d)

𝑖𝑛
𝑚𝑟,𝑡 = 𝜏𝑚𝑖𝑥𝑟,𝑡 ∀𝑚𝑟 ∈ 𝛺𝐿

𝐷𝐻𝑆 (5e)

𝑚,𝑔 ≤ 𝑚𝑚,𝑔,𝑡 ≤ 𝑚𝑚,𝑔 (5f)

𝑚𝑟 ≤ 𝑚𝑚𝑟,𝑡 ≤ 𝑚𝑚𝑟 (5g)

𝛱𝑚 ≤ 𝛱𝑚,𝑡 ≤ 𝛱𝑚 (5h)

𝜏𝑚 ≤ 𝜏𝑚,𝑡 ≤ 𝜏𝑚 (5i)

0 ≤𝑀𝐷𝑅
𝑚,𝑡 ≤𝑀

𝑆ℎ
𝑚,𝑡 (5j)

The maximum load curtailment using the DRP for non-critical loads
s expressed in (5j).

.4. Energy storage system (ESS) model

The ESSs include battery energy storage system (BESS), GS, and
hermal storage (TS). The mathematical formulation of ESSs is stated
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in (6), which is taken from Saravi et al. (2022). A common symbol 𝑦 is
sed to shorten the text, which stands for 𝑃 , 𝑞, and 𝑀 in power, gas,
nd heat energy agents, respectively.

𝑜𝐶𝑁,𝑠,𝑡 = 𝑆𝑜𝐶𝑁,𝑠,𝑡−1 +
𝜂𝑐ℎ𝑁,𝑠𝑦

𝑐ℎ
𝑁,𝑠,𝑡𝛥𝑡

𝐸𝑁,𝑠
−

𝑦𝑑𝑖𝑠𝑁,𝑠,𝑡𝛥𝑡

𝜂𝑑𝑖𝑠𝑁,𝑠𝐸𝑁,𝑠
(6a)

𝑆𝑜𝐶𝑁,𝑠 ≤ 𝑆𝑜𝐶𝑁,𝑠,𝑡 ≤ 𝑆𝑜𝐶𝑁,𝑠 (6b)

≤ 𝑦𝑐ℎ𝑁,𝑠,𝑡 ≤ 𝑦𝑐ℎ𝑁,𝑠𝑥
𝑐ℎ
𝑁,𝑠,𝑡 (6c)

0 ≤ 𝑦𝑑𝑖𝑠𝑁,𝑠,𝑡 ≤ 𝜂𝑑𝑖𝑠𝑁,𝑠𝑦
𝑑𝑖𝑠
𝑁,𝑠(1 − 𝑥

𝑐ℎ
𝑁,𝑠,𝑡) (6d)

3.5. Integrated model

The coupling components that integrate IDSs and MCEMs are CHP,
P2G, GB, electric boiler (EB), GC, and water pump (WP) in this paper.
The multi-energy efficiency matrix 𝐾 with the 4 × 5 dimension denotes
the couplings of IDSs and MCEMs. The model of coupling components
is incorporated in the multi-vector flow in (7a), which couples the
distributed energy systems with each other. The terms on the right
side of (7a) show the generation of related buses and nodes of the
coupled agent. In the multi-energy efficiency matrix, there are as many
rows as consumed energy in conversion components energy and as
many columns as generated energy from conversion components. For
example, two columns exist for power and heat generation from CHP
and one row for gas consumption in CHP. The CHPs and P2Gs are
installed in PDS and PMGs, while EBs and GBs are installed in DHS and
HMGs. Therefore, 𝑖, �̂� and, �̂� are used to express the bus or nodes in

hich the conversion components consume energy and also the DHS
nd the HMG which the CHPs heat generation is injected. Elements
1 to 𝑘6 of the matrix are the relevant conversion efficiency from one
nergy vector to another one which details of their calculations can be
ound in Li et al. (2016), Liu and Mancarella (2016) and Saravi et al.
2022). The GC and WP are two other conversion components in the
odel, which have different models. The GC reduces the gas volume to

ncrease the pressure of a gas by power consumption. The compression
ower consumption can be calculated using (7b), which is related to the
atio of output and input pressure in nodes 𝑘 and 𝑙 and the mass flow

through the compressor (Saravi et al., 2022). The passing mass flow
and the pressure ratio between the input and output of the compressor
are limited by (7c) and (7d), respectively. WPs are used to overcome
the distribution pressure losses along the DHSs. The pumping power is
calculated using (7e) based on Li et al. (2016), which is related to the
flow rate passing by the pump and the pressure difference between the
input and output points of the pumps.

⎛

⎜

⎜

⎜

⎜

⎜

⎝

𝑞𝐷,𝐶𝐻𝑃
�̂�,𝑡
𝑞𝐷,𝐺𝐵
�̂�,𝑡
𝑃𝐷,𝐸𝐵
𝑖,𝑡

𝑃𝐷,𝑃 2𝐺
𝑖,𝑡

⎞

⎟

⎟

⎟

⎟

⎟

⎠

=

𝐾
⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
⎛

⎜

⎜

⎜

⎜

⎝

𝑘1 𝑘2 0 0 0
0 0 𝑘3 0 0
0 0 0 𝑘4 0
0 0 0 0 𝑘5

⎞

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎝

𝑃𝑖,𝑔
𝑀�̂�,𝑔
𝑀𝑚,𝑔
𝑀𝑚,𝑔
𝑞�̂�,𝑔

⎞

⎟

⎟

⎟

⎟

⎟

⎠

(7a)

𝑃𝐷,𝐺𝐶
𝑖,𝑡

= 𝑘6𝑞𝑘𝑙,𝑡
(

( 𝛤𝑙,𝑡𝛤𝑘,𝑡
)𝑘7 − 1

)

(7b)

𝑘
≤ 𝑞𝑘,𝑡 ≤ 𝑞𝑘 (7c)

𝐶𝑅 ≤ (
𝛤𝑙,𝑡
𝛤𝑘,𝑡

) ≤ 𝐶𝑅 (7d)

𝑃𝐷,𝑊 𝑃
𝑖,𝑡

= 𝑘8𝑚𝑚𝑟,𝑡(𝛱𝑚,𝑡 −𝛱𝑟,𝑡) (7e)

In the case of the GC and WP, it is assumed that they have the
ame flow and pressure input and output values as the nodes they are
onnected to.
7

4. CEP model

The tri-level stochastic CEP framework for IDSs and MCEMs that
considers resilience and MCEMs energy trading with IDSs is shown
in Fig. 2. The optimization model is a MILP with many coupling
variables between IDSs and MCEMs using the ACC unit. The proposed
tri-level model is established in this section. The stochastic expansion
planning model of IDSs and MCEMs is formulated on the first level to
minimize the total investment and operation costs while satisfying the
operational constraints of IDSs and MCEMs. For the PDS and PMGs,
the AC or DC configuration is considered using scenarios impacting
investment, operation, and resilience costs. On the second level, given
the expansion planning of agents, the objective is to maximize the
profit of MCEMs by exchanging energy with the IDSs. A resilience
cost minimization objective in emergency conditions constrained to RI
maximization forms the third level. As the master problem, the first
level sends the planning scenarios and variables to the second level. The
second level provides feedback on the MCEM’s energy exchange and
price bids to the master problem. In emergency conditions, the third
level runs to maximize the system’s resilience by implementing MG
(Microgrid) formation, DRP, load shedding, and line reinforcement. The
respective discussion on objective functions, decision variables, and
constraints is presented in the continuation of this section. These factors
influence the energy exchanges at the second level and consequently
impact the planning costs of the first level.

4.1. Firs level problem

On the first level, the stochastic CEP model is developed to minimize
the investment and operation costs’ net present value (NPV) while
satisfying the capacity requirements of IDSs and MCEMs. The first level
model is formulated as follows:

𝐶𝐶𝐸𝑃 = min
∑

𝜉
𝛩𝜉 (𝑟

𝑃
𝐴
𝜉,𝑇𝐶

𝐼𝑛𝑣 + 𝑟
𝑃
𝐹
𝜉,𝑦𝐶

𝑂𝑝) (8a)

𝐶𝐼𝑛𝑣 =
∑

𝑁∈𝛺𝑁

∑

𝑦∈𝑌

⎛

⎜

⎜

⎝

𝑟
𝐴
𝑃
𝜉,𝑇𝐿

∑

𝐿∈𝛺𝐿𝑁

(𝑥𝑁,𝐿,𝑦𝐼𝐶𝑁,𝐿 + 𝑥(𝑟)𝐿,𝑦𝐼𝐶
(𝑟)
𝐿 )

∗ +𝑟
𝐴
𝑃
𝜉,𝑇𝑔

∑

𝑔∈𝛺𝑔,(𝑛)𝑁

𝑥𝑁,𝑔,𝑦𝐼𝐶𝑁,𝑔 + 𝑟
𝐴
𝑃
𝜉,𝑇𝑠

∑

𝑠∈𝛺𝑠,(𝑛)𝑁

𝑥𝑁,𝑠,𝑦𝐼𝐶𝑁,𝑠

⎞

⎟

⎟

⎟

⎠

(8b)

𝐶𝑂𝑝 =
∑

𝑁∈𝛺𝑁

∑

𝑦∈𝑌
(𝑂𝐶𝐹 + 𝑂𝐶𝑉 ) (8c)

𝑂𝐶𝐹 =
∑

𝐿∈𝛺𝐿𝑁

𝑂𝐶𝐹𝑁,𝐿,𝑦 +
∑

𝑔∈𝛺𝑔𝑁

𝑂𝐶𝐹𝑁,𝑔,𝑦 +
∑

𝑠∈𝛺𝑠𝑁

𝑂𝐶𝐹𝑁,𝑠,𝑦 (8d)

𝑂𝐶𝑉 =
∑

S∈𝛺S

𝑁S
∑

𝑡∈𝑇𝑑

⎛

⎜

⎜

⎝

∑

𝑔∈𝛺𝑔𝑁∪𝛺𝑠𝑙𝑎𝑐𝑘𝑁

𝐸𝑁,𝑔,𝑦,S,𝑡𝐶
𝑅𝑇𝑃
𝑁,𝑦,S,𝑡 + 𝑃

𝑙𝑜𝑠𝑠
𝑁,𝑦,S,𝑡𝐶

𝑙𝑜𝑠𝑠
⎞

⎟

⎟

⎠

(8e)

∑

𝐿∈𝛺𝐿𝑁

(𝑥𝑁,𝐿,𝑦𝐼𝐶𝑁,𝐿 + 𝑥(𝑟)𝐿,𝑦𝐼𝐶
(𝑟)
𝐿 ) +

∑

𝑔∈𝛺𝑔,(𝑛)𝑁

𝑥𝑁,𝑔,𝑦𝐼𝐶𝑁,𝑔

+
∑

𝑠∈𝛺𝑠,(𝑛)𝑁

𝑥𝑁,𝑠,𝑦𝐼𝐶𝑁,𝑠+

∗ 𝑂𝐶𝐹 + 𝑂𝐶𝑉 + (𝐸𝑃𝑁,𝑦,S,𝑡𝛱
𝑃
𝑁,𝑦,S,𝑡 − 𝐸

𝑆
𝑁,𝑦,S,𝑡𝛱

𝑆
𝑁,𝑦,S,𝑡) ≤ 𝐶𝐵𝑢𝑑𝑔𝑒𝑡 (8f)

𝐶𝑜𝑛𝑠(1)–(5) (8g)

Where the terms 𝑟
𝑃
𝐴
𝜉,𝑇 , 𝑟

𝐴
𝑃
𝜉,𝑇 , 𝑟

𝑃
𝐹
𝜉,𝑇 are time value of money that converts

a present value to its equivalent annual value, an annual value to its
equivalent present value, and a future value to its equivalent present
value with interest rate 𝑟𝜉,𝑇 over time 𝑇 , respectively, which the details
of calculation can be found in Khaligh and Anvari-Moghaddam (2019).
In this model, (8a) expresses the CEP costs, including investment and

operation. Eqs. (8b) and (8c) show the details of investment and
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Fig. 2. The proposed framework for CEP.
peration costs in the model, respectively. Investment costs of new
eneration units, storage units, and new lines are considered; the
einforcement of existing lines is also added in (8b). According to (8c),
peration costs consist of fixed and variable costs, which are expressed
n (8d) and (8e), respectively. A common symbol 𝐸 is used in (8e) to
horten the text, which stands for 𝑃 , 𝑞, and 𝑀 in power, gas, and heat
nergy agents respectively. The first term in (8e) represents purchasing
nergy from the upstream grid or generation units from other distribu-
ion systems and MGs with the real-time price of that agent and, for
xample, purchasing heat energy of CHP units in DHSs from PDS. The
econd term expresses the cost of power loss. To incorporate a more
ealistic model, the constraint of the annual budget limit is considered
s (8f). The operational limitations are outlined in (8g).

.2. Second level problem

At the second level, MCEMs desire to maximize their energy ex-
hange profit and thus reduce their network expansion costs. For this
urpose, according to the capacity and the price signals sent by the
GSOs to the ACC unit, they determine their desired amount and price

f exchange energy. The mathematical model of the second level is
eveloped as follows:

𝑃𝑟 = max
∑

𝜉
𝛩𝜉

∑

𝑁∈𝛺𝑁

∑

𝑦∈𝑌

∑

S∈𝛺S

∑

𝑡∈𝑇𝑑

(𝐸𝑆𝑁,𝑦,S,𝑡𝛱
𝑆
𝑁,𝑦,S,𝑡 − 𝐸

𝑃
𝑁,𝑦,S,𝑡𝛱

𝑃
𝑁,𝑦,S,𝑡)

(9a)

0 ≤ 𝛱𝑆
𝑁,𝑦,S,𝑡 ≤ 𝛱

𝑆
𝑁 (9b)

≤ 𝛱𝑃
𝑁,𝑦,S,𝑡 ≤ 𝛱

𝑃
𝑁 (9c)

𝐶𝑜𝑛𝑠(1a), (4c), (5g) (9d)

The profit of MCEMs expressed in (9a) consists of two terms; the
first term shows the income from selling energy to IDSs, while the
second term represents the cost of energy purchased from the IDSs. The
energy selling and purchasing prices for MCEMs are limited by (9b)
and (9c), respectively. It should be noted that the maximum energy
exchange between MCEMs and IDSs is restricted by limitations of the
8

coupling lines, as indicated in (1k), (2f), (4c), and (5g).
4.3. Third level problem

The third level involves two objective functions: resilience cost
minimization and RI maximization for the whole system. This multi-
objective optimization problem is converted into a single objective
problem using the min–max regret method inspired by Moreira et al.
(2018). This level is defined in the emergency condition time interval,
𝑇𝑒 = [𝑡𝑑 , 𝑡𝑟], which is due to the hurricane occurrence. The resilience
cost objective shown in (10a)–(10c) comprises three terms: unsupplied
energy in the IDSs and MCEMs arising from failure in the PDS, financial
losses, 𝐶𝑟𝑒𝑝𝑎𝑖𝑟𝑁 , due to poles and conductor failure in the PDS and PMGs,
and the value of lost load (VoLL) for customers. It is assumed that
the unsupplied energy cost 𝐶𝐷𝑅𝑁,𝑦,S,𝑡 is equal to the maximum price of
energy in the understudy day at that agent. A pessimistic condition
assumes that the hurricane incident will occur from 16:00 to 21:00, the
peak load time. The repairing time for the damaged lines is assumed
to be constant and equal to three hours. The recovery measurements
for the resilience improvement are the line reinforcement in the PDSs
and PMGs, MG formation in IDSs considering MCEMs, and load shed-
ding. The RI maximization as the second objective is defined using a
normalized RI in (10d), which is a proper dynamic index for studying
resilience improvement from the planning perspective since it considers
the whole resilience range, including disruption and recovery phases. 𝜈
is a set of wind profile speed scenarios according to the Saffir-Simpson
category. The hurricane wind speed model (a spatially-time varying
called the Holland model) and failure probability of overhead lines in
PDS and PMGs under the hurricane is considered according to Saravi
et al. (2022). Wind turbines are especially vulnerable to hurricanes as
the maximum wind speeds can exceed their cut-off limits. Therefore,
modeling wind turbine tripping during hurricanes can be achieved
using probabilistic methods, as described in Adnan et al. (2021). How-
ever, adopting a risk-averse approach, wind turbines are assumed to
shut down during hurricanes. On the other hand, for overhead lines, the
probability of failure is calculated using fragility curves specific to poles
and conductors. The GDS and DHS pipelines are located underground,
so they are safe in a hurricane. Reinforcement of power lines means
replacing poles with poles of a higher class for classes 3 and 4 and
replacement with new poles of the same class for poles of class 2. The
candidate lines in PDS and PMGs for reinforcement are determined by
(10e).

𝐶𝑅𝑒 = min
∑

𝛩𝜈𝑟
𝑃
𝐹
𝜉,𝑦𝐶

𝑅𝐼
𝜉,𝜈 (10a)
𝜈
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𝐶𝑅𝐼𝜉,𝜈 =
∑

𝑁∈𝛺𝑁

∑

𝑦∈𝑌

∑

S∈𝛺S

∑

𝑡∈𝑇𝑒

(

𝐸𝐷𝑅𝑁,𝑦,S,𝑡𝐶
𝐷𝑅
𝑁,𝑦,S,𝑡 + 𝐶

𝑟𝑒𝑝𝑎𝑖𝑟
𝑁,𝑦,S +𝐸𝐷𝑅𝑁,𝑦,S,𝑡𝐶

𝐿𝐿
𝑁

)

(10b)

𝐶𝑟𝑒𝑝𝑎𝑖𝑟𝑁,𝑦,S = 𝑁𝐹𝑃𝐶𝑟𝑒𝑝𝑝𝑜𝑙𝑒 + 𝐿
𝐹𝐶𝐶𝑟𝑒𝑝𝑐𝑜𝑛 (10c)

𝑅𝐼 𝑡 = max
𝑡𝑟
∑

𝑡𝑑

𝜔𝑁
𝐸𝑁,𝑡𝑑 − 𝐸

𝐷𝑅
𝑁,𝑡𝑑

𝐸𝑁,𝑡𝑑 (𝑡𝑟 − 𝑡𝑑 )
(10d)

𝑓
𝑁 = {𝐿|𝑃 𝑓𝐿 ⟩𝑃

𝑓
𝑇ℎ} , 𝑡 ∈ 𝑇𝑒 , 𝑁 ∈ {𝑃𝐷𝑆, 𝑃𝑀𝐺𝑠} (10e)

𝑜𝑛𝑠(1)–(5) (10f)

s mentioned earlier, 𝐸 stands for 𝑃 , 𝑞, and 𝑀 in power, gas, and
eat energy networks, respectively. The operational constraints are
xpressed in (10f). After a hurricane, the PDS forms islands, considering
he PMGs to supply the disrupted demands from the upstream grid.
herefore, new constraints must be considered to ensure the radiality
f the PDS. Thus, the operational constraints of the PDS in (10f) are re-
ormulated to account for the islands formed after hurricanes, using the
roposed method in Arif et al. (2018). To convert the multi-objective
ptimization problem into a single objective problem at the third level,
modified min–max regret method, as described in Moreira et al.

2018), is introduced in (11). By applying the modification to (11),
he model is developed for a two-level optimization using normalized
bjective functions.

min
𝑧∈𝑍

𝑅𝑒𝑔(𝑧) (11a)

𝑒𝑔(𝑧) = max
𝑠∈𝑆,�̂�∈𝑋

(�̂�1(𝑧, �̂�, 𝑠) − �̂�2(𝑧, �̂�, 𝑠) − �̂�⋆�̂�,𝑠) (11b)

𝑜𝑛𝑠(10f) (11c)

here 𝛹1(.) and 𝛹2(.) are the objective functions corresponding to the
unctions expressed in (10a) and (10d), respectively. 𝑋 and 𝑍 are the
easible set of solutions in the first and second stages of the CEP prob-
em. 𝑆 is the set of all defined strategies in the second stage problem,
ncluding line reinforcement, MG formation, and load shedding. �̂�, 𝑧
re the solution vector in the first and second stage, respectively, and
is the vector of the strategies scenario. �̂�⋆�̂�,𝑠 is the optimal value of
̂ 1(𝑧⋆, �̂�, 𝑠) − �̂�2(𝑧⋆, �̂�, 𝑠) by optimal solution 𝑧⋆ under scenario 𝑠. The
ormalized objective functions �̂�1(.) and �̂�2(.) using ideal and nadir

point based on the straightforward objective normalization method
represented in He et al. (2021).

4.4. Solution methodology

Adopting an appropriate model for solving the optimization prob-
lem is a prerequisite for making benefits of CEP of the IDSs and MCEMs.
Since IDSs and MCEMs have a separate owner and operator, a multi-
agent problem as an assembly of MILP problems communed through
coupling components is considered. Each agent solves a MILP problem
and has a stake in the master problem. To cope with the computational
complexity of a large-scale centralized CEP problem, an aggregator-
agent splitting model of LADMMSAP is introduced. This model results
in a distributed ADMM formulation, where a central computation unit,
called ACC, plays the aggregator role. In contrast to a centralized
solution, the ACC primarily focuses on exchanging information between
agents and performing computationally simple tasks. The majority of
the computational effort is delegated to be carried out individually
by the agents. The CEP problem of (8)–(10) is decomposed with the
aggregator-agent LADMMPSAP as follows:

𝑓 (𝑥1, 𝑥2, 𝑧) = min
∑

𝜉
𝛩𝜉 (𝑐𝑇1 𝑥1 + 𝑐

𝑇
2 𝑥2

+
∑

𝜈
𝛩𝜈𝑐

𝑇
3 𝑧) 𝑥1 ∈ 𝑋1, 𝑥2 ∈ 𝑋2, 𝑧 ∈ 𝑍 (12a)

𝐺(𝑥1, 𝑥2, 𝑧) ≤ 0, 𝐻(𝑥1, 𝑥2, 𝑧) = 0 (12b)

Where vector 𝑥1 and 𝑥2 represent the first-stage decision variables,
i.e., installation of new capacities and amount and price of exchanged
9

nergy between agents, respectively. Vector 𝜉 denotes the uncertainty
parameter in the first stage model, including the output power gener-
ation of wind farms and PVs, load growth (LG), and interest rate (IR).
Second-stage decision variables are denoted by 𝑧, including curtailed
load, demand reduction by DRP, lines to be reinforced, and MG for-
mation in the PDS in an emergency condition. 𝑋1 and 𝑋2 are feasible
sets of first-stage decisions that are related to the first-level and second-
level problems, respectively. 𝑍 is the feasible set for the second-stage
decisions. The terms 𝑐𝑇1 𝑥1 and 𝑐𝑇2 𝑥2 in the objective function corre-
sponds to the investment and operation cost minimization in (8a) and
profit maximization in (9a) which is converted to minimization using
the negative sign. The term 𝑐𝑇3 𝑧 is the resilience cost under uncertainty
parameter 𝜈 and a given 𝑥1 and 𝑥2 corresponds to the second stage
roblem in (12). Constraints include those expressed in (1)–(8). The
roposed problem is a large-scale multi-time period planning problem
hat is computationally complex and time-consuming. The search can
e significantly reduced by prioritizing likely feasible investment sce-
arios on the planning horizon. ADP makes a trade-off between optimal
nd computational time and offers powerful mathematical tools to
andle the curse of dimensionality (Xu, Ding, et al., 2020). The search
an be significantly reduced by prioritizing feasible scenarios of the
roblem. The ADP model, according to Xu, Ding, et al. (2020) and Yuan
t al. (2022), is used to reduce the search space for the CEP problem.
he dynamics of each agent are described by (13a). The action during
he 𝓁th state in the planning horizon takes the form �̂�𝓁 which is a

function of the scenario 𝜉 and post-decision state 𝐴𝛼𝓁 = 𝛥𝓁𝛼𝓁 . At each
state, a feasible action 𝛼𝓁 should be selected. For shorthand, the feasible
set is denoted by 𝜒𝓁(𝐴𝓁), this is the set of action 𝛼𝓁 that satisfy (13a).
Let 𝛱 be the family of decision functions that could be chosen, 𝛷𝜋

𝓁
maps each state to a feasible action according to (12b). The objective
is to select a priority list of feasible scenarios that minimize expected
contribution over the planning horizon, as expressed in (13c). In (13d),
the simplified power and mass balance considering generation and
demand are considered.

𝐴𝓁+1 = 𝛥𝓁𝑥𝓁 + �̂�𝑥𝓁 (13a)

𝑥𝓁 = 𝛷𝜋
𝓁 ∈ 𝜒(𝐴𝓁) (13b)

min
𝜋∈𝛱

E[
∑

𝓁

𝐶𝓁𝑋
𝜋
𝓁 (𝐴𝓁)] (13c)

𝐶𝑜𝑛𝑠(1a), (2a), (4a) 𝑎𝑛𝑑 (8f) (13d)

Basic procedures are summarized in Algorithm 1. The LADMMPSAP
method is inherited from Saravi et al. (2022). Inspired by this work,
the Lagrangian multipliers 𝛿, adaptive penalty factor 𝜇, penalty factor
𝜆, and termination thresholds 𝜀 calculations are presented in Algorithm
1. A general vector variable 𝑦 is used to represent the variables that
exchange data between agents and the ACC. In each agent sub-problem
solving process, 𝑦(𝜅+1) is variable while 𝑦𝜅 is supposed to be a con-
stant determined by the consensus of the ACC and the coupled agent
operator.

5. Case studies and simulations

In order to represent the application and effectiveness of the pro-
posed resilience-oriented CEP model, several case studies are defined
for the integrated IDSs and MCEMs shown in Fig. 3. The IDSs consist
of the modified, well-known IEEE 33-bus radial PDS coupled with a
20-node GDN and a 16-node DHN. The rated capacities for CHPs, PV
farms, wind turbines (WTs), P2Gs, and BESSs in the PDS are the sets
of {0.5, 0.8, 1, 1.2, 1.5}, {0.6, 0.8, 1, 1.2}, {0.6, 0.8, 1, 1.2}, {0.4, 0.6, 0.8, 1},
0.4, 0.6, 0.8, 1} all in MW, respectively. The generation and storage
nits in the PMGs are considered with rated capacities of 0.2–1 MW
ith a step size of 0.2 MW. The candidate generation and storage units

n the DHN are considered with rated capacities of 0.2–1.6 MW with
step size of 0.2 MW. The PMGs can be either AC or DC based on

he requirements to minimize the objective function. In other words,
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Table 1
Parameters of candidate components in the PDS and DHS (Saravi et al.,
2022).

Component IC
(M$/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 1.22 15 15
VSC 0.12 6.5 20

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

the optimization results guide the planners of the PDS and PMGs
in deciding whether to develop AC or DC systems. Voltage source
converters (VSCs) are utilized for AC-DC power conversion. For the
first-level problem, a reconfiguration scenario is defined, involving the
installation of line 33 between buses 22 and 26 and the opening of
switches on line 25 between buses 6 and 26. The geographical coordi-
nation of PDS buses, line and pipeline data of IDSs, and interconnected
lines and pipelines can be found in Saravi et al. (2022). The pole classes
of the PDS, PMGs line data, couplings between IDSs and MCEMs, and
simulation parameters are provided in Appendix.

Algorithm 1 The ADP-LADMMPSAP method

1. Forming feasible scenarios, 𝑋𝜋
𝑦 , using ADP in (12).

2. Set initial value for 𝜀1, 𝜀2, 𝜀3 > 0, 𝜌0 > 1, 𝜇𝑚𝑎𝑥 ≫ 1≫ 𝜇0 > 0.
3. Solving agents individual expansion planning in (11) for
scenarios of step 1 and send coupling variables 𝑦𝑖𝑘 to ACC.
4. Aggregator step- parallel updating of 𝑦𝑖𝑘:

𝑦(𝜅+1)𝑖𝑘 = 𝛿(𝜅)(𝑦𝑖𝑘 − 𝑦
(𝜅)
𝑖𝑘′

) + 𝜆(𝜅)

2 ‖(𝑦𝑖𝑘 − 𝑦
(𝜅)
𝑖𝑘 ) + (

𝑦(𝜅)𝑖𝑘 −𝑦(𝜅)
𝑖𝑘′

𝜆(𝜅)
)‖2

5. Updating 𝜆(𝜅) and 𝛿(𝜅) as following:
𝛿(𝜅+1) = 𝛿(𝜅) + 𝜇(𝜅)(𝑦(𝜅+1)𝑖𝑘 − 𝑦(𝜅)

𝑖𝑘′
)

𝜆(𝜅) = 𝜎𝑖𝑘𝜇(𝜅)

𝜇(𝜅+1) = min(𝜇𝑚𝑎𝑥, 𝜌𝜇(𝜅))

𝜌 =

{

𝜌0 if 𝜇(𝜅)𝑚𝑎𝑥(
√

𝜎𝑖𝑘‖𝑦
(𝜅+1)
𝑖𝑘 − 𝑦(𝜅)𝑖𝑘 ‖ < 𝜀2

1 otherwise
6.Check the stop criteria as follows:
Error 1: 𝑚𝑎𝑥(

√

𝜎𝑖𝑘‖𝑦
(𝜅+1)
𝑖𝑘 − 𝑦(𝜅)𝑖𝑘 ‖) < 𝜀1

Error 2: (‖𝑓 (𝑥1, 𝑥2, 𝑧)(𝜅+1) − 𝑓 (𝑥1, 𝑥2, 𝑧)(𝜅)‖) < 𝜀3
7. Once satisfied, the iteration ends and output the results,
otherwise go to step 2.

The Demand profiles of IDSs and MCEMs for the first year of the
tudy are shown in Fig. 4, where the GDN demand in cubic meters
er hour is displayed in the second vertical axis on the right side
f the diagram. The real-time prices of energy purchasing from the
pstream grid and price cap for energy price bidding by MGs to IDSs
re illustrated in Fig. 5. As described in Saravi et al. (2022), a seasonal
oefficient is utilized to incorporate the effects of seasonal demand
ariation. This coefficient multiplies the peak demand profile in each
eason, allowing for the adaptation of the demand profile.

The parameters for the candidate components in the IDSs and
CEMs are listed in the Tables 1–4. The costs associated with BESS

nclude both DC/DC and AC/DC converter costs. In the DC-PDS and
C-PMGs scenarios, the cost of the AC/DC converter will be subtracted

rom the overall BESS costs. Additionally, the costs of VSC will be added
o the costs of the CHP sources.

The total budget limit of the IDSs is $ 3.5 million per year, of
which $ 2 million, $ 1 million, and $ 0.5 million per year, respectively,
re allocated to PDS, GDS, and DHS. The total budget limit of the
CEMs is $ 1.2 million per year, of which $ 0.5 million, $ 0.4 mil-
10

ion, and $ 0.3 million per year, respectively, are allocated to PMGs,
Table 2
Parameters of candidate components in the GDS (Saravi et al., 2022).

Component IC
(M$/m3)

Fixed OC
(103$/m3 year)

Lifetime
(year)

TBS 0.40 12 20
GS 0.35 8 20

Table 3
Parameters of distribution lines (Saravi et al., 2022).

Component IC
(M$/km)

Fixed OC
(103$/km year)

Lifetime
(year)

Power line 0.15 1 40
Pipeline 0.16 1.5 40

Table 4
Parameters of PDN’s conductor and accessories.

Component Cost
($/km)

Impedance
(Ω/km)

Max current
(Amp)

Conductor 1
(ACSR otter)

770 0.343+j0.328 270

Conductor 2
(ACSR
Waxwing)

1000 0.215+j0.296 445

Other 3850 – –

Table 5
Uncertainty scenarios (Saravi et al., 2022).

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

GMGs, and HMGs. DRPs apply to curtail strategies with a maximum
of 10% of the hourly demands in IDSs and MCEMs. DSOs are the
IDS’s asset owner and system operator, while MGOs act as both roles
in MCEMs. The existing AC-PDS and various configurations for DC-
PDS are illustrated in Fig. 6 based on the introduced configurations
for DC-PDS in Zhang et al. (2019). The symmetrical configuration
uses only two of the three wires for power transfer, while the third
wire is neutral. This configuration has the advantage of low wire
utilization. However, suppose a symmetrical configuration without a
neutral wire is chosen. In that case, an additional conductor with the
same rating can fully utilize the third wire and further increase transfer
capacities. In this configuration, the positive and negative poles are
formed using two wires. This configuration enhances wire utilization
but introduces ground return for handling unbalanced load currents.
It is important to note that this ground return approach may have
potential safety risks. An asymmetrical configuration with an extra
conductor as a neutral wire is chosen for the VSC to convert an existing
AC line to DC in this paper. In this configuration, the neutral wire
can be loaded with a full rate for the load current with near zero volt
potential, reducing insulation costs over this configuration without a
neutral wire. Using this configuration, the maximum power capacity
of AC lines can increase by 1.587 times. The AC peak voltage is
chosen as the DC-PDS operating voltage with a conservative approach.
The DC resistance of conductors is determined to be 0.98 times AC
resistance, according to Zhang et al. (2019). In certain urban areas
with limited space, constructing new power lines becomes impractical.
DC-PDS offers advantages, such as increased line capacity, load supply,
and integration of distributed generation. The necessity of building new
lines can be deferred or eliminated by converting existing AC-PDS to
DC-PDS (Zhang et al., 2019). The adoption of DC-PDS enhances the
voltage profile and reduces power losses compared to AC-PDS. The
improved voltage profile improves power quality and reliability within
the distribution network. The reduced power losses result in increased
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Fig. 3. Integrated IDSs and MCEMs schematic.
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nergy efficiency and cost savings. While there may be a drawback
egarding the cost of building VSCs for the AC to DC conversion,
hese costs are lower than the expense of constructing new power
ines.

The uncertainty scenarios with the associated probabilities of each
cenario shown in Table 5 are extracted from Saravi et al. (2022).
he details of wind and solar power generation profiles within the
nderstudied area (Florida state in the USA) and data of LG and IR for
cenario generation and the process of scenario reduction can be found
n Saravi et al. (2022). Detailed information on parameters related to
he candidate components, PDS’s poles specification, fragility curves
f poles with different ages, and hurricane wind speed profiles can
e found in Saravi et al. (2022). At the beginning of the planning
orizon, an age-dependent fragility curve for poles is utilized based
n (Saravi et al., 2022) with the classes 2, 3, and 4 southern pine
oles 60 and 30 years old. The hurricane frequency occurrence is
pecified using a Poisson probability distribution function based on the
limatic information of the understudied area. Based on the electricity
rices in Florida, real-time pricing (RTP) for purchasing energy carriers
rom the upstream grid is considered. The cost of losses, 𝐶 𝑙𝑜𝑠𝑠, in PDS
nd PMGs are considered equivalent to purchasing energy from the
pstream grid. The energy selling price for exchanged energy between
gents in the CEP is determined in the second level of the stage 1
roblem. Three study cases are analyzed as follows to better illustrate
he proposed CEP’s benefits. The AC and DC scenarios for PDS and
MGs are considered in each case. The third case is according to the
11

deal resilience-oriented CEP introduced earlier. D
5.1. Case I: IDSs expansion planning considering resilience

In this case study, it is assumed that the demand growth is served
in existing load points, and if needed, existing lines and pipelines are
reinforced. DSO owns generation and storage units and is responsible
for their operation. This case study is a benchmark to investigate the
effects of CEP of IDSs and MCEMs on the second and third cases.
Table 6 summarizes the economic results of expansion planning of IDSs
considering resilience. NPVs (in million dollars) are used to compare
the cost component of the planning in IDSs, including investment,
operation, resilience, and energy exchange costs. Table 7 compares
AC and DC solutions for PDS. According to Tables 6 and 7, the NPV
costs of losses and resilience are reduced by 32.2% and 2.2% with DC-
PDS, respectively. The main reason for developing P2G in the PDS is
the reduction of operating costs due to converting power to gas when
power is cheap in the PDS and sale to the GDS in the hours when gas
is expensive.

The sum of AC-PDS planning costs, including investment and op-
eration, 𝐶𝐶𝐸𝑃 , and resilience costs, 𝐶𝑅𝑒, is 9.2% lower than DC-PDS

hile the coordinated expansion planning costs of IDSs with AC-PDS is
.5% lower than IDSs with DC-PDS. Considering that the DC-PDS has to
e connected to the upstream AC grid and AC generation sources like
HP, the VSC station is required, which increases investment and main-
enance costs and adds some power losses. Since there is less expansion
f CHP sources in DC-PDS, the cost of natural gas fuel has decreased,
educing GDS’s income. Considering the load’s power factor in AC-
DS and using the DC operating voltage 1.414 times the AC voltage,

C line power capacity transfer has increased by 49.7% compared to
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Fig. 4. Demand profiles of the IDSs (Saravi et al., 2022) and MCEMs.

Fig. 5. The energy purchasing price from upstream grids and price cap.
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Table 6
Economic results of Case I.

Network
NPV (M$)

AC-PDS DC-PDS

𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟 𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟

PDS 4.481 0.249 – 4.923 0.243 –
GDS 3.643 0.018 – 3.521 0.018 –
DHS 3.973 0.009 – 3.845 0.009 –

IDSs 12.097 0.276 – 12.289 0.270 –

Table 7
Comparison between the AC and DC Solution in Case I.
Case

DC-PDS
AC-PDS

NPV (M$)

Losses 𝐶𝐼𝑛𝑣 𝐶𝑂𝑝

1 ✓□ □ 0.223 1.314 3.167
2 □ ✓□ 0.151 1.701 3.222

AC, on average. Therefore, by increasing the planning horizon from 5
to 10 years, DC-PDS became the optimal configuration because lines
number 1, 2, 5, 6, 19, 20, and 21 in the AC-PDS need to be reinforced,
which increases the investment cost in the AC-PDS compared to DC-
PDS. Another point that has a significant impact on determining the
optimal configuration is the loss cost calculation method. In this paper,
two scenarios for loss cost calculation are defined. In the first scenario,
the real-time prices of purchasing energy from the upstream grid are
used to calculate the power loss cost. The equivalent MVA losses are
used to calculate power loss costs in AC-PDS. In the second scenario,
according to some literature, the cost of each kilowatt of losses is
considered to be equal to the average expense of 1 kilowatt of power
generation in that network, revealing that, for this scenario, the net
present value of CCEP in the ACPDS and DC-PDS will be equal to 5.728
M$ and 5.589 M$, respectively. Therefore, DC-PDS will be the optimal
solution. Therefore, DC-PDS will be the optimal solution.

5.2. Case II: CEP without resilience

The penetration of distributed generation and the falling cost of
these technologies have resulted in the rapid growth of MGs in dis-
tribution systems in recent years. Thus, as a reasonable assumption,
the demand growth is served in privately owned grid-connected MGs
in this case study. The coordinated expansion planning of IDSs and
MCEMs with separate owners is investigated. DSO and MGSO are the
operators of IDSs and MCMEs, respectively. Each of the IDSs and
MCEMs has its separate owners/operators. The economic results of
Case II are summarized in Table 8. Resilience is not considered in the
planning problem in this case study. The resilience costs presented
in Table 8 only show the costs of demand interruption and VoLL
without considering resilience improvement measurements at the third
level of the problem. According to Table 9, by considering the PDS
planning costs independently, the AC-PDS with 5.055 M$ compared to
5.117 M$ for the DC-PDS is the optimum configuration. In contrast, in
coordinated expansion planning of IDSs, the DC-PDS would become the
optimal configuration with 12.618 M$ compared to 12.629 M$ for AC-
PDS. The main reason is the installation of BESS in the DC-PDS instead
of CHP. Due to the lower power losses and the elimination of reactive
power, it is possible to develop fewer generation sources. Instead, the
development of CHP resources in PMGs provides the thermal energy
needs well, so considering the CEP of IDSs and MCEMs, the costs are
reduced in the DC-PDS with DC-PMGs network. Table 9 compares AC,
DC, and hybrid solutions for PDS and PMGs. As can be seen in Table 9,
the DC-PDS with the DC-PMGs reduces the costs of losses by 56.8%
compared to AC-PDS with AC-PMGs.

The negative values for MCEMs in Table 8 represent the total

income from selling energy to IDSs. Based on the obtained results,
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Fig. 6. Demand profiles of the IDSs (Saravi et al., 2022) and MCEMs.
Table 8
Economic results of Case II.

Network
NPV (M$)

AC-PDS DC-PDS

𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟 𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟

PDS 2.658 1.106 1.291 2.898 1.020 1.199
GDS 2.311 0.131 1.178 2.278 0.127 1.242
DHS 2.973 0.168 0.813 2.977 0.161 0.716
PMG1 0.691 – −0.610 0.738 – −0.502
PMG2 0.751 – −0.681 0.833 – −0.697
GMG1 0.877 – −0.645 1.097 – −0.689
GMG2 0.741 – −0.533 0.989 – −0.553
HMG1 0.583 – −0.388 0.620 – −0.330
HMG2 0.601 – −0.425 0.741 – −0.386

IDSs 7.942 1.405 3.282 8.153 1.308 3.157
Table 9
Comparison between the AC and DC Solution in Case II.
Case

DC-PM
Gs

AC-PM
Gs

DC-PDS
AC-PDS

NPV (M$)

PDS PMGs

Losses 𝐶𝐼𝑛𝑣 𝐶𝑂𝑝 Losses 𝐶𝐼𝑛𝑣 𝐶𝑂𝑝

1 ✓□ □ ✓□ □ 0.138 0.994 1.664 0.008 0.823 0.619
2 ✓□ □ □ ✓□ 0.138 0.994 1.664 0.005 0.926 0.672
3 □ ✓□ ✓□ □ 0.058 1.291 1.609 0.009 0.908 0.709
4 □ ✓□ □ ✓□ 0.058 1.291 1.607 0.005 0.869 0.702
the owners of PMG1 and PMG2 can compensate 88.2% and 90.6% of
their total costs in 5 years of planning by investing in the expansion
of generation in their MGs and only through the selling of excess
energy to the PDS. Like case I, by increasing the planning horizon
from 5 to 10 years, DC-PDS became the optimal configuration since
using the chosen configuration in DC-PDS, the maximum power transfer
capacity of power lines increases up to 1.587 times that of the AC-PDS.
Therefore, the reinforcements of power lines are deferral in 10 years
of planning in DC-PDS. Also, DC-PDS became the optimal solution by
considering the cost of each kilowatt of losses to be equal to the average
expense of 1 kilowatt of power generation in that network. The total
NPV of power losses increases from 0.138 M$ to 0.876 M$ in AC-PDS
while it becomes 0.360 M$ in DC-PDS.
13
5.3. Case III: CEP with resilience

The planning results offered by the CEP, considering resilience in
Case III, are displayed in Table 10. This case incurs a higher investment
cost due to implementing a proactive planning technique that accounts
for the system’s resilience in the planning problem. This approach
is more conservative, resulting in increased costs for both the IDS
and MCEMs. It implies that the sum of the imposed cost to the IDS
and MCEMs due to the damage of poles and conductors, energy not
supplied, and VoLL reduced by 72% using proactive CEP. The optimum
PDS and PMGs configuration is the AC-PDS with AC-PMGs extracted
from the results in Table 11 since the total NPV for CEP of IDS with
DC-PDS and DC-PMGs increases by 0.4% due to the cost of building
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Fig. 7. The CEP results for Case III with AC-PDS.
VSCs. However, using the DC-PDS will significantly reduce the costs of
losses and improve the system’s resilience. According to a sensitivity
analysis on the optimum configuration of PDS with changing the AC-
DC power conversion costs, an 18.2% reduction in the VSCs cost will
lead to changing the optimal PDS configuration from AC to DC. In
summary, the optimal solution is the AC-PDS with AC-PMGs in Case
III. The CEP in Case III reduces the planning costs by 0.7% compared
to Case I. Also, the CEP considering resilience in Case III reduces costs
by 2.7% compared to the optimum solution in Case II. Iteration process
output results of the Algorithm for case III are illustrated in Figs. 7 and
8 for AC-PDS and DC-PDS, respectively. These figures show the IDS’s
expansion planning output in the study lifetime. Fig. 9 to Fig. 13 are
provided to show more details of the study results.

According to Figs. 7 and 8, due to the significant impact of the
reinforcement of vulnerable power lines in reducing resilience costs,
these lines have been reinforced in both AC and DC structures in the
first year. The voltage profile is improved by reconfiguring the PDS
by installing line 33 and opening line 25. The generation expansion
deferral is achieved at the expanse of the negligible cost of the 1.3
km power line installation. The development of PMGs in the first year
14
has reduced the costs of the PDS, and at the same time, due to the
sale of the surplus energy of PMGs to the PDSs, the cost of developing
them is returned in an acceptable time. Due to the sale of heating
energy from CHP sources to the HMGs by the PMGs, the development
of these sources in PMGs in the first year has been the optimal scenario
compared to other sources. For the same reason, and considering the
coupling between PDS and DHS, the development of 0.8 MW of CHP
source in both AC and DC configuration of PDS has been the optimal
option.

In the third year, due to the lack of need for further development of
CHP resources in the DHS and also the lower cost of BESS development
in the DC-PDS, the optimal option is to install 0.6 MW of BESS, while
for the AC-PDS, installing 0.6 MW of WT is the optimal option. The
expansion results in the fourth year have been the same for both AC-
PDS and DC-PDS. Still, in the fifth year, considering the configuration
of the DC-PDS in emergency conditions, installing tie-line 5 with a
length of 1.2 km will reduce the load shedding and the cost of lost
load. GMG1 and GMG2 connected to the GDS, and HMG1 and HMG2
connected to the DHS have been developed in the first year of planning.
Table 12 is a comparative table of total CEP costs for the case studies
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Table 10
Economic results of Case III.

Network
NPV (M$)

AC-PDS DC-PDS

𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟 𝐶𝐶𝐸𝑃 𝐶𝑅𝑒 𝐶𝑃𝑟

PDS 2.718 0.283 1.422 3.045 0.244 1.398
GDS 2.364 0.047 1.204 2.350 0.047 1.271
DHS 3.178 0.063 1.006 3.134 0.063 0.778
PMG1 0.714 – −0.607 0.753 – −0.572
PMG2 0.723 – −0.815 0.826 – −0.826
GMG1 0.992 – −0.671 1.143 – −0.718
GMG2 0.741 – −0.533 0.989 – −0.553
HMG1 0.631 – −0.495 0.611 – −0.342
HMG2 0.662 – −0.511 0.744 – −0.436

IDSs 8.260 0.393 3.632 8.529 0.354 3.447
Table 11
Comparison between the AC and DC Solution in Case III.
Case

DC-PM
Gs

AC-PM
Gs

DC-PDS
AC-PDS

NPV (M$)

PDS PMGs

Losses 𝐶𝐼𝑛𝑣 𝐶𝑂𝑝 Losses 𝐶𝐼𝑛𝑣 𝐶𝑂𝑝

1 ✓□ □ ✓□ □ 0.144 1.129 1.589 0.009 0.822 0.615
2 ✓□ □ □ ✓□ 0.144 1.129 1.830 0.006 0.938 0.724
3 □ ✓□ ✓□ □ 0.062 1.455 1.868 0.010 0.892 0.710
4 □ ✓□ □ ✓□ 0.062 1.455 1.590 0.005 0.881 0.698
Table 12
Comparison of case study’s economic results for AC and DC configurations.

Case Loss scenario NPV of total CEP costs (M$)

AC DC Optimal

1 1 12.373 12.559 AC
1 2 13.620 13.225 DC
2 1 12.629 12.618 DC
2 2 13.409 12.946 DC
3 1 12.285 12.330 AC
3 2 13.103 12.678 DC

in AC and DC configurations. Here, AC configuration refers to the
combination of AC-PDS and AC-PMGs, and DC configuration refers
to the combination of DC-PDS and DC-PMGs. In this table, column
two indicates the loss calculation scenario according to the definition
in Section 5.1. The last column of the table represents the optimal
configuration based on the lowest planning cost in each case. The last
column of the table represents the optimal configuration based on the
lowest CEP costs in each case. According to the results of Table 12, the
optimal case is related to case 3 and scenario 1 for loss calculation with
AC configuration. In case 2, where resilience is not considered in the
CEP, its incurred costs have been significant. Considering the impact
of DC configuration in reducing these costs, the optimal configuration
for both loss calculation scenarios is DC configuration. The voltage
profile of PDS’s normal condition for case III is given in Fig. 9. This
figure reveals the voltage profiles of PDS buses for the base case and
years 1 and 5 of planning in the maximum demand hour, 19:00, which
confirms that the DC-PDS can improve the voltage profile.

To conduct a more comprehensive analysis of the impacts of AC and
DC configurations on the power losses of the PDS, Fig. 10 is presented.
By eliminating reactive power flow, increasing the operating voltage
of the system, and utilizing DC lines with smaller resistance compared
to AC lines, the DC configuration offers notable advantages in terms of
minimizing power losses.

Fig. 11 depicts the impacts of installing line 33 connecting bus 22
to bus 26 and opening the switches of line 25 connecting bus 6 to bus
26 on voltage profiles. As can be seen, voltage profiles in both the AC
and DC configurations improve in the PDS and PMGs by installing this
line.

Fig. 12 represents the resilience curve of the system in case studies
with AC and DC configuration for the PDS. The RI in the resilience-
15

oriented CEP of Case III with the AC-PDS configuration improves by
20.1% compared to Case II with AC-PDS, which depicts the impact of
considering resilience in the planning problem. The DC configuration
in Case III improves resilience by 0.7% compared to AC-PDS. The
optimal energy exchange prices between IDSs and MCEMs, which MGs
offer IDSs at the second level of the CEP, are illustrated in Fig. 13.
According to the needs of the IDSs, PMG2, HMG2, and GMG1 are sold
and purchased at price cap energy to the IDSs in more hours at the
price cap compared to PMG1, HMG1, and GMG2.

Fig. 14 illustrates the power exchange profile between PMGs and
the PDS in the fifth year of case III. As shown in the figure, in both AC
and DC configurations, due to the optimal pricing for power exchange
between PMGs and the PDS, PMGs send their surplus power to the PDS
during all hours of the day, which helps to meet the load near the con-
sumption and reduce the power losses. However, in DC configuration,
for PMG1, considering the development of the BESS in bus 18, which
is located near PMG1 in terms of electricity distance, and also taking
into account that the energy purchase price from the microgrid during
the hours of 18 to 22 is at its cap price, power exchange from PMG1
to the PDS has decreased during these hours.

The relative error of the solutions has been calculated using Eq. (14)
to study the proposed algorithm’s efficiency and convergence perfor-
mance. To obtain the ground truth solution, 𝑂𝐹⋆, for measuring the
relative errors in the solutions, 2000 iterations with a conservative
approach run. The obtained results are considered the optimum solu-
tions. The convergence rate in reaching the relative error equal to 0.001
for the LADMMPSAP method in Saravi et al. (2022) and the proposed
ADP-LADMMPSAP algorithm are compared for Case III with AC-PDS, as
shown in Fig. 15. The convergence speed in the proposed algorithm has
increased significantly, indicating its efficiency for complex problems.

𝐸𝑟𝑟𝑜𝑟 =
|𝑂𝐹 − 𝑂𝐹⋆|

𝑂𝐹⋆
(14)

6. Conclusion

This paper proposed a three-level, two-stage coordinated stochastic
expansion planning of IDSs and MCEMs, considering resilience for
determining the technologies, capacities, and location of components
and MGs in the IDSs integrated with MCEMs. The proposed model
considered AC and DC configuration for PDS and could offer informa-
tive reference to the distribution system planners. The model properly
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Fig. 8. The CEP results for Case III with DC-PDS.
Fig. 9. Voltage profiles in normal condition of Case III.

onsidered operating and resilience requirements and energy exchange
rofit of MCEMs with the optimal price and the amount of exchange en-
rgy. An aggregator-splitting approach using the ACC was introduced,
ignificantly reducing the problem’s computational complexity. The fol-
owing implications were delivered from case studies: The coordinated
16
Fig. 10. Final iteration process result for case III with AC-PDS.

planning could reduce the IDSs costs through the system’s expansion
by independent MCEMs. In Case III, the investment costs in MGs are
returned in the planning period without considering the income from
energy sales to final consumers and only through the sale of energy to

the IDSs. In 5-year planning, AC and DC configuration costs are close,
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Fig. 11. Final iteration process result for case III with DC-PDS.

Fig. 12. Resilience Index of the IDSs in case studies.

Fig. 13. Optimal energy exchange prices in second level problem.
17
Fig. 14. Active power exchange of PMGs with PDS in year 5 of Case III.

Fig. 15. Convergence curve of Case III with AC-PDS.

and the AC is the optimal choice in all case studies. By increasing the
planning horizon to 10 years, DC will be the optimal solution since
network reinforcement costs and power losses are significantly lower.
Also, suppose the value of losses is equal to the average cost of one
kilowatt of power generation in the PDS; DC will be the optimal option.
In that case, DC will be the superior option in all the case studies.
Comparing Case II and III, despite the increase in investment cost,
considering resilience in planning, overall network costs will decrease
by 2.7% during the planning period. From the investment tendency
point of view, with the continuous drop of VSC building costs and
the increased penetration of BESS, the DC configuration will be the
inevitable option for future PDSs. It is worth mentioning that the MG’s
operation was considered autonomous, and collaboration between MGs
using making a coalition is not considered in this paper. This is the topic
of the author’s future work.
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Table A.1
Simulation parameters.

Parameter Value Parameter Value

𝐶𝑅,𝐶𝑅 1,1.2 𝜁5,9 , 𝜁17,18 1.08,1.12
𝑆
𝐼𝑚𝑝

10 MVA 𝜀1,𝜀2 0.001
𝑉 𝑖,𝑉 𝑖 0.9,1.1 p.u. 𝜇0,𝜌0 2,0.01
𝑃 𝑓
𝑇ℎ 0.1 𝜇𝑚𝑎𝑥 100
𝜏𝑎 25◦𝐶 𝐶𝐿𝐿

𝑃𝐷𝑆 , 𝐶
𝐿𝐿
𝑃𝑀𝐺 25 $/kWh

𝐶𝐿𝐿
𝐻𝐷𝑆 , 𝐶

𝐿𝐿
𝐻𝑀𝐺 10 $/kWh 𝐶𝐿𝐿

𝐺𝐷𝑆 , 𝐶
𝐿𝐿
𝐺𝑀𝐺 15 $/kWh

𝑆𝑂𝐶,𝑆𝑂𝐶 0.1,0.9 Gas heating value 250 kW/m3
Table A.2
PMGs buses geographical coordination.

Network Bus No. Coordinate
(longitude, latitude)

1 (82.6100W, 28.0550N)
2 (82.6050W, 28.0550N)

PMG1 3 (82.6010W, 28.0550N)
4 (82.5790W, 28.0550N)
5 (82.6010W, 28.05300N)

1 (82.6610W, 28.0680N)
2 (82.6570W, 28.0680N)

PMG2 3 (82.6530W, 28.0680N)
4 (82.6490W, 28.0680N)
5 (82.6530W, 28.0710N)

1 (82.7670W, 28.0840N)
2 (82.7620W, 28.0840N)

PMG2 3 (82.7580W, 28.0840N)
4 (82.7540W, 28.0840N)
5 (82.7580W, 28.0810N)
Table A.3
Data of interconnected lines and pipelines.

Type Network
(from–to)

Bus\node
no.

Length
(km)

Pipeline GMG1-PMG1 2–4 0.2
Pipeline PMG1-HMG1 4–4 0.1
Pipeline GMG1-HMG1 5–1 0.3
Pipeline GMG2-PMG2 2–1 0.2
Pipeline PMG2-HMG2 1–1 0.2
Pipeline GMG2-HMG2 4–4 0.1
Pipeline GMG3-PMG3 2–5 0.3
Pipeline PMG3-HMG3 5–4 0.2
Pipeline GMG3-HMG3 3–1 0.3
Table A.4
Data of MGs lines and pipelines.

Network Lines\pipelines of MGs Candidate interconnection

Line No. Line(i–j) Length (km) Line No. Line (i–j)
(MGs to IDSs)

Length (km)

1 1–2 0.5 5 1–26 1
2 2–3 0.4 6 4–33 0.8

PMGs 3 3–4 0.4 5 1–13 1
4 3–5 0.3 6 4–18 0.8

5 4–23 0.7

1 1–2 0.2 5 1–7 0.4
2 2–3 0.2 6 4–14 0.5

GMGs 3 3–4 0.3 5 1–20 0.5
4 3–5 0.3 6 5–16 0.4

5 5–2 0.6

1 1–2 0.1 5 1–14 0.3
2 2–3 0.2 6 4–9 0.2

HMGs 3 3–4 0.2 5 1–18 0.2
4 3–5 0.2 6 5–10 0.3

5 5–3 0.4
A

Appendix. Data and simulation parameters

Technical data of IDSs and MCEMs, including the PDS’s pole classes,
PMGs line data, couplings of IDSs and MCEMs, and simulation param-
eters, are given in Tables A.1–A.4.
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