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Abstract—In this paper, a reconfiguration model for load
restoration in radial distributed systems which includes multi-
ple energy service is proposed, in which local combined heat
and power (CHP) plants can generate electrical and thermal
power to meet the demand of critical loads during post-disaster.
Maximization of total load restoration has been addressed. After
sectionalization by using spanning tree, each microgrid can
be fed by one CHP plant to satisfy maximum self-adequacy.
Based on the modified IEEE 33-bus radial distribution network,
different case studies have been implemented and the proposed
model have been validated to be effective. With the proposed
model, local CHP generation units can be optimally utilized to
restore critical loads with multiple energy requirements, thus
catastrophic impacts of the natural hazards on both electrical
and thermal energy service can be further minimized.

Index Terms—Resilience, service restoration, system reconfig-
uration, multiple energy, microgrids.

NOMENCLATURE

A. Indices and sets

t Time index.
∆t Time interval.
i, j Bus/branch index.
ng Number of CHP plants.
T Set of time.
˜N Set of buses in the preprocessed network.
˜L Set of branches in the preprocessed net-

work.
Ng Set of CHP plants in the network.
Nl Set of loads in the network.
Λ Set of electrical load coefficients.
M Set of thermal load coefficients.

B. State Variables

αi j binary connection indicator from bus i to
j.

βi j, βji Ancillary binary variables for αi j .
Vi Voltage magnitude at bus i at t.
Pt
i j,Q

t
i j Active and reactive power flowing from

bus i to j at t.
Pt
E,i,Q

t
E,i Electrical active and reactive power of

CHP plant at bus i in t.

Pt
L,i,Q

t
L,i Electrical active and reactive load at bus i

in t.
Ht
E,i Thermal power of CHP plant at bus i in

t.
Ht

L,i Thermal load at bus i in t.
Ht
i j Thermal power flowing from bus i to j at

t.

C. Parameters

ri j, xi j Resistance and reactance of branch i j.
ηi j Thermal loss factor of branch i j.
Pt,max
ij ,Pt,min

ij Electrical branch active power limits from
i to j at t.

Qt,max
ij ,Qt,min

ij Electrical branch reactive power limits
from i to j at t.

Pt,max
E,i Maximum of electrical active output of

CHP plant at bus i during t.
Qt,max

E,i Maximum of electrical reactive output of
CHP plant at bus i during t.

Vmin
i ,Vmax

i Electrical bus voltage limits at bus i.
Pt,max
L,i Maximum of electrical active load at bus

i during t.
Qt,max

L,i Maximum of electrical reactive load at bus
i during t.

Ht,max
ij ,Ht,min

ij Thermal branch power limits from i to j
at t.

Ht,max
E,i Maximum of thermal output of CHP plant

at bus i during t.
Ht,max

L,i Maximum of thermal load at bus i during
t.

Ei Fuel reserve of CHP plant at bus i.
ηi Electrical/thermal coupling factor of CHP

plant at bus i.
λi Weighting coefficient of electrical loads at

bus i.
µi Weighting coefficient of thermal loads at

bus i.

I. INTRODUCTION

In past few years, power system resilience is gaining as-
cending attention as a key factor of the infrastructures defense



against low-probability incidents what may cause severe im-
pacts, such as natural disasters that would bring significant
economical and societal disruptions [1], [2]. The resilience
of traditional power systems refers to its ability to withstand
extraordinary events robustly, to recover from contingencies
rapidly, and to adapt the structure of network and operation
status of system to avoid or ease the potential influences of
future events with similar impacts. [3], [4].

Recently, research focus has expanded intensively to micro-
grids, which have the potential capability to provide additional
resilience as local resources and black start reserves [2]. Pene-
tration of distributed energy resources and development on de-
centralized control algorithms have further improved resilience
by exploiting their capabilities for fast and efficient restoration
[5], [6]. In [7], the resiliency of microgrids is enhanced
by re-dispatching the dispatchable generators, batteries and
controllable loads. [8] proposes for a multi-microgrid smart
distribution system, in which the resilience can be enhanced
by a hierarchical management scheme. Similar studies have
also been investigated in [9]–[11].

Microgrids integrate distributed generators such as com-
bined heat and power (CHP) generation units to supply the
loads of various end-users in a decentralized fashion, in
which flexibility can be increased and power grid vulnerability
can be reduced [12], [13]. Studies on microgrids involving
resiliency have ranged from control logic [14], [15] to system
planning [16], [17]. Nevertheless, insufficient consideration
has concentrated on two main aspects. Firstly, most of the
existing studies have merely considered the electrical network
and its resilient-oriented restoration/reconfiguration. System
reconfiguration for multiple energy service restoration, such as
hybrid electrical and thermal distribution system is still yet to
be scrutinized. Secondly, due to increasing complexity of mul-
tiple constraints, the existing formulation for multiple energy
service restoration in large power systems or even distribution
systems, is NP-hard and computationally consuming, which
may fail to map a global optimum [18], [19].

In order to address the above problems, the focus of out
study is on the strategies to improve post-disaster recovery
for multiple energy systems, specifically by using existing
distributed generations, typically, CHP plants to restore critical
electrical and thermal loads in the distribution network. System
reconfiguration for multiple energy service restoration need to
be addressed. Multiple energy outages resulted from natural
disasters need to be investigated as well, since substantial
faults may occur and trigger widespread blackouts and col-
lapses [10].

In this paper, a reconfiguration model for load restoration
in radial distribution systems which includes multiple energy
service is proposed, in which Local CHP plants can generate
electrical and thermal power to meet the demand of distri-
bution system critical loads during post-disaster time frames.
After sectionalization by using spanning tree, each microgrid
can be fed by one CHP plant to satisfy maximum self-
adequacy. The structure of this paper is illustrated as follows.
The mathematical model for system reconfiguration including

electrical and thermal network is formulated in Section II. In
Section III, different scenarios are implemented on a modified
IEEE 33-bus radial distribution system and the efficacy of the
proposed model is validated through the case studies. Finally,
the conclusions are presented in Section VI.

II. PROBLEM IDENTIFICATION FOR NETWORK
RECONFIGURATION

In this section, the system model formulation for network
reconfiguration is illustrated. Reconfiguration of the network
topology with CHP plants has the capability to restore the
interrupted loads more quickly. During post-disaster time
frames, local CHP plants dynamically sectionalize the dis-
tribution network into sub-microgrids, where only one CHP
plant exists in each microgrid to supply electrical and thermal
energy to critical electrical/thermal loads, until the restoration
of the main grid is accomplished.

A. Network Reconfiguration

The radial distribution network can be presented with N and
L symbolizing the sets of buses and branches, respectively. An
undirected graph G = (N,L) is employed to present the radial
distribution network [20]. ˜G = { ˜N,˜L} is applied to represent
the sets of buses and branches for the pre-processed radial
distribution network. After network reconfiguration, island
buses and branches need to be removed from G.

Every bus i ∈ ˜N should have only one parent bus. Here
the state variable αl is denoted with two ancillary variables
βi j and βji to represent the connection status for each branch
l ∈ ˜L, which gives constraints in (1)-(6) [21]. Specifically, (1)
restricts the distribution network topology to radial structure
that no ring connection is allowed. (2) suggests the inclusion
of branch l in the spanning tree if αl = 1, whenever either bus
j is the parent of bus i (βi j = 1), or bus i is the parent of bus
j (βji = 1). (3) de notes the requirement that every bus has
just one parent except those who include CHP plants. (4)-(6)
denote the binary limits. (7) describes the mapping of αl from
buses to branches. The formulation are as follows:

∑
l∈˜L

αl = Nn −ng (1)

βi j + βji = αl,∀l ∈ ˜L (2)∑
j∈φ(i)

βi j = 1, ∀i ∈ ˜N\˜Ng (3)

βi j ∈ {0,1}, ∀i ∈ ˜N, j ∈ φ(i) (4)

αl ∈ {0,1}, l ∈ ˜L (5)

βi j = 0, ∀i ∈ ˜Ng, j ∈ φ(i) (6)

{αl : l ∈ ˜L→ {αi j : i, j ∈ ˜N } (7)

where φ(i) denotes the bus set connected to bus i, and Nn is
the total number of buses in ˜N .



B. Electrical Network Constraints

In this paper, the linearized DistFlow model is used to
formulate the electrical power flow constraints [22]–[24]. The
whole formulation is shown as follows:

(ri jPt
i j + xi jQt

i j)/V
t
j = αi j(V

t
j −V t

i ), ∀i, j ∈ ˜N (8)

Pt
E,i −Pt

L,i =
∑
j∈φ(i)

Pi j, ∀i ∈ ˜N (9)

Qt
E,i −Qt

L,i =
∑
j∈φ(i)

Qi j, ∀i ∈ ˜N (10)

Pt,min
i j αi j ≤ Pt

i j ≤ Pt,max
i j αi j, ∀i, j ∈ ˜N (11)

Qt,min
i j αi j ≤ Qt

i j ≤ Qt,max
i j αi j, ∀i, j ∈ ˜N (12)

0 ≤ Pt
E,i ≤ Pt,max

E,i , ∀i ∈ Ng, t ∈ T (13)

0 ≤ Qt
E,i ≤ Qt,max

E,i , ∀i ∈ Ng, t ∈ T (14)

Vmin
i ≤ V t

i ≤ Vmax
i , ∀i ∈ ˜N, t ∈ T (15)

0 ≤ Pt
L,i ≤ Pt,max

L , ∀i ∈ Nl, t ∈ T (16)

0 ≤ Qt
L,i ≤ Qt,max

L , ∀i ∈ Nl, t ∈ T (17)∑
t∈T

Pt
E,i∆t ≤ Ei, i ∈ Ng (18)

(8) shows the DistFlow equation for connected branches.
Specifically, the equality constraint is relaxed by the binary
indicator αi j if the branch is disconnected [25]. (9) and
(10) describe the node power balance. (11) and (12) denote
the branch active and reactive power limits relaxed by αi j ,
respectively. (13)-(15) refer to the CHP electrical active and
reactive outputs and voltage limits, respectively. (16) and
(17) restricts the load curtailment ranges due to insufficient
power supply in restoration. (18) imposes generation energy
constraints such as limited fuel reserves [26], [27].

C. Thermal Network Constraints

The thermal network constraints can be modeled similar to
the active power formulation in the electrical network [28],
[29]. Additionally, the electrical/thermal coupling effect and
the energy fuel limit should be constrained for CHP plants.
The formulation is described as follows:

Ht
E,i −Ht

L,i =
∑
j∈φ(i)

(Hi j + δi j |Hi j |), ∀i ∈ ˜N (19)

0 ≤ Ht
E,i ≤ Ht,max

E,i , ∀i ∈ Ng, t ∈ T (20)

0 ≤ Ht
L,i ≤ Ht,max

L,i , ∀i ∈ Nl, t ∈ T (21)

Ht,min
i j ≤ Ht

i j ≤ Ht,max
i j , ∀i, j ∈ ˜N (22)

Ht
E,i = ηiP

t
E,i, ∀i ∈ Ng, t ∈ T (23)

(19) presents the thermal power flow equation for connected
branches. The factor coefficient ηi j is incorporated to show
thermal transmission losses. (20) refers to the CHP thermal
outputs. (21) refers to load curtailment ranges. (22) denotes
the branch thermal power limits. Finally, (23) determines the
coupling effects on electrical and thermal outputs.

Fig. 1. A modified IEEE 33-bus radial system with local CHP plants.
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Fig. 2. Normalized load profile in 24h.

D. Objective Function

The objective of the proposed network reconfiguration
model is to maximize the service restoration to both electrical
and thermal loads on distribution feeders; in other words, to
minimize the load loss that is not restored in post-disaster
time frames. Two sets of weighting coefficient, λi ∈ Λ and
µi ∈ M, ∀i ∈ Nl , are introduced to show the hierarchical
priority of electrical and thermal loads at different nodes,
respectively. The objective function can be thus formulated
as follows:

min −
∑
t∈T

∑
i∈Nl

(
λiPt

L,i + µiH
t
L,i

)
(24)

subject to :
Spanning tree constraints :(2)− (7)
Electrical constraints : (8)− (18)
Thernal constraints : (19)− (23)

The above optimization is a non-linear mixed-integer problem,
as (8) has non-convex and multiplication terms. Neverthe-
less, it can be effectively solved by existing solvers such
as CPLEX [30] and YALMIP [31] after relaxation to the
mixed-integer linear programming. It should be also noted that
the reconfigured topological structure is a one-time decision
making problem at the initial time of restoration whereas CHP
generation can be dispatched at every time step.

III. CASE STUDY AND SIMULATION RESULTS

In this section, a modified IEEE 33-bus radial distribution
system is tested to validate the effectiveness of the proposed
model. The electrical and thermal system network structure is
shown in Fig. 1. It is shown that three local CHP plants are
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Fig. 3. Electric and thermal load weight coefficients.

TABLE I
CHP PLANT STATISTICS.

Bus no. P max(kW) Q max(kW) E total(kWh)

14 100 50 1200

21 120 60 2020

25 140 70 2350

Fig. 4. Reconfigured network structure in Case I.
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Fig. 5. Normalized electrical load restoration at bus 29 and 30 in Case I.

connected to the original network. The parameters of CHP
plants are summarized in TABLE I. As for the electrical and
thermal loads, it is assumed that the load is changing over
time with corresponding normalized coefficients, as shown in
Fig. 2. The weight coefficients for loads at different buses
are also presented in Fig. 3. It should be noted that all the
configurations are can be adjusted for a variety of scenarios.
A 24-hour scheduling horizon simulation is conducted. The
optimization model is established using YALMIP [31] with
MATPOWER in Matlab [32].

A. Case I: Single Branch Failure

In this case, the branch from bus 9 to bus 10 in the
distribution network is disconnected at fault due to natural
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Fig. 6. Normalized thermal load restoration at bus 29 and 30 in Case I.
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Fig. 7. Normalized electrical load restoration in reconfigured microgrids in
Case I.

disastrous events. Fig. 4 shows the reconfiguration network
topology for multiple energy restoration with the faulty branch.
It is illustrated that the whole distribution system has been
isolated automatically from the substation (at bus 1) after the
severe contingency. Consequently, the main grid will not be
able to power the distribution system, and the remaining area
will be supported by local CHP plants during the restoration
process, in which there is exactly one CHP plant supplying
each sectionalized microgrid by changing the status of branch
switches.

Fig. 5 shows the comparison on restored electrical loads
at different buses. It is illustrated that due to the relatively
priority of bus 30 (as in Fig. 3), some portion of load would
be curtailed, while load at bus 29 can be restored at most
of time during post-disaster time frames. Differently, thermal
load restoration does not strictly follow the predefined priority
sequence due to electrical/thermal coupling effects, as shown
in Fig. 6. This is also because electrical load and thermal load
does not follow the same pattern, as shown in Fig. 3. However,
the overall load restoration during the entire horizon at bus 29
is much preferable than that at bus 30.

Furthermore, Fig. 7 shows the normalized electrical load
restoration in three reconfigured microgrids, which indicates
that load restoration is quite even among different microgrids
after system reconfiguration. Note that the thermal network
can be considered as the original distribution system, since no
disconnection or changing status of tie switches is required.

B. Case II: Multiple Branch Failure

In this case, multiple branch failure in the distribution
network is investigated. Several branches (5-6, 8-9, 13-14, 19-
20 and 23-24) are disconnected due to failure. Fig. 8 shows
the consequential reconfiguration result. It is noticed that there
is an isolated zone that does not connect with any microgrid
due to multiple faults. Substantially, the normalized electrical



Fig. 8. Reconfigured network structure in Case II.
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Fig. 9. Normalized electrical load restoration in reconfigured microgrids in
Case II.

TABLE II
COMPARISON ON LOAD RESTORATION IN TWO CASES.

Cases single (case I) multiple (case II)

Area restoration (electrical) 79.31% 86.62%

Overall restoration (electrical) 78.18% 67.34%

Area restoration (thermal) 76.36% 73.12%

Overall restoration (thermal) 75.02% 72.75%

load restoration in reconfigured microgrids becomes better
than that in case I, only because the load in the isolated
area has been automatically tripped off. It can be further
validated by TABLE. II, which shows the comparison on load
restoration in two cases. Specifically, some critical loads with
high priority would be curtailed due to limited network power
flow constraints. On the other hand, since the topology of
the thermal distribution network does not change, the thermal
load restoration thus mainly follows the dispatch of electrical
resources.

C. Case III: Reconfiguration on Loss of Generator

In case III, the effect of loss of generator is presented,
in which the reconfigured network structure after loss of
generators are shown in Fig. 10 - Fig. 12. Load restoration
levels are also shown in TABLE. III. It can be investigated
that the distributed CHP plants can handle most electrical and
thermal loads during post-disaster time frames in all three
scenarios, except that the curtailed load is mainly limited
by the capacity ratings of local CHP plants. Also similar in
the above two cases, the influence on the electrical network
is much greater than that on the thermal network since the
variation of area restoration of electrical load is quite large in

Fig. 10. Reconfigured network structure in Case 3: loss of CHP 1.

Fig. 11. Reconfigured network structure in Case 3: loss of CHP 2.

Fig. 12. Reconfigured network structure in Case 3: loss of CHP 3.

TABLE III
COMPARISON ON LOAD RESTORATION IN CASE 3.

Cases loss of CHP 1 loss of CHP 2 loss of CHP 3

Area restoration (electrical) 68.47% 60.65% 53.36%

Area restoration (thermal) 60.43% 59.45% 53.29%

TABLE. III. This may advice system operators to consider a
appropriate design that would deal with worst-case scenarios
in the system planning stage.

IV. CONCLUSION

This paper proposes a reconfiguration model for load
restoration in radial distribution systems which includes mul-
tiple energy service. In post-disaster time frames, local CHP
plants can generate electrical and thermal power to meet the
demand of critical loads in the system. After sectionalization



by using spanning tree, each sectionalized microgrid can be
fed by one CHP plant to satisfy maximum self-adequacy. The
overall network reconfiguration optimization problem is for-
mulated as a mixed-integer linear programming. Case studies
on the modified IEEE 33-bus radial distribution system have
validated the effectiveness of the proposed model, that it can
optimally utilize local CHP generation units to restore critical
loads with multiple energy requirements, thus catastrophic
impacts of the natural hazards on both electrical and thermal
energy service can be further minimized.
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