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Abstract: Coordinated load restoration of integrated electric and heating systems (IEHSs) has be-
come indispensable following natural disasters due to the increasingly relevant integration between
power distribution systems (PDS) and district heating systems (DHS). In this paper, a coordinated
reconfiguration with an energy storage system is introduced to optimize load restoration in the
aftermath of natural catastrophes. By modifying the DHS network topology, it is possible to maintain
an uninterrupted energy supply in unfaulty zones by shifting heat loads among sources and adjusting
the operation of coupled devices. Additionally, energy storage systems with rapid response times
are implemented to enhance load restoration efficiency, especially when working in conjunction
with multiple energy sources. Comprehensive case analyses have been systematically conducted to
demonstrate the impact of coordinated reconfiguration with energy storage systems on improving
load restoration.

Keywords: district heating system reconfiguration; energy storage system; integrated electric and
heating system; load restoration

1. Introduction

In the last few years, frequent natural catastrophes have significantly impaired vast
energy infrastructures, leading to widespread energy disruptions [1-3]. In 2021, Winter
Storm Uri was a significant meteorological event that affected around 10 million people
in Texas through the loss of their natural gas and electricity supply, with an estimated
economic loss of up to USD 295 billion [4]. In 2022, Hurricane lan damaged the power and
natural gas transmission infrastructure in Florida, United States, affecting over 1.5 million
individuals and resulting in economic losses of up to USD 67 billion [5].

With a growing consciousness of potential threats, the load restoration of integrated
energy systems has increasingly come into focus [6,7]. The authors of [8] focused on
the coordinated load restoration capabilities of district and regional integrated energy
systems, aiming to bolster resilience following catastrophic events. The authors of [9]
proposed a model for restoring electric and gas systems that incorporates coordination
among subsystems. The authors of [10] proposed a restoration strategy considering the
power distribution system reconfiguration and optimizing the deployment of repair crews.

The adoption of combined heat and power (CHP) units has established a closer
relationship between electric and heating systems [11,12]. This connection has resulted
in intricate interactions between the power distribution system (PDS) and the district
heating system (DHS), posing two main issues. Firstly, there is the possibility of problem
transmission from one system to the other through the coupled components, causing load
shedding. For instance, improper switching operation in PDS might influence the heat
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outputs of the CHP unit, resulting in the unnecessary shedding of heat loads [13]. Secondly,
isolated subsystem operations can limit the potential to fully utilize the flexibility of the
coupled components, such as CHP units, during the recovery phase. Thus, a collaborative
approach is necessary for load restoration.

The reconfiguration of the DHS is a crucial step in the restoration of load in integrated
electric and heating systems (IEHSs), analogous to the reconfiguration of PDSs [14]. DHSs
can maintain a continuous heat supply in unaffected areas by shifting heat loads among
sources and adjusting the network structure. This flexibility in managing heat distribution
ensures that the system remains stable and efficient during disruptions. Furthermore, the
DHS can enhance the effectiveness of restoration efforts by modifying the operational
output of CHP units in coordination with PDS switch operations. This collaborative
approach optimizes the recovery of both heat and power, thereby reducing the duration
of outages and enhancing the ability of practitioners to respond to emergencies. Such
strategic reconfiguration is of paramount importance in scenarios requiring rapid recovery
from disruptions, such as severe weather conditions or other events that simultaneously
impact power and heating infrastructures. The integration of heat and power restoration
strategies serves to enhance the resilience of the IEHS against a range of disruptions, thereby
facilitating a swift recovery and operational continuity.

Energy storage systems (ESSs) are becoming increasingly crucial for enhancing system
recovery capabilities, particularly due to their rapid response speeds [15,16]. In the event
of a system fault, the swift activation of energy storage systems (ESSs), combined with
effective control strategies, plays a crucial role in maintaining the stability of power supply,
particularly to critical loads. The instant compensatory capabilities of ESSs are pivotal in
handling power disruptions. By seamlessly integrating ESSs with multiple energy sources,
they ensure that no interruption occurs in the supply of power to essential services during
outages. This integration is particularly critical in enhancing the resilience of integrated
energy and heating systems (IEHSs) against natural disasters. ESSs facilitate a robust
and flexible energy infrastructure that can quickly adapt to sudden changes in power
availability. During disruptions caused by severe natural events, such as hurricanes or
earthquakes, ESSs provide a reliable and continuous energy supply. This capability is
essential for maintaining the operation of vital services like emergency response systems
and other critical infrastructure. Moreover, the versatility of ESSs in integrating diverse
energy sources enables a smooth transition between these sources during disruptions. This
flexibility ensures that essential services remain operational, thereby mitigating the impact
of the disaster on the community and economy. The strategic deployment of ESSs within
IEHS frameworks significantly bolsters a system’s ability to withstand and quickly recover
from the catastrophic effects of natural disasters, providing a continuous and reliable energy
supply during the most critical times.

This research puts forth a cooperative service-restoration model that incorporates the
coordinated reconfiguration of subsystems and ESSs. The substantial contributions are
summarized here, as follows:

(1) A model aiming to enable cooperative service restoration is introduced in this paper,
accounting for the intricate interplay between the fault isolation and recovery phases.
It highlights the fault propagation between the PDSs and DHSs and the collaborative
recovery capability of subsystems in resisting natural disasters.

(2) Coordinated reconfiguration is provided to explore the flexibility of time-varying
network topologies for service restoration. This strategy enhances the load restoration
level by redistributing loads among different energy sources and fine-tuning the
energy output of CHP units for improved energy provision.

(3) An energy storage system with fast response speeds is considered in restoration.
which can ensure the continuation of power to vital loads. More importantly, the inte-
gration of energy storage systems with multiple energy sources can swiftly reinstate
significant loads.
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Section 2 provides a detailed introduction to the concept of IEHSs. Section 3 unveils
a comprehensive model for fault recovery, highlighting the fault propagation and the
importance of synchronized reconfiguration with ESS. The results on the P33H13 system
and the study for future exploration are revealed in Section 4.

2. A Multi-Time Restoration Model

As shown in Figure 1, the power distribution system and the district heating system
are synergistically linked in the IEHS, bridged by CHP units. As the main energy source for
both PDSs and DHSs, CHP units significantly strengthen the interconnectivity and mutual
support between these subsystems.
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Figure 1. Structure of integrated electric and heating system.

As shown in Figure 2, an innovative collaborative model is specifically designed for
service restoration, which integrates both fault isolation and subsequent restoration phases
effectively. This model is especially pertinent when dealing with disruptions in complex
energy systems like DHS and PDS.
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Figure 2. Resilience curve of an IEHS after disaster.
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The initial phase, fault isolation, is crucial as it involves the joint operation of the DHS
and PDS to pinpoint affected nodes or buses within the network. This operation helps
in delineating the boundaries between fault and non-fault areas, which is essential for
understanding and managing the scope of fault propagation effectively. By identifying
these specific areas, the model facilitates targeted interventions, thereby optimizing the
restoration process. Following fault isolation, the recovery phase commences. This phase is
characterized by a coordinated reconfiguration of both the DHS and PDS. The objective here
is to restore the services to the unaffected regions swiftly and efficiently, thus minimizing
the downtime and impact on end users. This reconfiguration is complex, requiring precise
control and synchronization between the heating and power sectors to ensure that loads in
unaffected areas are restored without introducing new issues.

Moreover, the EES plays a pivotal role in the restoration process. EESs are utilized to
maintain the continuity of the energy supply, particularly to vital loads that cannot with-
stand interruptions. These systems provide a buffer that helps in stabilizing the network
during the restoration process by supplying stored energy when it is most needed. The
model’s effectiveness is further enhanced when integrated with multiple energy sources
within an integrated energy and heating system (IEHS). By leveraging various energy
sources, the EES can rapidly restore critical loads, thus ensuring that essential services
remain operational during most of the restoration period. This integration not only im-
proves the resilience of the system but also enhances its flexibility and responsiveness to
disruptions.

2.1. Network Topological Constraints
2.1.1. Fault Isolation Model

In this stage, areas affected by faults show how faults propagate through the subsystem,
which could give operators a detailed insight into the dynamics of the network during
faults. It accurately delineates fault zones and traces fault propagation through the IEHS,
as shown below:

(1= i) (Yijo — sijo) < Yiie < (1— fij) Yij0, V(i,j) € KPUK!, Wt € Ty, (1)
wir—Yijo+1> fij(1—si50), (i, j) e KP UK, YVt € Ty, )
wir— Yijo+1> fij(1—si50), (i, j) € KUK, V€ T}, ®3)

wie—Yije+1> V(i j) € KUK, V€ T, (4)
wir—Yije+1> ¥, j) e KPUK, V€ Ty, (5)
uotl = uSHt, vm e KGHP n e KEAP vt e T, (6)

Constraint (1) illustrates that the isolation process can be achieved by the switch/valve
in an area that is not affected by faults. Constraints (2)—(3) indicate that if a pipe/line
is not equipped with a switch/valve, the occurrence of a fault in it causes its connected
nodes/buses to be classified as affected. Constraints (4)—(5) state that nodes/buses of a
closed pipe/line are considered to be part of the same area. Constraint (6) specifies that
any faults occurring in the CHP units within the DHS or PDS will be mirrored in the other
subsystems. These constraints provide insight into the fault isolation dynamics of pipeline
networks and establish a framework for prompts and precise fault detection.

2.1.2. Service-Restoration Model

After identifying the fault’s exact location, the restoration strategy involves using
switches and valves to restore the loads that were not isolated in the previous phase. This
restoration procedure follows specific topological constraints.

(1= fije) (Yije = sijo) < Yije < (1= fije) (Yije +sijo), (i, j) € KP U K, vt e T, (7)



Electronics 2024, 13, 1931 50f 14
aij+aji = Yij,V(i,j) € KP UK, Vt € T, (8)
Y a4 <1VjeK'VteT,, )
ien(j)
Y. aj;=0,Yje K", VteT, (10)
seo(j)
Y;ir = Njj — N, V(i,j) e KF UK, Vt € T, (11)
wip— Y +1> V(i j) € KPUK, V€ T, (12)
wir—Yije+1> i V(i j) € KPUK, VEE T, (13)

—(1=Yij) M < Ujp — Uy — 2(RyiPyjs + X3 Qijr) + (RZZ] + ij) Lijp < (1= Yis) M,

Constraint (7) illustrates that switches/valves in non-faulted areas are crucial for the
network’s structural adjustment. Only the switch/valve equipped on the non-faulted
pipe/line can be utilized for network reconfiguration. Constraints (8)—(10) illustrate that
maintaining a radial network topology is essential in ensuring that energy flow follows
a single route [17,18]. Constraints (12)—(13) illustrate that the nodes/buses of a closed
pipe/line are considered to be part of the same area.

2.2. Operation Constraints
2.2.1. PDS Operation Constraints

A model for collaborative service restoration has been developed using mixed-integer
second-order cone programming.

1. Power Balance Constraints

P]‘/t = Z Pjs,t — Z (P,*]*,t — Ri]‘Li]',t),V]‘ € Kb, Vte T, (14)
s€d(f) iern(f)

Q=Y Qii— Y (Qiji — XijLijs), Vi € K\, V€T, (15)
s€d(f) ien(f)

Pj; = PRC + PGHP - PEES — (P, — PL*) Wj e KU, Wt € T, (16)

Qs = QPF + QP + QFFS — (Qh — Ql™) Vi e Kt € T, (17)

2Py 2Qij ¢ Lij — Uig||, < Lije + Ui, Vj € K, VEET, (18)

Constraints (14)—-(17) illustrate the power flow at each bus. To improve the efficiency of
the solution, the nonconvex current constraint is relaxed to a second-order cone constraint in
(18). The treatment has been extensively used and justified in distribution systems [19,20].

2. Transmission Capacity Constraints
|Pije| < Y eSH™, (i, ) € K, vt €T, (19)
|Qije| < YieSH™ V(i j) € K, VEET, (20)

Constraints (19)—(20) illustrate that the transmission power of a closed line should be
within the bounds. The transmission power of an open line should be 0.

3. Voltage Drop Constraints

(21)

Y(i,j) e KLVt €T,
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uMnt <u;, <uM*,vje K Ve, (22)

Constraint (21) illustrates that the voltage drops along a closed line. Constraint (22)
illustrates that the voltage variation along the line should be within the bounds.

4.  Unit Generation Constraints

(1= pje) PUID; < PGP < (1= i) PYE Vi € K, VEET, (23)
(1= 1) QeHp; < Q5" < (1= pje) QEHh Vi €K VEET, (24)
(1= pie) PR < P < (1— ) PRES, Vi € K, VEET, (25)
(1— i) QB < QPE < (1— 1) Q¥ES, Vi e K Wt € T, (26)

Constraints (23)—(26) illustrate that the power generation of CHP units and DG should
be within the bounds. When the power sources are cut off, the power generation is reduced
to 0.

5. Load Shedding Constraints
Pl < PP < PhVje K VteT, (27)

nipQF < QI < QhVje K VteT, (28)

Constraints (27)—(28) demonstrate that, in faulted areas leading to unit shutdowns,
electric loads will be completely removed, and in non-faulted areas, a portion of the loads
will be shed to maintain power balance.

6.  ESS Operation Constraints

PEES At
S . - HEES
EES Efffl_ o if Pp” >0
EEFS = j (29)

EES EES Ch i EES
EEES — PEES. At. 56T, if PEES <0

Constraint (29) demonstrates the dynamic limit of state for the energy stored in ESS
and the charging/discharging power for two consecutive time slots, taking into account
the charging/discharging efficiencies. It is important to specify the power flow direction of
the ESS. When the value of Pffs is positive, it indicates that the ESS is discharging, and
when it is negative, it indicates that the ESS is charging.

EEES
SoCjy = E]ciiw Vi e Ke,VteT, (30)
j
SoCM" < SoCj; < SoCM™, Vj € K, Vt € T, (31)

Constraints (30)-(31) define the charge capacity boundaries for the ESS to prevent both
excessive charging and discharging.

(1= pje) PREE; < PEFS < (1—pjy) PRES;, Vj € K VEET, (32)

Constraint (32) illustrates the capacity limit of EES.
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2.2.2. DHS Operation Constraints

In the energy flow model, the quantity of heat quantity is represented by an alternative
variable, i.e., H, i = CMl-j (Tg — T};) , which is then incorporated into the service-restoration
model [21-23].

1. Heat Station Constraints

o) "HT < PP < M HET Vi €KY W E T, (33)
HB HB : h
HP = 6;Ff{P,vj e K"Vt € T, (34)
Y. H"+ Y HAP = HfPP Vie K", VteT, (35)
jeKS jeK!h

Constraint (33) illustrates the power-to-heat ratio of the CHP unit. Constraint (34)
illustrates the ratio of fuel consumption to the production of a heating boiler (HB). Con-

straint (35) illustrates that heat generation in the heating station (HS) originates from the
CHP unit and HB [24].

2.  Heat Transmission Constraints

HOH = HJl, — H (i, j) € KO,V € T, 36)
| < vy i) e K2 e e, @
[HO| < Yoy Y™, (i, j) € K2 W €T, 9)

Constraint (36) illustrates the heat quantity loss from the inlet to the outlet pipe.
Constraints (37)—(38) illustrate that the heat transmission along the pipe should be within
the bounds. The heat transmission of an open line should be 0.

3. Energy Balance Constraints

) HOY + Y. H{P = Hfy— H7 + r HJ\, Vi e K" VteT,  (39)
(js)es)Pe keK; (i)es!™*
Constraint (39) illustrates the heat flow at each node.

4.  Unit Generation Constraints

(1- yj,t)Hggg'}),j < HftHP <(1- yj,t)Hg%,j,v]' eK,VteT, (40)
Constraint (40) illustrates that the heat generation of CHP units and HB should be
within the bounds. When the heat sources are cut off, the heat generation is reduced to 0.

5. Load Shedding Constraints

piHP < Hif™ <H},Vj e K"Vt €T, (41)

Constraint (41) demonstrates that in regions affected by faults, heat loads will be
completely shed, whereas areas without faults will experience partial load losses.

2.3. Objective and Resilience Metrics

The objective stated in (42) is to minimize the reduction in electrical and thermal loads
during the fault restoration process. The resilience metric in (43) is to assess the level of
load recovery with the proposed strategy.
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min {ATi(Z ]P]Lt()ss+ 2 ﬁ]HLOSS) +ATr< Z ]P]Ltoss+ 2 ﬁ]HLOSS>} Lmel (42)

jeK? jeKn jeKn jeKn

( Zb“]P]LfSS+ Z ’B]HLOSS> —|—ATr< Zb“]P]Lfss+ Z lB]HLOSS)
jeK jeK (43)

Re=1-
(AT; + AT;) ( L aPh+ ¥ ‘BjHjL,t>
jeK? jeK"

3. Case Studies
3.1. Case Description

The proposed methodology is thoroughly tested using a specially adapted version
of the P33H13 system, which is detailed in Figure 3. The modified 33-bus PDS is based
on a standard IEEE 33-bus case, and the 14-node DHS is designed based on the 14-node
DHS in [25] according to the design code of district heating network (CJJ34-2016). This
system comprises three distinct heating stations, each equipped with advanced extraction
condensing CHP units and a supplemental heating boiler. These installations are designed
to efficiently meet the heating demands of the system.

Power Distribution System District Heating System HB) Ta
Poai_tow =1.691 MW Hipui o =0.942 MW HS3
Quad o =1.240 MVar (CHP1) 12

HS1
23 24 25

|.-.-.
m : e 7 8 9
40 11
|_|£u cocccccaed ] I-II-I it~ =S =

0
26272829 13031 32 33 )
[ ] | I | 0
| L) 0
11 :
1 2345 6/7891011121314151617|1871 1 2 s T
#-I_H ul ——e{lige]
- HS?2
0
11920 2122 (CHP2)

o= Closed line === Openling == Line installed with switching 4  The 1st level load
= Closed pipe === Openpipe =  Pipe installed withvalve A  The 2nd level load
Substation @ Distributed generation

Figure 3. Structure of P33H13 system.

Prior to any significant events, particular operational setups are made—specifically,
certain valves and switches are strategically left open. This configuration is critical as it
allows for a seamless transition and flexibility in operations during routine functions or
in the event of system adjustments. Moreover, the IEHS incorporated within the setup
includes small-scale CHP units. These micro-gas turbines play a pivotal role as they link
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the park-level heating system with the distribution power system, thereby enhancing the
system’s integration and operational efficiency.

Figure 3 provides a clear visual representation of the connections and layout of these
components, emphasizing the synergy between the park-level heating and power distri-
bution systems. This integration is essential for optimizing the energy flow and ensuring
stability across both networks. The system’s capacity to handle electrical and heat loads
was rigorously evaluated. The total electric and reactive power loads of the system are
recorded at 1.691 MW and 1.240 M Var, respectively, while the thermal load is approximately
0.942 MW. Both the DG and CHP units possess a capacity of 0.5 MVA and 0.5 MW, respec-
tively, illustrating a well-balanced distribution of power and heating capabilities across the
system. The experiments are carried out on a computer equipped with an i7-1165G7 CPU
and 16 GB of memory, which is programmed by Matlab R2020a.

3.2. Case Analysis

To illustrate the effect of synchronized reconfiguration with EES, three cases are
examined:

Case 1: Load restoration only by network reconfiguration in PDS.

Case 2: Load restoration considering coordinated network reconfiguration.

Case 3: Load restoration incorporating both the coordinated reconfiguration strategy
and the utilization of an energy storage system.

3.2.1. PDS Fault Scenario

In this scenario, lines LB6-26, LB8-9, LB11-12, and LB23-24 suffered destruction due
to natural catastrophes. This led to significant power and heating disruptions across the
IEHS. The effects of these incidents are detailed in Table 1, from which conclusions can
be inferred.

Table 1. Load restoration and resilience metrics.

Scenario Case Complete Load Load Restoration (MW) Resilience
Restoration (MW) Electric Load Heat Load Metrics
Case 1 29.65 22.33 7.32 0.78
PDS Case 2 35.79 22.63 13.16 0.85
Case 3 36.51 23.35 13.16 0.88
Case 1 25.11 17.85 7.26 0.73
DHS Case 2 28.85 18.21 10.64 0.76
Case 3 30.24 19.2 11.04 0.80

The initial interference with line LB23-24 in the PDS had repercussions in the DHS,
mediated by the CHP units, which led to restricted output from CHP1 during the fault
isolation stage. This resulted in the total loss of the second-level electric load at bus 23 and
the partial diminishment of heat loads at nodes 8 and 11.

Secondly, a coordinated reconfiguration is carried out, which involves the remote
orchestration of valves/switches and the equitable distribution of loads across multiple en-
ergy sources. In Case 2, valves implemented on pipes PN3-9, PN7-8, and PN8-9 redistribute
the heat loads of the CHP2 unit, reducing the amount of load shedding within the DHS.

Thirdly, energy storage systems can provide quick backup electricity to ensure the
continuous operation of critical facilities and services. In Case 3, the switch implemented
on lines LB24-29 transfers the electric loads at buses 23, 24, 26, 27, 28, and 29 to the energy
storage system, reducing the amount of load shedding within the PDS.

As shown in Figure 4, as the application of energy storage and grid reconfiguration
strategies is implemented, there is a gradual increase in the amount of load recovery ob-
served. The needed time for restoration and fault clearance in Cases 2 and 3 are 10 min and
7 min. These technologies enhance the system’s capacity to rapidly adapt and restore power
and heat loads following disruptions, thereby ensuring a more resilient and efficient energy
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supply. The progressive deployment of storage and restructuring measures effectively
mitigates the impact of outages, leading to improved stability and reduced restoration time
mCasel ' Case2 mCase3

in energy networks.
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0.8

Time (min.)

0.7
0.6
05
04
0.3
0.

0.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (min.)
(b)

14

o o [
o o = (Y
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mCasel ' Case2 mCase3

N

Heat load restoration (MW)
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Figure 4. Load restoration. (a) Electric loas restoration. (b) Heat loas restoration.
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3.2.2. DHS Fault Scenario

Table 1 elucidates the sequence of switch and valve operations after disasters affected
pipes PN2-3, PN2-11, and PN12-13. Table 1 provides a comprehensive illustration of the
total load recovery amounts under distinct fault scenarios and cases, with a particular
focus on the electrical and thermal load shedding quantities. Furthermore, the table
includes resilience metrics that quantify the effectiveness of the system in withstanding
and recovering from these disturbances. By comparing the resilience indicators across
different cases, the table offers a comprehensive overview of the system resilience in
maintaining functionality during and after faults. This allows for an in-depth analysis of
the effectiveness of implemented measures.

Firstly, the occurrence of a disruption in pipe PN2-3 within the DHS leads to significant
interruptions in both power and heat supply. This disruption directly affects the heat loads
atnodes 3, 4, and 6, which in turn causes a noticeable decrease in electrical loads at buses 30
and 31. The primary reason for this decrease is the diminished energy production capacity
of the CHP2. Such reductions in energy output necessitate immediate adjustments to
prevent extensive service downtimes.

To address these challenges and enhance the resilience of the system, adjustments to
the configuration of the district heating network are essential. One effective strategy is the
redistribution of heat loads, particularly in response to disaster scenarios. For instance, in
Case 2, the heat loads at nodes 3, 4, and 6 are efficiently redistributed. This is achieved
through strategic valve operations within the network, specifically in pipes PN3-9, PN8-9,
and PN9-12. By manipulating the flow through these critical junctions, it is possible to
improve overall energy distribution.

Furthermore, such adjustments contribute significantly to the operational flexibility of
the CHP1. This flexibility is crucial for the quick restoration of system load, especially in
times of unexpected failures or maintenance activities. The enhanced flexibility not only
helps in managing the immediate effects of the disruption but also prepares the network
for future contingencies by improving its adaptive capabilities.

Thirdly, the implementation of ESS stands out as a key measure to provide rapid
backup power and ensure the uninterrupted functioning of essential facilities and ser-
vices. In Case 3, the operationalization of a switching mechanism along the LB24-29 lines
effectively channels the electrical loads of buses 23, 24, 26, 27, 28, and 29 toward an en-
ergy storage system. This strategic maneuver significantly reduces load shedding within
the PDS.

3.2.3. Discussion

A coordinated reconfiguration strategy with EES is more effective for load restoration
in IEHS. Under the PDS fault scenario, there is a significant increase in load restoration
(2.0%, 23.1%) and a notable enhancement in the resilience metric (3.5%, 12.8%) in Case 3
compared to Cases 1 and 2. Under the DHS fault scenario, a comparative analysis reveals a
significant increase in load restoration (4.8% 20.4%) and a significant improvement in the
resilience metric (5.3%, 9.6%) in Case 3 when compared to the results of Cases 1 and 2.

4. Conclusions

In this study, we introduce a strategy for service restoration that effectively combines
network reconfiguration and EES within IEHS. This method meticulously considers the
dynamic interactions between fault isolation and service restoration phases, elucidating
the complex dependency between PDS and DHS. The main conclusions are summarized
here, as follows: (i) the disturbances within the PDS significantly influence the DHS opera-
tions via interconnected elements; (ii) the strategic adjustments in DHS configurations to
enable them to cooperate with PDS reconfiguration can enhance the flexibility of energy
distribution, by effectively reallocating loads among various energy sources; (iii) the EES
can mitigate the effects of load reductions during cross-system disturbances. By precisely
adjusting the output of EES, we have significantly enhanced the resilience of IEHS, quan-
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tifiably improving energy efficiency and system reliability under stress conditions. This
targeted approach ensures a more robust and responsive infrastructure, leading to an
average resilience improvement of 10.32% across tested scenarios.

Moving forward, we aim to delve into a broader spectrum of uncertainties, includ-
ing variability in demand and unexpected system failures. Fundamentally, our research
underscores the critical role of coordinated network reconfiguration in fortifying the ro-
bustness of IEHSs and offers valuable directions for forthcoming investigations in this field.
Also, a further study for service restoration considering the time scales between PDSs and
DHSs, the economic costs of switch/valve operations, and the utilization of energy storage
systems will be performed and reported in the future.
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Nomenclature

A Indices and Sets

t Index of time

T; Index of fault isolation phase
T Index of load restoration phase

KICH P Set of CHP units installed in heat station i
KP/K! Set of transmission lines and heating pipes
Kb /K" Set of PDS buses and DHS nodes

K€ Set of CHP units

K" Set of heating boilers

Khs Set of heating exchange stations

pipein ,; pipe,out
kP i
B

Set of pipes originating from/leading to node j
Parameters
Boolean variable reflecting the operational /non-operational status of

.0 line/pipe (i, ) in normal condition
Boolean variable, the valve/switch on pipe/line (i, j) is engaged and open
Sij,0 when s;; o = 1, the pipe/line does not contain any switch/valve oritisina
closed state when s;;0 = 0
fi Boolean variable that represents if line/pipe (i, j) has incurred damage
g due to a catastrophic event.
s Quantity of nodes/buses
n;j Quantity of transmission lines/heating pipes
Rii/ Xij Resistance and reactance of line (i, j)
Sf\f”x Maximum transmission capability of line (i, )
uMin /pMax Range of squared voltage magnitudes from minimum to maximum the bus j
PéAGI:V,Ij/ Pé/‘é’/"j Range of power output of distributed generation j
Pgﬁ,’}) y / Pé/fl_‘l’f)/ y Range of power output of CHP unit j
Pé\/lfflgl,j /p’{:‘/’{:ﬂs’f]. Range of power output of EES j from minimum to maximum
At Time interval
25jD s/ 5J.Ch Charging/discharging efficiency of ESS j
chap ’ Capacity of ESS j
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SoC]Mm / SoC;VI‘”C Range of state of charge of ESS j
g?’”” / gj-w”x Range of power to heat ratio of CHP unit j from minimum to maximum
i Proportion of fuel consumption to heat generation of HB j
H iI}A‘”‘ Transmission capability of heat quantity of pipe (i, f)
i/ Bj Weight factor of electric and heat load j
AT; /AT, Fault isolation and load restoration duration
C Variables
Y. Boolean variable reflecting the operational /non-operational status of
it line/pipe (i,]) at t
‘ Boolean variable that illustrates the status of a bus/node i as either
Hit functioning or malfunctioning.
Lijs Current magnitude squared of line (i, j) at ¢
Piy/ Qi Power infusion of bus i at ¢
Pist/Qjst Power flow from bus j to bus s at ¢
Pj/DtG / Q%G Power output of distributed generation j at ¢
P]%Hp / Q]CtH P Power output of CHP unit j at ¢
PftEs/ Q].L:fs Charging/discharging power of EES j at ¢
E].thES Energy stored in ESS at ¢
Pﬁt/ Q]Ir,t Electrical load of bus j at ¢
Pﬁfss / QjL,fss Decrease in electrical load of bus j at ¢
it Squared voltage magnitude of bus j at ¢
HftHP Heat output of CHP unit j at ¢
].I:{B Heat output of heating boiler j at ¢
F]-IjB Amount of fuel expended by the heating boiler j at ¢
HkP,ItS Heat output of heat station k at ¢
H II]”t / Hf]?ft” Thermal energy flow into and out of the pipeline (i, j) at ¢
Hz’gf)tss Heat quantity reduction within the pipe (i, ) at ¢
H ].,f” Heat quantity reduction of node j at ¢
pline Power losses in transmission of line (i, j) at
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