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Abstract: An earthquake, as one of the natural disasters, can damage vital infrastructures including
the power distribution network (PDN) and water distribution network (WDN). The dependency
of WDN on PDN is the other challenge that can be highlighted after the earthquake. In this paper,
the resilience improvement planning of integrated PDN and WDN against earthquakes is solved
through stochastic programming. Power lines and substation hardening in PDN and water pipes
rehabilitation with better material are the candidate strategies to minimize the expected inaccessibility
value of loads to power and water as the resilience index and to minimize the cost of strategies.
The proposed model is tested on the modified IEEE 33-bus PDN with a designed WDN and its
performance is evaluated under different cases where the impacts of using distributed generations
(DG) in PDN, equipping the water pumps to back-up generators, and the value of loads accessibility
to water on the system resilience are investigated.

Keywords: earthquake; power distribution network; resilience improvement planning; water
distribution network; microgrid

1. Introduction

Long inaccessibility of cities and societies to critical infrastructures including power and water
after earthquakes has highlighted the importance of resilience improvement planning of the power
distribution network (PDN) and water distribution network (WDN). Traditionally, N-1 or N-k security
indices guaranteed the reliability of energy networks. However, low-probability but high-impact events
that can trigger the interdependencies of infrastructures may surpass the traditional reliability methods.

Simultaneous resilience improvement planning of PDN and WDN has different advantages over
the individual system planning. The dependency of WDN on PDN due to water pumps operation as
one important reason for the inaccessibility of loads to water is ignored in the resilience study of an
individual WDN. Although, a number of water pumps might be equipped to emergency generators.
But, these units are not efficient in long emergency conditions resulting from natural disasters due to
fuel limitation [1]. Furthermore, with simultaneous analysis and improvement of the resilience of PDN
and WDN, the allocated budget is spent in such a way that the accessibility of all loads to power and
water will be improved. In other words, the problem detects the priority of PDN and WDN to enhance
resilience considering the budget limits [2].

1.1. Background and Previous Works

The previous works can be reviewed in three categories: 1—Resilience study of PDN, 2—Resilience
study of WDN, and 3—Resilience study of joint PDN and WDN.

Sustainability 2020, 12, 2167; doi:10.3390/su12062167 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-5505-3252
http://dx.doi.org/10.3390/su12062167
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/12/6/2167?type=check_update&version=2


Sustainability 2020, 12, 2167 2 of 16

1.1.1. Resilience Study of PDN

Three types of strategies can be adapted for a PDN to enhance resilience including pre-natural
disasters actions, operational, and planning types [3]. The first type can be implemented only for
predictable natural disasters such as hurricanes. Crews or mobile generators pre-positioning is among
the first type of resilience improvement strategies, which aims to minimize the expected outage
duration of disconnected loads [4,5]. An earthquake is an unpredictable natural disaster and this type
of strategy is not efficient to enhance the resilience of PDN against earthquakes.

Operational strategies as the second type of resilience improvement strategies that can be efficient
against any natural disasters refer to actions after natural disasters occurrence to help the PDN to deal
better with emergency conditions. Microgrids formation by distributed generation (DG) is one of the
well-known operational resilience improvement strategies. This strategy partitions the PDN into some
smaller self-sustained networks [6]. Another operational strategy for enhancing the resilience of PDN
is modeling the microgrids as emergency sources for PDN [7]. Microgrids are independent AC or DC
energy networks that can be operated in an isolated or connected mode [8,9].

Planning strategies are the last type of aim to improve the resilience of PDN for a long time. Some
kinds of these strategies try to physically enhance the network such as pole hardening [10,11] and
strengthening the substations with anchored components [12] to decrease the damaged probability of
components against natural disasters. Another strategy toward this type is to place distributed means
of generation or energy storage devices in the PDN [13–15].

According to the above categories, this paper belongs to the third type of resilience improvement
of PDN which can be named resilience improvement planning of PDN. In this kind of problem, it is
important to determine which kind of resilience improvement strategies should be implemented in the
PDN as candidate strategies, how they will be modeled in the problem, and which kind of optimization
tool will be implemented to solve the problem. It is worth mentioning that the best candidate strategies
for improving the resilience of PDN should be chosen based on the conditions and the type of natural
disasters threatening the PDN. For example, undergrounding the cables can increase the resilience of
PDN against hurricanes, however, it might not be an efficient solution against floods or earthquakes.
The optimization tool can impact the modeling of strategies in the problem. For example, when robust
optimization is implemented in [10] to solve the problem, if a power distribution line is chosen to be
hardened, that line will not be vulnerable against natural disasters anymore. Another limitation of
robust optimization is that when different candidate strategies (line hardening and DG placement) are
implemented such as in [10], reconfiguration cannot be implemented to restore the network. Due to
these limitations of robust optimization, stochastic optimization has been used to solve the problem
in recent works such as [1,16]. In stochastic programming, which is implemented in [1,16], the final
decision will be obtained by studying a set of scenarios that are produced by uncertain parameters of
the problem.

1.1.2. Resilience Study of WDN

Earthquake and flood are two high potential natural disasters that can severely damage the
WDN. The 2011 Japan Earthquake disconnected the accessibility of 2,300,000 households to water [17].
The most vulnerable components which are forming most of the WDN are the pipes [18]. Numerous
works with different models such as stochastic framework or fuzzy TOPSIS technique have tried
to identify the critical pipes [19–21]. Other components of WDN such as water tanks and water
resources are less vulnerable and they can be hardened well as only a small number of them exist in
WDN. As mentioned in [22], four factors including pipe diameter, pipe material, topography, and soil
liquefaction determine the vulnerability of a water pipe against an earthquake. Therefore, to enhance
the resilience of WDN, some of the mentioned factors should be improved. In other words, the WDN
should be rehabilitated based on the conditions of the WDN and the region where it is located. In [23],
two resilience improvement strategies, including replacement of water pipes with better materials and
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different diameters, are implemented to enhance the resilience of WDN against an earthquake. Due to
the limitation of the budget, only a few numbers of critical pipes in a WDN can be rehabilitated.

1.1.3. Simultaneous Resilience Study of PDN and WDN

Each network is composed of nodes and links. Topological and flow-based are two available
analysis methods to study the vulnerability of a network. In the topological method, graph theory and
structural indices are used to investigate the vulnerability of a network. In contrast, the flow-based
method utilizes physics-based equations to assess the vulnerability of a network. The serviceability
of the network can be predicted with high accuracy using a flow-based analysis compared to the
topological method [19,24]. Most of the works, such as [25–27], that studied the simultaneous
resilience of power and water distribution networks have implemented the topological analysis
method. However, in this works, the technical equations related to each network such as power flow
equations in PDN and water flow equations in WDN are not considered. This issue has been resolved
in [1,16] by proposing a joint model of PDN and WDN where power/water flows can be analyzed
throughout the network, but the vulnerability of WDN to natural disasters has been neglected in
that study. In other words, the mentioned works solve the resilience improvement planning problem
of PDN and WDN against hurricanes and the only reason for loads inaccessibility to water is the
dependency of WDN on PDN.

1.2. Contribution of The Paper

In light of the reviewed literature, this paper enhances the resilience of PDN and WDN by using
technical equations related to each network against earthquakes which can damage both networks.
Substation and power lines hardening in PDN and water pipes rehabilitation with better material in
WDN as three candidate strategies are implemented through a stochastic framework to maximize the
resilience of integrated PDN and WDN and to minimize the planning cost.

The proposed method can identify vulnerable parts in both PDN and WDN and do the needed
contingency analysis following an event to determine the most efficient resilience improvement strategy.
By using the proposed method, the impact of DGs in PDN, emergency generators of water pumps
in WDN and the value of loads accessibility to water on the resilience level of the networks can also
be investigated.

The rest of the paper is organized as follows. The general framework of the proposed stochastic
programming including uncertain parameters, scenarios generation, and scenario reduction method
is explained in Section 2. Section 3 formulates the resilience improvement planning of integrated
PDN/WDN and presents the solution methodology. Numerical case studies are presented in Section 4.
Finally, Section 5 concludes the paper.

2. General Framework of the Proposed Stochastic Programming

In the resilience improvement planning of integrated power/water distribution networks, a number
of uncertainties might exist. These main factors include: (1) the severity of earthquakes, (2) time of
event occurrence in a day, (3) operational states of substation and power lines in PDN and water pipes
in WDN, (4) repair time of damaged component, (5) the accessibility of a load to water, and (6) value
of loads inaccessibility to power and water. It is worth mentioning that only some of these factors
with more importance are considered as uncertain parameters in the proposed model. If the uncertain
parameters increase in a stochastic problem, it is vital to generate more scenarios for studying and it
means the computational burden of the problem will be increased significantly. To well address such
uncertainties in an operational planning problem, stochastic programming techniques for analysis
of potential future events can be effectively used. To generate such events (also called scenarios),
the uncertainty of each parameter is essential to be modeled.
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In this paper, the historical seismic data of an area is used to generate stochastic earthquake events.
According to [21], the uncertainty of the earthquake magnitude in each scenario is formulated as (1) by
using a cumulative density function and inverse transform sampling:

FM = 1−
e(−βM)

− e(−βMmax)

e(−βMmin) − e(−βMmax)
, (1)

where β = d ln 10 and d = 0.8 are obtained by analyzing the historical data of earthquakes [17].
To determine the magnitude of the earthquake in a scenario, a random number between 0 and 1 is
generated by uniform distribution and then it is projected into the cumulative distribution function.
In order to assess the intensity of an earthquake, in addition to the magnitude, another factor as
the location of the earthquake is also important. Therefore, by using the location and magnitude,
PGA (Peak Ground Acceleration) of the earthquake as (2) can be calculated, which is needed to evaluate
the vulnerability of components in the networks. There are different equations for calculating the
PGA. In this paper, Equation (2) is obtained from [28]. It should be noted that the PGA equation can
be changed based on the region where the PDN and WDN are located. The used PGA in this paper
belongs to rock and soil grounds such as Iran, Tehran:

ln PGA = 4.15 + 0.623(
M + 0.38

1.06
) − 0.96 ln(∆). (2)

The occurrence time of the earthquake in a day is modeled by a random number between 1 and
24. This parameter shows the time that the restoration of the networks will be triggered.

The failure probability of a structure against the severity of an earthquake is called fragility
function [29]. By using different fragility functions, the operational states of substation which supply
the PDN, power lines in PDN, and water pipes in WDN should be determined. According to (3),
cumulative normal distribution function with various parameters is used to show the fragility function
of a power pole or substation. In this paper, a power distribution line is out of service if one of its’
power pole is damaged against an earthquake:

ppole or sub
f (PGA) = Φ[ln(PGA/mpole or sub)/ξpole or sub]. (3)

The fragility function of a water pipe is considered as below [17]. According to (4), in addition to the
length of a pipe and PGA of an earthquake, four other factors affect the vulnerability of a pipe against
earthquakes. These factors depend on the water pipe characteristics (pipe diameter (C1) and pipe material
(C2)), surrounding soil characteristics and topology (topography (C3) and liquefaction (C4)):

ppipe
f = 1− exp(−0.00187C1C2C3C4PGA× L). (4)

Now, in order to determine the operational states of the substation, power lines, and water pipes
in each scenario, a random number between 0 and 1 is generated for each component and compared
with the failure probability of that component which is obtained from the fragility function. If the
random number is less than the failure probability, then the component is considered to be damaged,
otherwise it will be operated.

A set of scenarios will be generated and due to computational burden, only a few of them will be
analyzed. Backward scenario reduction as a well-known method will be applied to obtain the final
scenarios set [30].



Sustainability 2020, 12, 2167 5 of 16

3. Problem Formulation and Solution Methodology

3.1. Problem Formulation

The problem is formulated in the form of multi-objective stochastic programming. The first
objective function takes the resilience index into consideration and aims at minimizing the expected
inaccessibility value of loads to power and water due to the earthquakes:

OF1 = min
Ns∑

s=1

ρs

Nl∑
l=1

t0
s+Ts∑
t=t0

s

(
IVPl,tαs,l,t + IVWl,tβs,l,t

)
, (5)

where α is a binary variable that is indicated in (6).

α = {
1 if load is connected

0 if load is disconected
, (6)

where unlike the binary accessibility of a load to power, the accessibility of a load to water is proportional
to water pressure head in that node:

β = {
1 ph ≥ phrequired

(
ph

phrequired )
2

ph < phrequired . (7)

The second objective function of the problem considers the minimization of the total cost of
planning including power lines and substation hardening and water pipes rehabilitation. In this paper,
it is assumed that the life span of all candidate strategies is equal. Ignoring this assumption, the model
also should consider the life cycle cost of candidate strategies:

OF2 = min

Npw
pl∑

pl=1

ΩplCH
pl +

Nwt
wp∑

wp=1

ΨwpCR
wp +

Nsb∑
sb=1

λsbCH
sb. (8)

For each scenario, the restoration and recovery of the networks will be solved in such a way
that the accessibility of loads to power and water be maximized. A disconnected load in PDN can be
restored by reconfiguration or by microgrid formation using DGs. If the disconnected loads include
water pumps, by analyzing the WDN considering the water pipes damages, the level accessibility
of loads to water will be assessed and then it will be decided that the disconnected water pumps be
restored or not.

Throughout the entire PDN, constraints (9)–(13) must be satisfied. Equations (9)–(10) denote the
power balance constraints:

Pu,s,t
i =

∣∣∣Vu,s,t
i

∣∣∣∑∣∣∣∣Vu,s,t
j

∣∣∣∣(Gi j cosθu,s,t
i j + Bi j sinθu,s,t

i j ) s ∈ {1, 2, . . . , Ns}, u ∈ {1, 2, . . . , Us,t + 1},

i ∈ {1, 2, . . . , Nu,s,t
b }, t ∈ [t0

s , t0
s + Ts]

, (9)

Qu,s,t
i =

∣∣∣Vu,s,t
i

∣∣∣∑∣∣∣∣Vu,s,t
j

∣∣∣∣(Gi j sinθu,s,t
i j − Bi j cosθu,s,t

i j ) s ∈ {1, 2, . . . , Ns}, u ∈ {1, 2, . . . , Us,t + 1},

i ∈ {1, 2, . . . , Nu,s,t
b }, t ∈ [t0

s , t0
s + Ts]

. (10)

In any operating mode, bus voltages and line flows must be kept within a safe range indicated by
(11)–(12), respectively:

|Vmin| ≤
∣∣∣Vu,s,t

i

∣∣∣ ≤ |Vmax| s ∈ {1, 2, . . . , Ns}, u ∈ {1, 2, . . . , Us,t + 1}, i ∈ {1, 2, . . . , Nu,s,t
b }, t ∈ [t0

s , t0
s + Ts], (11)∣∣∣∣Iu,s,t

i j

∣∣∣∣ ≤ ∣∣∣∣Imax
i j

∣∣∣∣ s ∈ {1, 2, . . . , Ns}, u ∈ {1, 2, . . . , Us,t + 1}, i ∈ {1, 2, . . . , Nu,s,t
b }, t ∈ [t0

s , t0
s + Ts]. (12)
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Equation (13) guarantees the radiality of each network:

Nu,s,t
b = Nu,s,t

line + 1 s ∈ {1, 2, . . . , Ns}, u ∈ {1, 2, . . . , Us,t + 1}, t ∈ [t0
s , t0

s + Ts]. (13)

Furthermore, in each intentional islanded network (microgrid) which includes one or more
DGs, Equations (14)–(15) as constraints must be satisfied. Equations (14) and (15) show that the
active/reactive of each DG should not exceed the maximum active/reactive capacity of that DG:

Pu,s,t
DGg
≤ Pmax

DGg
s ∈ {1, 2, . . . , S}, u ∈ {1, 2, . . . , Us,t}, g ∈ {1, 2, . . . , Nu,s,t

DG }, t ∈ [t0
s , t0

s + Ts], (14)

Qu,s,t
DGg
≤ Qmax

DGg
s ∈ {1, 2, . . . , S}, u ∈ {1, 2, . . . , Us,t}, g ∈ {1, 2, . . . , Nu,s,t

DG }, t ∈ [t0
s , t0

s + Ts]. (15)

To calculate the accessibility of loads to water, it is necessary to formulate the hydraulic model
of the WDN. According to [31], there are three fundamental equations. The first equation explained
in (16) is the mass conservation that must be satisfied at the nodes except fixed-head nodes such as
reservoirs of WDN:∑

wp∈LKn

fwp,t,s + Fn,t = 0, s ∈ {1, 2, . . . , Ns} n ∈ {1, 2, . . . , Nwater
n −NRwater

}, t ∈ [t0
s , t0

s + Ts]. (16)

Moreover, according to (17), energy conservation must be satisfied in each simple loop of the
water network:

wpls∑
wp=1

hwp,ls,t,s = 0 ls ∈ {1, 2, . . . , LS}, t ∈ [t0
s , t0

s + Ts], s ∈ {1, 2, . . . , Ns}. (17)

The last equation represents the hydraulic head loss. This equation shown in (18) indicates the
head loss of a pipe as a function of the flow through the pipe:

hwp = x fwp
y, (18)

where x and y are coefficients which are determined based on the Hazen–Williams model.

3.2. Solution Methodology

Greedy search as an iterative algorithm is utilized in this paper to solve the problem. In order to
implement the greedy search algorithm, the aforementioned objective functions are mapped into the
following mixed-objective function:

OF = max
OFitr−1

1 −OFitr
1

cos t_stst
st ∈ {1, 2, . . . , Nst}. (19)

In each iteration of the greedy search algorithm, the problem is solved considering the objective
function in (19) which is indicating the difference of resilience improvement (expected inaccessibility
of loads to power and water) compared to the previous iteration (itr-1) per cost of each chosen strategy.
This iterative procedure will be continued until the maximum budget (determined by the planner) is
exhausted. Another advantage of this approach is that the priority of each strategy can be determined
in enhancing the resilience of PWN and WDN. In other words, the problem can be solved to choose a
specific number of strategies to yield the maximum resilience improvement per cost of strategies.

In order to assess the accessibility of loads to power and water of each scenario, both PDN and
WDN should be analyzed based on the problem formulation. The PDN and WDN analyses are done in
MATLAB and EPANET, respectively. EPANET is a WDN modeling software package that can facilitate
the extended-period simulation of hydraulic behavior within pressurized pipe networks with high
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precision. To enable the joint operation of PDN and WDN while capturing systems interactions, an
interface for data exchange between simulation platforms (i.e., MATLAB and EPANET) is established.
To solve the restoration problem of PDN reconfiguration option to reroute the power from the substation
and microgrids formation by DG(s) are available. To this end, the number of autonomous islanded
networks (clusters) that could be formed for serving local loads should be defined. In this paper,
graph theory and the modified Viterbi algorithm, which is proposed in [32] and improved in [1],
is utilized to solve the restoration problem. Veterbi is like dynamic algorithms and in each stage,
some candidate switching states are checked until the maximum disconnected loads be restored. In the
improved version of the Veterbi algorithm, the number of candidate switching states is decreased.
The effectiveness of this method in solving the problem is shown in [1]. It should be noted that if
the substation in the main network is also damaged, the disconnected loads can be restored only by
microgrid formation. By using the method in [33], the restoration trees will be constructed for each DG
and the best path will be chosen based on the objective function of the problem. If there exist power
distribution lines in a region to feed the load through one or more DGs locally, then those DGs and
corresponding local loads can be merged into a single microgrid. The accessibility of loads to water
also will be obtained by EPANET considering the water pipes damages. If disconnected loads include
water pumps, by using EPANET, the impact of restoration of each disconnected water pump on the
accessibility of loads to water will be calculated.

4. Simulations and Results

To illustrate the effectiveness of the proposed method, the modified IEEE 33 bus PDN with
connected DGs and its related designed WDN as shown in Figure 1 is studied.
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The capacity of each DG is assumed to equal to 150 kW. The active/reactive power peak demands
of PDN and water peak demand of WDN are depicted in Figure 2.
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Figure 2. Water, active, and reactive power peak demands of networks.

To obtain these values at different hours of a day, they should be multiplied in the related hourly
multipliers which are illustrated in Figure 3.
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Figure 3. Load multipliers of PDN and WDN.

The multipliers of active/reactive power demands show the normalized loads values based on
the maximum load, while the hourly multipliers in WDN are denoting the hourly normalized water
needs based on the minimum demand in a day. The water demand of commercial loads is considered
constant during a day.

The value of load inaccessibility to power and water is depicted in Figure 4. It is assumed
that the loads in nodes (19–22) are commercial, while the rests are residential. Power accessibility
is more important than water accessibility for a commercial load. Therefore, according to Figure 4,
the inaccessibility value of commercial loads to power is much more than the inaccessibility value
to water. Loads in nodes 5 and 33 of the distribution network are water pumps. Thus, the value of
load inaccessibility to water of these nodes is zero. It should be noted that the dynamic value of each
water pump for restoration will be determined in the restoration problem. In order to determine the
importance of one pump, the accessibility function of loads will be obtained with EPANET and will be
compared with the state in which the water pump is restored.

The minimum and maximum magnitudes of the earthquake are considered 3 and 7 Richter,
respectively. The distance of networks from focus of an earthquake is assumed to be 10 km. The fragility
function of each power pole and substation before and after hardening are depicted in Figure 5.
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Cost of each power pole and substation hardening are assumed equal to 5000$ and 56,000$,
respectively. As mentioned before, in order to rehabilitate the water pipes as a resilience improvement
strategy, the material of a water pipe will be improved. Therefore, by implementation of this strategy,
parameter C2 (pipe material correction factor) will be changed from 1 to 0.3. The cost of this strategy for
water pipes with diameters of 80, 100, 150, 200, and 250 mm are 28.6$, 28.6$, 35.24$, 52.8$, and 95.26$
per meter, respectively [34]. C1 as water pipe diameter is obtained from [20] and other factors (C3 and
C4) are assumed to be 1.

The repair time of the damaged power line, substation, and water pipe considering the PGA of an
earthquake is tabulated in Table 1.

Table 1. Discrete probability distribution function of damaged components.

Component Repair Time (Hours)

Power Line Substation Water Pipe

PGA

[0,0.5) 4 6 6
[0.5,1) 6 8 8
[1,1.5) 8 10 10
[1.5,2] 10 12 12

Fifty scenarios are produced to solve the scenarios. The PGA of each scenario is shown in Figure 6.
Furthermore, Figure 7 depicts that each component including the power line, water pipe,

and substation experience how many failures in the scenarios set.
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Case 1: In this case, the resilience improvement planning of PDN/WDN with DGs in PDN is solved for
budget constraint equal to 100,000$. The results are shown in Table 2.
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Figure 7. The failure number of each power line, water pipe, and substation in the scenarios set.

Table 2. The results of resilience improvement planning in Case 1.

Step Strategy EP(1) ($) EW(2) ($) EPW(3) ($) Cost($)

0 No strategy 19,872.4 15,091.4 34,963.8 0
1 Power line 3–4 19,387.2 11,430.7 30,817.9 30,000
2 Water pipe 6–7 19,387.2 10,922.5 30,309.7 4370
3 Water pipe 4–5 19,387.2 10,416.5 29,803.7 8951
4 Substation 15,631.2 10,035.8 25,667 56,000

Sum 99,321

(1) EP: Expected loads inaccessibility value to power; (2) EW: Expected loads inaccessibility value to wat; (3) EPW:
Expected loads inaccessibility value to power and water.

According to Table 2, step 0 evaluates the resilience level of PDN and WDN before solving the
problem. In other words, the expected inaccessibility value of loads to power and water against an
earthquake is 36,963.8$. In step 1 and with objective function in (20), the best and most efficient strategy
for improving the resilience of PDN and WDN is to harden line 3–4 in PDN. This strategy can decrease
the expected inaccessibility value of loads to power only by 2.44%. However, this strategy decreases
the expected inaccessibility value of loads to water by 24.3%. In other words, this strategy improves
the resilience of WDN by decreasing the dependency of WDN on PDN. By hardening power line 3–4,
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the path between DG in node 3 and water pump in node 5 is more robust against an earthquake and
backup power could be provided once an emergency case is triggered. In step 2, water pipe 6–7 is
chosen to be rehabilitated with better material. Maybe, based on the topological method, it seems that
water pipe 5–6 has more priority than water pipe 6–7 to be rehabilitated. But, based on WDN physics
equations, the pressure head of nodes (6)–(33) has better conditions with the water pump in node 33
as long as the exiting loop in WDN can be maintained. In step 3, the accessibility of these loads to
water can be improved with the rehabilitation of the water pipe 4–5 which serves as the main link
between nodes (2)–(5) and (19)–(25) and the water pipe in node 5. In the last step, the accessibility of
loads to power is improved significantly by hardening the substation which is the main source of PDN.
Finally, by spending 99,321$, the expected inaccessibility value of loads to power and water against
an earthquake is decreased from 34,963.8$ to 25,667$ which denotes a great resilience improvement
(nearly 27%). In order to understand the impact of DGs in PDN on the resilience level of the networks,
in Case 2, the resilience improvement planning is solved again, but without DG.

Case 2: The goal of this case is to investigate the resilience of PDN and WDN without DGs. The results
are expressed in Table 3. In this case, to compare the priority of chosen strategies with the previous
case, the budget constraint is ignored and the problem is solved for obtaining four strategies.

Table 3. The results of resilience improvement planning in Case 2 (without DGs in PDN).

Step Strategy EP($) EW($) EPW($) Cost($)

0 No strategy 30,853.7 24,155.8 55,009.5 0
1 Substation 25,167.1 20,956.4 46,123.5 56,000
2 Power line 1–2 24,820.6 20,232.4 44,753 10,000
3 Power line 2–3 23,420.4 19,651.8 43,072.2 40,000
4 Power line 3–4 22,971.1 17,707.4 40,678.5 30,000

Sum 136,000

According to Table 3, the expected inaccessibility value of loads to power and water is 55,009.5$.
In other words, resilience is decreased by 57.3% compared to the previous case when DGs exist and
form the microgrid to restore the disconnected loads. Since the only power source of PDN in this case
is the main substation, substation hardening is chosen as the first action plan in step 1. Unlike the
previous case, this strategy is chosen with high priority. By doing so, not only the accessibility of loads
to power improve, but also, the dependency of WDN on PDN is significantly decreased. In other steps
including 2, 3, and 4, hardening of power lines 1–2, 2–3, and 3–4 are chosen to enhance the resilience of
PDN and WDN through making a reliable path between the only power source (main substation) and
the loads in PDN. It should be noted that these strategies can also decrease the dependency of WDN
on PDN. According to Figure 7, the number of failures of line 1–2 is less than the other power lines in
the scenarios set. But, due to the importance of this line that plays an important role in delivering
the energy to the loads, the hardening of this line can be efficient in improving the resilience of PDN
and WDN. As the results show, the DGs in PDN can significantly enhance the accessibility of loads to
power and also decrease the dependency of WDN on PDN.

Case 3: In this case, it is assumed that all the water pumps are equipped to backup DGs during the
whole emergency period. So, the only reason for loads inaccessibility to water is the water pipes
damages. The results are tabulated in Table 4.
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Table 4. The results of resilience improvement planning in Case 3 (water pumps equipped with back-up
generators).

Step Strategy EP($) EW($) EPW($) Cost($)

0 No strategy 19,647.4 4876.5 24,523.9 0
1 Substation 16,618.8 4876.5 21,495.3 56,000
2 Water pipe 6–7 16,618.8 4693.5 21,312.3 4370
3 Water pipe 4–5 16,618.8 3777.7 20,386.5 8951
4 Power line 1–2 16,304.2 3777.7 20,081.9 10,000

Sum 79,321

According to Tables 2 and 4, the expected loads inaccessibility to water is decreased from 15,091.4$
to 4876.5$. This means the dependency of WDN on PDN is an important reason in the inaccessibility
of loads to water. With the DGs in the PDN and equipping the water pumps to the emergency
generators, the substation is chosen again in step 1 to be hardened. This strategy improves the expected
accessibility of loads to power by 15.4%. In steps 2 and 3, two water pipes, 6–7 and 4–5, are chosen
to be rehabilitated with better material to enhance the resilience of WDN. With these two strategies,
the expected accessibility of loads to water is improved by 22.5%. Finally, in step 4, power line 1–2
hardening is chosen to improve the resilience of PDN. Considering the results shown in this case and
the previous cases, the dependency of WDN on PDN can be the main reason for the inaccessibility of
loads to water.

Case 4: This case is designed to investigate the impact of the value of loads inaccessibility to power and
water on the planning results. The only difference of this case and Case 1 is that the loads inaccessibility
values for residential loads are considered fifty times bigger than Case 1 (Figure 4). In other words, the
residential loads accessibility to water is very important than to the power in this system. According to
Table 5, which shows the results of this case, all the chosen strategies are in such a way to improve the
accessibility of loads to water. Therefore, chosen strategies in steps 1 and 4 make the path between
the substation and the water pump in node 5 more robust and decrease the dependency of WDN on
PDN. Other chosen strategies in steps 2 and 4 with the rehabilitation of the water pipes, decrease the
vulnerability of WDN against earthquakes.

Table 5. The results of resilience improvement planning in Case 4 (accessibility to water is more
important than to power for residential loads).

Step Strategy EP($) EW($) EPW($) Cost($)

0 No strategy 19,872.5 739,190.4 759,062.9 0
1 Power line 3–4 19,387.2 573,021.1 592,408.3 30,000
2 Water pipe 6–7 19,387.2 535,115.2 554,502.4 4370
3 Power line 4–5 19,064.4 450,448.5 469,512.9 30,000
4 Water pipe 4–5 19,064.4 427,540.3 446,604.7 8951

Sum 73,321

5. Conclusions

In this paper, the resilience improvement planning of integrated PDN and WDN with candidate
strategies including substation and power line hardening in PDN and water pipes rehabilitation with
better material in WDN was solved. The results showed that the proposed method could determine
the priority and kind of strategies based on the conditions of both PDN and WDN. The summary of
the highlighted results is below:

• Substation hardening as the most expensive but efficient strategy can enhance the resilience of
PDN and WDN, significantly. When there is no DG in PDN and substation is the only power
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source, this strategy is chosen with high priority to improve resilience. This strategy can also
decrease the dependency of WDN on PDN.

• Rehabilitation of some water pipes can significantly improve the accessibility of loads to water.
It should be noted that the identification of such water pipes for rehabilitation cannot be done
based on a simple approach such as the topological method. Therefore, it is vital to assess the
WDN based on a physics-based equation in WDN.

• DGs are vital energy sources in PDN that can decrease the expected loads inaccessibility value to
power and water by forming local microgrids. When there is no DG in PDN, strategies which
enhance the path between substation and PDN will be chosen with high priority. Furthermore,
in order to decrease the dependency of WDN to PDN with DGs, some strategies can be chosen to
make a more robust path between DGs and important water pumps.

• The main reason for loads inaccessibility to water is the dependency of water pumps on power
outages. This challenge should be considered in the resilience improvement problem.

• The importance of loads accessibility to power or water in a system affects the chosen strategies of
the problem.
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Nomenclature

Indices
g, Nu,s,t

DG Index and the number of DGs in microgrid u in scenario s at hour t
i, j Bus indices
l, Nl Index and number of loads
ls, LS Index and number of loops in WDN
n, Nwater

n Index and number of nodes in WDN
pl, Npw

pl Index and number of power lines
s, Ns Index and number of scenarios
t Time index
sb, Nsb Index and number of substations
u Index for power network including the main network and intentionally islanded networks
wp, Nwt

wp Index and number of water pipes
Parameters and variables

CH
pl, CR

wp, CH
sb

Cost of power line pl hardening, cost of water pipe wp rehabilitation and cost of substation
sb hardening, respectively.

C1, C2, C3, C4
Correction factors for the pipe diameter, pipe material, topography and liquefaction,
respectively.

Fm Poisson cumulative distribution of earthquake magnitude
Fn,t Node n demand at time t
fwp,t,s Pipe wp flow rate at hour t in scenario s
Gi j, Bi j Conductance and susceptance of the line which connects bus i and j,
hwp,ls,t,s Hydraulic head loss of pipe wp in loop ls at hour t in scenario s
IVPl,t, IVWl,t Inaccessibility value of load l to power and water at hour t, respectively.

www.heatreflex.et.aau.dk
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L length of the pipe
LKn Set of all links (pipes) connected to node n in WDN
M Specific magnitude magnitudes of the earthquake.
m, ξ Mean and standard deviation of cumulative normal distribution function
Nu,s,t

line Number of power lines in network u in scenario s at hour
Nu,s,t

b Number of buses in network u in scenario s at hour t
NRwater Number of fixed-head nodes in WDN
OF1, OF2 First and the second objective function, respectively.

ppipe
f , ppole

f , psub
f Fragility function of a water pipe, power pole and substation, respectively.

Pmax
DGg

, Qmax
DGg

Maximum active/reactive capacity of DG g
Pu,s,t

DGg
, Qu,s,t

DGg
Active/reactive power of DG g in network u in scenario s at hour

Pu,s,t
loss,l, Qu,s,t

loss,l Active/reactive loss of distribution line l in microgrid u in scenario s at hour t
Pu,s,t

i , Qu,,s,t
i Active and reactive power injected into bus i in network u in scenario s at hour t

ph, phrequired Water pressure head and required water pressure head for full accessibility of a load to
water, respectively.

t0
s , T

The initial hour in each scenario (when the recovery of the networks starts right after the
earthquake), the final hour in each scenario (when all the loads will access to power and water)

Us,t Number of microgrids at hour t in scenario s
∆ Distance from the earthquake focus
ρs Probability of scenario s
αs,l,t, βs,l,t Accessibility state of load l to power and water at hour t in scenario s, respectively.

Ωpl, Ψwp, λsb
Binary variables that determine the power line pl is hardened or not, the water pipe wp is
rehabilitated or not and the substation sb is hardened or not, respectively.

θu,s,t
i j Difference phase voltage angle between bus i and j∣∣∣Vu,s,t
i

∣∣∣ Voltage magnitude at bus i in network u in scenario s at hour t
|Vmin|, |Vmax| Minimum and maximum allowable voltage magnitude in the PDN∣∣∣∣Iu,s,t

i j

∣∣∣∣ The line flow between bus i and j in network u in scenario s at hour t∣∣∣∣Imax
i j

∣∣∣∣ Maximum allowable line current capacity between bus i and j
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