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Abstract: This paper proposes a comprehensive planning frankeincluding a main problem and two sub-
problems to enhance the resilience of power digiob network (PDN) and water distribution netw@¥dDN)

with multiple microgrids against hurricanes. Theinmaroblem which is formulated in stochastic pragnaing
aims to minimize the investment cost of resiliememrovement strategies and the expected inacchfsibi
values of loads to power and water under hurricalnee hardening in PDN, upgrading the energy giersize

in microgrids and water tanks in WDN are considessdthree clean candidate strategies. In analyzaud
scenario of the main problem, the microgrids whick connected to the PDN are modeled as emergency
sources through the first stochastic sub-probleat tlan restore disconnected loads and water puvipter
pumps as critical loads are equipped with emergegyanerators with limited fuel capacity. If theree @ome
water pumps which cannot be restored in each siceofathe main problem, their emergency generatolishe
scheduled with the second sub-problem of the mdded. proposed model is tested on the modified IBBE
bus PDN with multiple microgrids and a designed WEd the effectiveness of the proposed method is
validated accordingly.

Keywords: Microgrids, resilience improvement planning, stathalinear programming, power network, water

network.
1. INTRODUCTION

The U.S. Hurricane Sandy in 2012 caused inaccdigsibf approximately 7 million people to electrpower
(Bie et al., 2017). This hurricane also resultechany water pumps outages and accordingly losgeahovater
in New York City (Zhang et al., 2016). 90 % of feublue to natural disasters occurs in power digioh
networks (PDNSs) (Advisers, 2013). Therefore, PDNuawital energy sector must be prepared in theabipe
and planning phases to face the low-probability ligh-impact events (Espinoza et al., 2016). Tosdpa

number of challenges in terms of the following dises should be addressed: Which resilience imprmre




strategies should be adopted? How should they bdelmd and implemented to satisfy the planer's reeds
Finally, which solution methodology can be useéfficiently yield optimal solutions?

In this regard, (Yuan et al., 2016) proposed a $teme robust programming model to solve the resitie
improvement planning of a PDN with lines harderémgl fuel-based distributed generators (DGs) planea®
candidate strategies. In the same work, due tdlithigation of robust programming, only a predetemed
number of power lines is assumed to be damagedstdairricanes. Furthermore, it is assumed thatpibwer
line is chosen to be hardened, this line woulda'tlamaged in case of an event occurrence. Howieverality,
line hardening denotes a process to decrease itheefarobability of a power line against extremessts.
Another limitation of the mentioned work is thaetktudied PDN is a simple network having no tie Ifar
power rerouting. Therefore, reconfiguration of tietwork as an important operational tool is notilabée to
restore the disconnected loads. (Lin and Bie, 2018) a tri-level hardening plan to enhance th&lience of a
PDN. Although, reconfiguration of the PDN is usedthe proposed model to restore the disconnectadslo
with fuel-based DGs, the mention limitations in fevious work including the number of lines thahde
damaged against hurricanes and hardening of a powehave not been solved. Furthermore, in bo#vipus
works, the fragility function of a power line istnoonsidered to calculate the failure probabilifyagpower line
against hurricane severity denoting that all thergrdines have the same probability to be damagethat any
hurricane. (Ma et al., 2018) solve the resiliemopriovement planning problem through a tri-levelimjzation
model and the candidate strategies are reportédeabardening and vegetation management. In tselével,
the problem identifies vulnerable distribution Bn@nd select hardening strategies. In the secowvel, le
considering the hurricane speed and fragility fiomciof each power line, the set of damaged powessliis
determined and the worst-case scenario for PDN darnsarealized. Finally, the third level tries tanimize the
load shedding cost according to load priorities tiedset of damaged lines. Although diesel genesaxist in
the studied PDN, reconfiguration of the network tlu¢he limitation of the proposed mathematic madaiot
considered.

DGs have an important role on the resilience impnoent of the PDNs, especially when the reconfigmmanf
the network is also considered. In the previouskaioall DGs which are implemented are fuel based.Ditis
strategy has two main challenges. First, due tatherse impact of fossil fuels on the environmtrg,design
of recent energy systems in any conditions sucht@sd-alone (Giallanza et al., 2018; Mandal et2018),
urban (Chen et al.,, 2018) and even remote comnesn{tialabi and Mekhilef, 2018) is based on the CO2

emission reduction. The second challenge is toigeo@nough fuel for DGs during an emergency pevbath



might take a long time. Moreover, storing a largeoant of fuel to handle such a situation is difficu
dangerous and expensive.

One of the most effective strategies for enhandimg resilience of distribution systems is to inargie
microgrids. Microgrids are small power networksttbauld be operated in islanded or grid-connectedien
while accommodating different energy sources (eligpatchable generators, renewable energies sushlar
and wind) and energy storages (Dragicevic et @172 The lessons learned from natural disasteosvsh
microgrids are appropriate option to enhance tlsdi@ace. The Sendai microgrid survived for two slag
islanded mode during the March 2011 earthquaketsumaami in Japan (Che et al., 2014). (Li et al140
implemented microgrids for load restoration captéd after faults in distribution systems. In tse@me work,
microgrids are modeled with specified active anactie power, and spanning tree search is utilivesolve
the restoration problem. (Gao et al.,, 2016) preskranother approach for restoring the critical foad
distribution networks by microgrids. In this senske concept of Continuous Operating Time (COT) is
proposed to determine the maximum time that a mgiidacan supply electricity to critical loads. Theoblem

is solved with a two-stage heuristic approach. rategy table including the different feasible reston paths

is built in the first stage, and the best pathasednined thereafter using integer linear programgm{Xu et al.,
2018) similar to (Li et al., 2014) implemented noigrids to restore critical loads in distributiorssgms, while
their stability during load restoration is also smtered. The lifeline of DGs and local battery eff¢he
availability of microgrids during and after naturdisasters (Kwasinski et al., 2012). In addition the
information presented in (Kwasinski et al., 2012rishnamurthy and Kwasinski, 2016) believe more
parameters such as microgrid architecture, tratsjian time of fuel, existing diesel generatorsd grower
electronic interfaces should be considered to dfiyanticrogrid availability during natural disaste®®emand
response (DR) as an efficient tool to change thd for a specific goal such as power loss or CO#imization

is one of the key enabling technologies for micidgShariatzadeh et al., 2015). DR can play agiefit role

in the interaction between a microgrid and a PDN.

So far many works such as (Zeng et al., 2014) ktuaied the problem of providing enough water resesifor

a city or society in long periods, however, suppdyivater in shorter periods specially during harshditions
triggered after a natural disaster is also vitamifar to PDN, a malfunction in water infrastructuunder
hurricanes impacts cities and societies. Directatgen of a WDN against hurricanes is much less credpa a
PDN. Buried water pipes are not vulnerable agamsticanes. Although, water tanks can be damaged in

hurricanes, the number of water tanks in a WDN igtmless compared to other components. Therefoeg, t



can be hardened well. Especially, recent water staanle designed to withstand wind speed of 150 mph.
However, the main reason of load inaccessibilityveter against hurricanes is the dependency of VRN
PDN which mainly relates to water pumps. Water psinpg/VDNs are responsible to circulate water thimug

the system. Thus, if the electricity supply of wapaimps is disconnected, the operation of WDNs tl
interrupted or stopped accordingly. It should b&ceal that the dependencies of power and wateasiructures

to each other exist at different levels. For examgZeng et al., 2017) study the dependency oftradey
generation on the capacity of water storage regsriroa river. Therefore, the dependency of wattiwork on
power networks should be considered in the resiieimprovement study. If the resilience improvemeft
PDN targets only increased accessibility of loaxsrie commodity (either power or water), the soaielfare

will be decreased certainly. Unlike numerous workkich have studied the resilience improvement of
individual PDNs against hurricanes in recent yeaifew works have investigated the resilience impnoent of

a joint PDN and WDN. (Zhang et al., 2016) showeat the dependency of water network on power network
increases their vulnerability to cascading failuresng graph theory. (Guidotti et al.,, 2016) stddide
resilience of PDN and WDN against earthquake. Assallt of this study, the recovery time of WDN dam
increased if the dependency of WDN on PDN is carsid. In the same study, the PDN is simply modeled
without any technical equation related to PDN. @fiagt al., 2018) showed that the dependency ofNAGD
PDN could be decreased by DG (with unlimited fyg#)cement in PDN, however no restoration mechaffism
water pumps was considered. This option should bdeted in resilience studies as in reality, an geecy
generator with limited fuel is normally consideliadall pumping substation.

This paper proposes a comprehensive planning framkeincluding a main problem and two sub-problems t
enhance the resilience of joint PDN and WDN withltiple microgrids against hurricanes. Three clean
strategies including line hardening, upgradingahergy storage size in microgrids and water tank&DN are
considered to enhance the resilience.

Compared to the reviewed literature, the main doutions of the paper are listed below.

1) A comprehensive stochastic model forming a mairblera and two sub-problems is proposed to
improve the resilience of joint PDN and WDN. Theimaroblem minimizes the expected loads
inaccessibility to power and water against hurrgsaand investment cost of strategies. In the Siubt
problem, microgrids are modeled as energy soultader pumps as critical loads are equipped with
back-up generators with limited fuel capacity. e second sub-problem, the back-up generatorsof th

disconnected water pumps are scheduled to maxitmézaccessibility of loads to water.



2) An interaction framework between microgrids and tihsition System Operator (DSO) who is
responsible for restoration of PDN and WDN is pregmbto determine the amount of energy that each
microgrid can deliver to distribution network cassiing the reliability of each microgrid local ladd
the proposed interaction, fuel arrival time to gat@rs as an uncertain parameter is also considered

3) Energy storage size upgrading in microgrids is pssl as an efficient solution to enhance the
resilience of PDN and WDN. With this strategy, eawicrogrid can deliver more energy to PDN in
emergency conditions.

4) Upgrading the water tanks size in WDN is also ader®d in resilience improvement planning phase to
improve the accessibility of users to water af@ural disasters.

The rest of this paper is organized as follow. Best 2 discusses the model description including th
framework of the problem, formulation and solutwfrthe proposed resilience improvement planning ehéat
power-water distribution systems. Numerical caseliss are presented in Section 3, and Section dludes

the paper.

2. MODEL DESCRIPTION

In this section, different parts of the proposeddsioincluding a general framework of the problem,

mathematical formulation and solution methodologly be explained.

2.1. Comprehensive resilience improvement planning framework

Fig. 1 shows a typical PDN and its related designdaN. In such an integrated energy system, it suased
that several microgrids are connected to the PDa¢hEnicrogrid has its local generation sourceslaads that
can be operated isolated or connected to the PD¥. Water pumps are located in the WDN which arelfed
the corresponding nodes in the PDN. As well asheaater pump is equipped with a fuel-based DG
(emergency generator) with limited fuel capacitythis paper, it is assumed that microgrids onbwjate active
power for distribution network and required reaetpower for loads restoration is locally generdigaeactive

compensations in the distribution network as Fig. 1
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Fig. 1: Power distribution network with connecteitrogrids and related designed water network

There are many uncertain parameters in this proklaioh are listed in Fig. 2.

Intensity Demand ‘ Demand ‘ Demand
Uncertain The month Renewable
parameter of generations Lines statues
occurrence output
The hour of . .
ocourrence Fuel arrival Repair time
: time of network
in a day

Fig. 2: Uncertain parameters in the proposed model

The uncertainty of each parameter will be model@t & probability distribution function presented$ection
4. In the proposed model, all the uncertain pararsewill be addressed through two Stochastic Optition
Programming (SOP) problems. The first SOP is tlsdieace improvement planning of PDN and WDN as the
main problem of the proposed comprehensive planftargework. In this SOP, a set of scenarios withards

to the uncertain parameters of the hurricane, PBINVEDN are produced. During each operating scentdre®



interaction of microgrids and PDN will be investiga through the second SOP where the stochastimggne
Management System (EMS) for each microgrid as itisé Sub-problem of the proposed model determihes t
value of energy that can be delivered to the PN tlear that scenarios in the second SOP wjitwa the
uncertain parameters of each microgrid. Backwaetha&do reduction as a well-known method is implet@eén
in this paper to reduce the number of the generstedarios in both SOPs. This method is comprebhelysi
explained in (Growe-Kuska et al., 2003).

In case of a hurricane in a scenario of first S®Pajor part of the PDN could be damaged resuttngiany
distribution lines outages. To tackle such an emrery condition, DSO could reconfigure the netwoithwhe
aid of tie lines switches and microgrids (which alg assumed to be owned by the DSO). Each midragit
run the designed stochastic EMS (first sub-probleiith the objective of maximizing the delivered emeto
the PDN considering the reliability of local loa@ne of the most important pieces of data whicheisded by
the EMS to meet the objectives is the estimated tiequired to locate and repair the faulty parts tanrestore
the distribution network to its normal state, tlee duration of the emergency period.. The powevided by
the microgrids to the distribution system must kailable during the whole emergency period at #wuired
quality. Moreover, the energy delivered by the migids in different hours of the emergency periogstrbe
proportional to the number of restored loads. Hamwewas the aggregated load profile often varied it
specific coefficient at different hours, this déaalso needed for EMS. With this information, eacicrogrid
runs the EMS and determine the amount of energpgtdelivered to the PDN in each interval of the myaecy
period.

If the power supply of the water pumps is unavddabue to hurricanes, the operation of WDN will be
interrupted or stopped accordingly. However, toamthnd the water pressure at different nodeseo§ylstem
in different operation states of water pumps andewkevel in each tank, it is essential to analirze water
network. In this regard, a water distribution spstenodeling software package (EPANET) is utilized to
accurately track the flow of water in each pipe fressure at each node, and the height of the watach
tank through the entire WDN. It is further assurtteat the inaccessibility of loads to water is maichused by
electric power outage during the emergency pelinding each scenario of the first SOP, if the diseected
water pumps cannot be restored, their emergencgrgtams will be scheduled through the second soblem
of the model with the objective of maximizing thecassibility of loads to water.

To formulate the problem in a tractable mannergsgvassumptions are made as follows: First, agility of

power poles and conductors in PDN are assumed tbidleer than other components against hurricanes.



Therefore, hardening is primarily considered foesth assets. The basis for this assumption caistbd hs
follow: 1) The main important components in PDN aaaver poles and conductors which are responsible t
deliver energy from energy sources to customerS§ijlar components have also been consideredeviqus
works (such as (Ma et al.,, 2018)) to be vulnerablé®DN against hurricane, and 3) The number ofehes
components in PDN is much higher than other compisneMicrogrids are also assumed resilient enough
against hurricanes (as discussed in the introduictieinally, as there is no benchmark system fmtjBDN and
WDN studies, it is assumed that a water netwodarefully designed for the existing IEEE 33-bugrdisition
system. To this end, according to Fig. 1, it isuassd that each node (except nodes 5 and 33) in &D&l
residential or commercial load has a correspondiode in WDN. It is further assumed that power loads
nodes 5 and 33 are water pumps. So, the water egnin of these loads is zero. The characteridtigijpes
and amount of water consumption for each node inNA#Pe determined according to the amount of power

consumption of each load in PDN.

2.2. Problem formulation
In this section, the proposed model including tr@mproblem and two sub-problems is formulated. firtzén
problem of the model is a stochastic programminth wivo objective functions. The first objective @fion
(OF;) minimizes the expected inaccessibility value®atls to power and water under hurricanes.

N 04T,

OF, =min NE)SZZ(IVP|,t(1_aS,|I)+I\/W’t(l_ﬁsll)) (1)

s=1 I=1t=t?

where s,N; and p, are index, number of scenarios and probabilitgaxfh scenario in the main problem of the

model, respectivelyl and N, are index and number of loads in both PDN and WiNpectively.t,t? andT,

are time index, the initial time of the emergeneyipd in scenari® and emergency period in scenasidue to

hurricane, respectivelylvR, and 1vw,  are inaccessibility value of loadto power and water at timg

respectively.

In equation (1)¢ is a binary variable that indicates the stateatls in the PDN.

)

|1 ifload is connecte:
0 ifload is disconecte

B is the accessibility function of loads to wateriethis shown in Fig. 3. In other wordg, indicates the
satisfaction level of consumers’ access to watkr & natural disaster such as a hurricane. Watasaibility
of a load is proportional to water pressure inrthde including the load. A minimum water presssreequired

to obtain the full satisfaction level.
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pressure head (m)

Fig. 3: Satisfaction function of the loads to water

The second objective function of the problepdy) minimizes the budget or in other words investreost of
resilience improvement strategies.

N mg N N N
OFZ = min z chl? + Z z l'IJm,bsC::\’::lt?s + Z z Ad,tscgj-izk (3)

k=1 m=1bs=1 d=1 ts=1

wherek and N are index and number of power lines in PDN, respely. m andmg are index and number of

microgrids, respectivelybs and N33 are index and number of strategies for batterg, sizspectivelyd and

N2 are index and number of water tanks in WDN, reipely. ts and N;° are index and number of
different strategies for water tank size, respetyivQ,, W, .. and A, are binary variables determining like

is hardened or not, battery size in microgrid nufgraded to stratedys or not and size of water tarkis
upgraded to stratedg or not, respectively.

The size of each battery or each water tank canpgeaded only with one of the related strategiegchvis
indicated in (4).

NS

i me,bal D{O’]} mD{l,Z,...mg}
bat=1 (4)

gdra

S w00 012N

tan

For each scenario, the DSO should solve the reé&inrproblem. The DSO has two options to restoecldads.
The first option is the reconfiguration of the maietwork which is supplied by the substation arel 4¢bcond
one is the system partitioning through intentioisédnding of a microgrid or microgrids. To applethatter,
DSO should know the amount of energy that eachagitdt can deliver to the PDN during an emergency
period. Therefore, each microgrid has to solve dasigned stochastic EMS as the first sub-problerthef
model described in (5)-(22).

The decision variables in the EMS of each micrognid categorized into the following two groups. Tinst
group consists ofiere-and-now variables which are made before the realizatiothefstochastic process. The

second group consists whit-and-see decisions, which are made after knowing the retidinaof the stochastic



process (Conejo et al., 2010). In this paper, theumt of active power delivered to the PDN is cdesd as a
here-and-now decision variable while others, such as dispatiehgénerators power output, and amount of load
shedding arevait-and-see variables. According to (5), the objective of EN&B each microgrid is to maximize
the delivered energy to PDN considering the expketeergy not served locally. The first term of (§)a

deterministic function and the second term is gmurse function.

t=t? s'=1¢=t?

{max(i pdelivﬁm—iip;mpshedfs,m] mD{l,Z,...mg}} sO{1,2,..N} (5)

where s’ and N, are index and number of scenarios in the EMS fioragrids (first sub-problem)p; | is the

probability of scenarics of the first sub-problem in microgriu in scenarics of the main problempdeliv;, is
amount of active power delivered by microgridat timet to distribution system in scenarof the main
problem. pshed;; , is amount of load shedding at tihiz scenarioS' of the first sub-problem in microgriu

in scenarics of the main problem. With this objective functidhe reliability of each microgrid local loads is
also considered.
There are three categories of loads in a micrognichiftable pshift), 2) curtailable §cl) and 3) fixed (Anvari-
Moghaddam et al., 2017). The constraints that rbassatisfied in the stochastic EMS for each midtbgre
expressed as follows. If the generation is lowantthe demand at some hours, and if the microgr&taior
cannot address this issue with shiftable and datti® load, then some loads will be disconnectestied) to
avoid system instability.
DR program is an efficient tool that can be impletee by each microgrid to increase the amount tf@ac
power delivered to PDN. Equation (6) is relatedtie DR program, which determines the amount of load
shifted from time interval to time interval’ in each scenario.

04T,

p§1ft,ss,m = Z Fﬂufttstsm - p§1ifttsl' sm tD[tgitg +Ts]1 § D{l’ 21""Ns'}1 mD{l’ 2,,ng} SD{:LZ"’ Ns} (6)

vt
where pshift

s
t,t',s’,m

is amount of load which is shifted from tinigo timet’ in scenarios’ of the first sub-
problem in microgridnin scenarics of the main problempshf,%,  is total load which is shifted to or from time

tin scenaria’ of the first sub-problem in microgrit in scenarics of the main problem.

For each scenario of the first sub-problem, theobujmad power balance is formulated as follows:

Cm Gm
load’, . — ol o+ pshfs  —pshed’, = o e m— pdelive + pder,
t,s',m ;p ct,s',m p ts' m p tsm ;pgtsm p tm p ts'm ,SD{l,Z,...,NS} (7)

-pchrs, .+ prdg’y,,  tO[tdt+T.], s 0, 2,...,N. }, mO{L, 2,..., mg}

10



where load’, ., pshed’, . , prdg’y, . pder’

,s,m

and pchr?®

w.m are active power demand, amount of load
shedding, power output of renewables generatiomsd(and solar), charging and discharging poweraifdry

at timet in scenarics’ of the first sub-problem in microgriah in scenarics of the main problem, respectively.

s
ct,s',m

and C, are index and number of curtailable loads in ngdem, respectively. pcl is amount of loaat

curtailment at time in scenarias’ of the first sub-problem in microgriah in scenarics of the main probleng

and G, are index and number of generators in microgridespectively.p;, ., is active power of generatgr

at timet in scenarics’ of the first sub-problem in microgrith in scenarics of the main problem.
In connection to the operation of dispatchable gmioes, certain constraints must also be met. |Fastive

power of each generator should be scheduled itl@nable range.

pgjir:]u;['g'm < p;’l sm < pén:(ugl sm g D{l! 2! "'le }’t D[tg,tg +T5]1

sOf{L2,...,N, },md{, 2,...,mg}

are minimum and maximum active power of genergtar microgrid m, respectively.

s0{1,2,...N;} (8)

min
g,m

max
g,m

where p; and p

u is commitment status identifier gfeneratorg at timet in scenarios’ of the first sub-problem in

;,t,s',m
microgridmin scenarics of the main problem.
Ramping down/up limits of each generator are indiddy the following expressions:

[p;ls’m Do SR 902, G Lt O 4T,

}SD{], 2,...N} (9)
sOf{L2,...,N.},mO{, 2,..,mg}

X -, <RP g0{2,..,G LtOS, 2 +T],
pg,t—l,s’,m pg,(,sm F{:‘Jm g { m} [s S s] SD{].,Z -,Ns} (10)
sO{L2,...,N.},mO{L, 2, ...,mg}
where RY} and R}, are ramp down and up rate of generator microgridm, respectively.
Start-up and shut-down constraints of each geneaatoexpressed as follows:
S — S S 0 ;0
Yorzm™Zprsm =Ugram ~Uprzem  9OHL2 G bt I 4T SD{l 2,.., Ns} (11)
sOf2,..,N. L, mOfL, 2,...,mg}
2 en—120 gO{,2,..G, LOR 2 +T,],
y;,t,s,m Z;,t,s,m g {11 m} [s S s] SD{l,Z,..,NS} (12)
sO {L2,Ny, O 4,...mg}

wherey; . andz

g,t,s'\m

are start-up and shut-down identifiers of genergtat timet in scenaric’ of the first

sub-problem in microgridh in scenarics of the main problem, respectively.

The capacity of the feeder which connects microgrit the PDN is expressed as:

[ pddliv,,,  <Capl™ O[O 2+T], ML 2,...,mo} | s{1,2..., N} (13)

where Cap™ is the maximum energy import/export of microgmid
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The following expressions are related to the bwpttgyeration. The following constraint enforces Htate of
charge (SOC) to be within the allowable limits:

[SOC" <0G, <SG  tO[ot+T, S L 2,... N, ML 2,...mgh | sO{1,2,.,N} (14)

where SOC™ and SOC™ are minimum and maximum active power of batterynicrogrid m, respectively.

0OC;

t,s’,m

is state of charge of battery at timim scenarics’ of the first sub-problem in microgrit in scenarics

of the main problem, respectively.

The next constraint indicates the relationship leetwcharging/discharging rates and the SOC:

pdcrts' 0 40
OC®.,  =0C?, .+ pchr’, ——50 O, t2 +T1.], s 04, 2, ..., N },
t,s',m t-1,s m p tsm,7m N [s S s] { s} SD{].,Z,...,NS} (15)
mO {1,2,.mg }
where . is efficiency of battery charging or dischargiimgmicrogridm.
Charging/discharging rates are defined as follows:
_0< pchr’, < (5OC,™ = 0C,.n) tO[,t2+T1.], s 0L, 2,...,N }
SPhen =T, R e R (10
i mO {1,2,...mg}
[0< pder?, . < (SOC?,,, —SOC™ tO[l,t2+T,],s 0, 2,...,N, },
p t,s',m ( t-1,8' m m )’7m [s S s] { s} SD{l,Z,..,NS} (17)
m0O {1, 2,..,mg}

Some loads in each microgrid are allowed to beaded at certain hours as follows:

pds . <Icd, . load™ ™ cO{L,2,..C. Lt Ot to+T.],
p ct,s’\m tts m cm { m} [s S s] SD{].,Z,..,NS} (18)
i sO 2N}, mO4,2,...mg}
[7,+t0

IcS, ¢, < Tload2r ™™ cO{L,2,...,C, Lt Ot t2+T],
tzzts; c,t,s',m c,m { } [ ] SD{l,z,...,NS} (19)
| SO {L,2,N, md L@...mg}

where load ™ and Tload;, ™ are maximum active power and maximum durationwtatlable loadc in

microgrid m, respectively.két,g,m is loadc status identifier at timein scenarics’ of the first sub-problem in

microgridmin scenarics of the main problem, respectively.
The maximum amount of load that can be shifted ftiome intervalt to other time intervals is expressed as:

T+t

D pshift,, o <loads™ ™ tO[tt2+T], s OfL, 2,...,Ng }, mO{L, 2,...mg} | sO{12,...N} (20)
t=t?

The amount of available fuel capacity in each ngcigbis limited as:

tSO+FAT;,m
S oo <Fud®@ g0{,2,...,G },tO[t t2+T],
pg,t,s,m m g { m} [s S s] SD{].,Z,...,NS} (21)

t=t?

sO {L2,N, O 4@,..mg}
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where FAT;  is fuel arrival time to microgrich in scenarics’ of the first sub-problem in scenasof the main

problem. According to (21), fuel consumption in &ragrid is simply modeled to be proportional te tactive
power of generators. However, it should be noted thgenerator has different fuel consumption ratess
operating range. As mentioned earlier, the powet the microgrid should provide to the PDN must be
proportional to the load variation in the PDN. Téfere, the following constraint adjusts the powetds
according to load variations in the PDN:

| poeliv, ., =If, . pddliv, ,, tO[tS,t0+T] mO{L2,...,mg} | sO{1,2...,N} (22)

wheref _ is the load variation profile in the emergencyiperin scenarics which is normalized based on the

lowest demand load at tintg in the examined period and is reported by DSMéonicrogrid.

Having known the amount of energy that each midgdogan deliver during emergency period, the DSQ el
the restoration problem for each scenario.

In each time interval within each scenario of thainmproblem and for each network (main or islandd
following load flow equations and constraints mafgo be satisfied. As mentioned before, the maiwegpo
network is supplied by substation and each islandetsivork will be supplied by one or more microgrids

Power balance equations in (23)-(24) show thaptheer injection at busshould be equal to the load demand

at busi.
V=M | |Gy oy, + By sing ) 1D L2, NS O 10T, ]
(23)
sO {1,2,,N.},wO{L,2,...Ws +1}
Q. =M Ins (G, sing', .~ B, cosd,, ) 10 {L2,..NM JO £ 10+T, ],
(24)

sO {1,2,,N.},wO{fL,2,...W* +1}
wherew is an index for power network (islanded or maW}: is the number of islanded network in scenario

of the main probleni.andj are bus indicesN,"* is the number of buses in netwawkin scenarics of the main

problemG, and B, are conductance and susceptance of the line vebichects busandj, respectively. 6’”Wt s

and‘ (1| are difference phase voltage angle between hnsgj and voltage magnitude at bus networkw at

hourt in scenarics of the main problem, respectively_ and Q' ; are active and reactive power of the load

at busi at hourt in networkw in scenarics of the main problem.
Bus voltage line current and should be limitedta®sag in (25) and (26).

l\/min| = ’\/l\{(vs

Imax

SV 0L 2, NS RO 0+ T ], SO 2,..., N} WL 2,.. WP + 1 (25)
i0f,2,...,N"* Lt Ot t2+T.], s0f, 2,...,N_.}, wO{L, 2,... W° + 1§ (26)

|I|Jts
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and‘hﬂ

are the line flow between busndj in networkw at hourt in scenarics of the main problem and the maximum

where|V,,.| and|V,,,| are minimum and maximum allowable voltage magrtirthe PDN.‘M}ATLS

allowable line current capacity between basdj, respectively.

According to (27), the structure of the main netiwor each islanded microgrid should be radial.

NYS=NM +1  wi{L,2,.. W+ 1} 0

line

where N5 is the number of power lines in netwarkin scenarics.
Furthermore, for each islanded network, the follmyvconstraints must be satisfied. According to (28 total
demanded active power of the loads plus the agimeer losses of distribution lines within each etk

should not exceed the exchanged power between itregrid(s) and the DSO. The same should be satisfi

with reactive power as shown in (29).

N N
D Ry +Ploss", < > pdeliv,,, . tO[td,t+T],s0{1,2,...,N}, wO{L, 2,...W*} (28)
i=1 m=1
g N
> QN HQloss < > Q™ Ot t2+T,], sO{L,2,...,N .}, wO{L, 2,... W*} (29)
i=1 i=1

source

Where N is the number of microgrids in netwovkin scenarics of the main problemQ is reactive

power of the source which is installed at bhudloss’; and Qloss’; are active and reactive power losses of

distribution network lines in netwonk at hourt in scenarics of the main problem.
To calculate the accessibility of loads to wateiisinecessary to formulate the hydraulic modeihef WDN.
There are three fundamental equations in WDN (Zkerad., 2017). The first equation is mass cong@mwahat

must be satisfied at the nodes except fixed-heddseuch as reservoirs of WDN:

Y fupretFus =0 tORS+TLNO{1 2, NS -NR} sO{1,2,..N, (30)
WpOLK,

wheren andwp are node and water pipe indices, respectivély™® and NR*®

are number of all nodes and

fixed-head nodes in WDNLK | is the set of all links (pipes) connected to nade WDN. F . is noden

S

demand at timein scenarics of the main problemf, . is pipewp flow rate at hout in scenarics of the main

problem.

Moreover, energy conservation must be satisfiezghicth simple loop of water network.

Whs

D Nypisis =0 1s0{1,2,...L.S} 10 t2+T, 1s0 {1,2,...N, ] (31)

wp=1
wherels andLS are index and number of simple loops in WDN, resipely. h,, . < is hydraulic head loss of

pipe wp in looplsat hourt in scenarics of the main problem.
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The last equation represents the hydraulic head Tdss equation indicates the head loss of a afpa& function

of the flow through the pipe.

h, =xf)” (32)
x andy are coefficients which determined based on theeHa¥/illiams model.

As mentioned before, if the DSO cannot restoredestonnected water pumps, the back-up generatotiseof
disconnected water pumps will be dispatched. Duéu&b limitation of these generators and possipitbiff
having a long period of emergency, these generatwald be operated in a way that the inaccedyilufiloads
to water be minimized. This objective functionnslicated in (33).

N €+,

minY > VW, (1-4,,) 0s0{12,...N]} (33)

1=1 t:[g

According to (34), each generator can supply sucaé for a limited duration.

tS+TS

z:cbtquvS sTmﬂax DWpD{l, ZV\P} DSD{ 2L2,..I,\IS} (34)
t=t0

where ®, . . is a binary variable for determining the statebatkup generator which supplies water pumpp

at timet in scenarics of the main problemTI ;™ is maximum time that backup generator can supplgmaump

wp. Other constraints related to the hydraulic systgmration in WND should also be met (equation&3)-
(32)).

2.4. Solution Methodology
Fig. 4 shows the procedure for solving the propassdience improvement planning problem. Greedydeas
an iterative algorithm is utilized in this paper dolve the problem. In order to implement the gyeséarch

algorithm, the aforementioned objective functiores mapped into the following mixed-objective fuocti

OFiII’—l _OFitr
OF =max—L——"t— RIST0{12,..Nos) (35)

S IST
whereRIST and N are index and number of candidate resilience ingmment strategieost, ., is cost of

strategyRIST. According to (35), in each iteration of the grgexkarch algorithm, the problem is solved
considering the objective function (35) which islicating the difference of resilience improvemestpected
inaccessibility of loads to power and water) congplato the previous iteratiomtr-1) per cost of each chosen
strategy. This iterative procedure will be contiduetil the maximum budget (determined by the péahiis
exhausted.

As can be seen from Fig. 4, the proposed modelidtes a main problem and two sub-problem that shoeld

solved. The first sub-problem captures the intémacdf the microgrids with the PDN through dedich#&MSs
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for the microgrids in forms of (5)-(22). The aim thiis part is to determine the amount of deliveeeérgy to
PDN by each microgrid in emergency period. Accagdio (5)-(22), this sub-problem is linear and can b
solved by any related solution algorithms/ solveush as CPLEX. The main problem captures the ratibor
phase. To handle this, the results of the firstpudblem (EMS) together with a detailed analysigtef water
network is needed. The latter is performed in EPAN&dnsidering equations (30)-(32). The restoration
problem is solved based on the graph theory anadifiad Viterbi algorithm detailed in (Najafi et.aR018).
The second sub-problem will be taken into consitiigman each scenario if all the disconnected watemps
cannot be restored. The aim of this part is to daleethe back-up generators to feed the discondegtger
pumps during emergency period. This sub-problerh Wit objective function outlined in (33) and coastts
(30)-(32), (34) is solved with a genetic algoritiimsigned in MATLAB while having EPANET in the lodp

analyze the WDN operation.
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Choose the best strategy
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strategies set

aximum budget1
exhausted?

End

Fig. 4: Flowchart of solving the problem

3. RESULTS
To illustrate the effectiveness of the proposedhoét the modified IEEE 33 bus PDN with connected

microgrids and its related designed WDN as showkign 1 is studied.

Microgrids Data:

It is assumed that the two microgrids in nodesdé 22 are similar and they are labeled as mialedgipe 1.
The microgrids in nodes 3 and 29 are also simitar ramed as microgrids type 2. The difference betvibese
two types lies mainly on their generation mix amamand level. The parameters of dispatchable gemsrat

microgrids which are obtained from (Hussain et2017) are shown in Table 1.
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Table 1: Dispatchable generators parameters irogpict

No. " Py A B, SUC, SDC,
(kw)  (kw) (%)  ($/kwh) (%) (%)

1 0 78 2.552 0.029 0.09 0.08

2 0 84 2.552 0.028 0.16 0.09

3 0 98 0.851 0.043 0.12 0.08

Ramp up/down rates of dispatchable units are Ikas tL minute. The maximum fuel available for each
generator in the microgrid can be used to producdsdh of 400 kWh electrical energy. According table 1, in
microgrids of type 1, there are three dispatchgblgerators: No. 1, No. 2 and No. 3 while in micidgof type

2, there is only one generator of type No.3.

The required data for the battery system is sunmedrin Table 2. This battery is available in bothes of
microgrids.

Table 2: Battery characteristic

Capacity Max Min-Max Initial n
(KWh) Charging/Discharging  SOC (kWh) SOC
Power (kW) (kWh)
100 70-100 0-100 100%=100 0.95

The hourly load profile and solar power generatigthin microgrids in typical days of different seas are
depicted in Fig. 5. Different load coefficients arsed for demand profile adjustment in differerdssms as

shown in Table. 3.

Demand in summer m PV production in spring m PV production in summer

PV production in fall =PV production in winter

300 200
180
250 160 S
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E 200 140 ?
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° ©
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o
60 >
50 I I ‘2‘8 a
0 I l | 0
1234567 8 9101112131415161718192021222324
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18



Demand in summer ® PV production in spring ® PV production in summer

PV production in fall =PV production in winter
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Fig. 5: Demand and solar power profiles in micrdgriA) Type-1 microgrid B) Type-2 microgrid

Table. 3: Peak load for each season in the miatsgri

Season Spring Summer Fall Winter
Load coefficient 0.85 1 0.88 0.8

To handle the stochastic energy management proiolegach microgrid, different uncertainties assadatvith
the load demand and renewable generation output@rsidered. To this end, 500 scenarios are gextkrat
initially based on a normal distribution functioritiv3% and 5% error in demand and solar power ptiexdtis,
respectively. Then, 10 scenarios are chosen withbickward reduction algorithm. To account for pthe
uncertainties related to fuel arrival time, 5 sg@®gwith different probabilities are extractedsi®wn in Table

4. It is assumed that the minimum time of fuel vy to both types of microgrid is 4 hours. In tpta0

scenarios with different probabilities are produgedrder to solve the first sub-problem.

Table 4: Different scenarios for fuel arrival tinmeall microgrids
r(h) 4 5 6 7 >8
T, 04 03 015 01 0.05

PDN and WDN Data:

The maximum active/reactive power demands of PDdl water demand of WSN are depicted in Fig. 6 and
these values in each hour of a day is determinséchan the 24-hour load multiplier of the PDN an®MW

which is illustrated in Fig. 7. It is assumed thia loads in nodes (19-22) are commercial whilerdsts are

residential.
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Fig. 6: Water, active and reactive power demandsebtforks
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Time
Fig. 7: Load multiplier of PDN and WDN
Value of load inaccessibility to power and watedépicted in Fig. 8. Loads in nodes 5 and 33 afridlistion
network are water pumps, thus the value of loaddessibility to water of these nodes is zero. tusth be
noted that the dynamic value of each water pumpdstoration will be determined in the restoratpwoblem.
In order to determine the importance of one purhp, accessibility function of loads will be obtainedth
EPANET and will be compared with the state in whilh water pump is restored. The 24-hour load pligti

of the PDN and WDN is illustrated in Fig. 8. Otheformation about the IEEE 33-bus distribution systcan

be found in (Baran and Wu, 1989).
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Fig. 8: Value of loads inaccessibility to power avater

The uncertainty of demand in both PDN and WDN isdeled with a normal distribution function with 3%

error. According to (Javanbakht and Mohagheghi4204a et al., 2018; Ouyang and Duenas-Osorio, 2(hé)

fragility function of PDN poles ; ), main transformer (substationp( 4, ) and conductors [ .;nuucor) 2N

be considered as below:

Pt pote(WS) = @[In((Ws) / M) / &)

' ' (36)
Py an (WS) = @[IN((ws) / M) / & ]
where @J[.] is lognormal cumulative distribution function witnean and standard deviation, and &,

respectively.my and é; depend on the structure of the potey ' and &; ‘depend on the local train and

structural characteristic of the substation.

0, WS< WS,
ws— in
pf,conductor(w) = KVVVS[VQWI, WSmin SWS< Wsmax (37)
1 WS> WS,

Where ws,;, is the minimum wind speed can damage the condacidms, . is the maximum wind speed that

damages the conductor certainly.

Hurricane:

According to National Hurricane Center, The intgnsf hurricanes is categorized into five groupbeTbhest
method to consider the intensity and occurrence tihhurricanes in the study is analyzing the hiséb data
related to the region where the PDN is locatedhls paper, it is assumed, the probability of ocence of a

hurricane is 0.8 and 0.2 for categories 1 (74-9phrand 2 (96-110) mph, respectively. According ig. 2,
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repair time of PDN is another uncertain parametbickvis modeled with discrete distribution functias in

Table. 5.

Table. 5: Repair time probabilities of PDN
Hurricane category 1 Hurricane category 2
Hours 4 5 6 7 Hour 6 7 8 9
Probability 0.2 0.3 0.3 0.2 Probabilty 0.2 03 0.3.2

Furthermore, the monthly probabilities of hurricateurrence within a year are obtained from (Lalet 2016)

which is presented in Table. 6.

Table. 6: Monthly probabilities of hurricane ocarrce within a year
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct NovecD
Probability 0 0 0 0 0.01 0.03 005 0.25 0.38 0.22.050 0.01

Candidate strategies:

The characteristics of candidate strategies aramegul in Fig. 9.

Before hardening: After hardening:
Fragility function against hurricane  Fragility function against
hurricane
Strategy 1: Line hardening my =4.76 m, =5.05
with upgrnding the poles of & =0.137 &, =0.135
the line
Cost: 5000 8 per pole
Before upgrading: After upgrading:
Size of energy storage Size of energy storage
Strategy 2: Upgrading +
size of energy storage in 100 KWh 250 KWh 400 KWh
each microgrid
— Cost: 20000 8 Cost: 30000 S
Before upgrading: After upgrading:
i Size of water tank Size of water tank
Strategy 3: Upgrading h=2m
size of water tanks in ” d=5m h=218m r=218m
WDN d=6.69 m d=936m
Cost: 10000 S Cost: 20000 §

Fig. 9: The characteristic of candidate strategies

Smulation:

Case 1: The simulation is started by analyzing one scenarid investigating the impact of battery energy
storages size in microgrids, water tanks size aaklup generators operation in the WDN on the iszsik
improvement.

It is considered the scenario in which a hurricasite the speed of 91.9 mph in October could cahseoutage

of lines (7-8), (12-13), (14-15), (16-17), (19-2@23-24), (30-31) and the main feeder at point @inmon
coupling. The restoration plan will be performeteahurricane at 1 P.M. The repair time of the reti.e.,

duration of the emergency period) is 6 hours. StheePDN is disconnected from the mains, the ordy to
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restore the loads is to incorporate microgridstfiie end, DSO asks microgrids to run the stochd&¥iS and
announce their contributions in restoration procd$ge amount of energy that each microgrid canvdelio
PDN during emergency period is shown in Fig. 10c@xding to this Figure, microgrids type 1 can defimore
energy to PDN in emergency conditions compared iwragrids type 2. The restoration problem is solved
considering two different sizes of battery in migrids and the results are depicted in Fig. 11. eshattery
size in microgrids in nodes 3 and 29 (type 2) séased, more loads can be restored. Furthermicengrid in
node 3 can restore load 5 which is a water pumpréfbre, by increasing the battery size as a ci¢r@tegy in
some microgrids, the resilience of PDN and WDN Wwél enhanced. This clean strategy can improve dhaa
of some microgrids and prepare them as reliablecesufor PDN support. Furthermore, with increading
battery size in some microgrids, it is possibleeipand the electrification domain to restore imaottloads

such as a water pump to enhance the resiliencelDifi W

250 -
200
150

100

Pdeliv(KW)
N N G Y

50

15
Emergency period (hout

17 Type 1 (battery=400 KWh)
Type 1 (battery=100 KWh)
Type 2 (battery=400 KWh)

Type 2 (battery=100 KWh)

18

Microgrid
Fig. 10: The amount of energy deliverd by microgtio PDN in emergency period
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B)

Fig. 11: The result of restoration problem: A) baftsize of 100 kWh in microgrids, B) battery safe400 kWh in microgrids

Considering the results of restoration plan with Hattery size of 100 kWh, it can be observed tioaie of the
water pumps can be restored by microgrids. Inrddgsrd, Fig. 12 shows the water pressure at diffaredes in

WDN considering two different sizes of water tamkithout the backup generators for water pumps.
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2m, B) tank size: di@me.36m, height= 2.18m

5m, height

Fig. 12: Water pressure at different nodes: A) tsiak: diameter

The smaller size of water tanks can provide waterafl nodes with an acceptable pressure only fa lbour

while in the rest of the emergency period, the watmand cannot be met. According to Fig. 12 (Bjhé

water tanks is sized around four times bigger,vibger access will last for two hours in emergeneyiqd. In

other words, appropriate sizing of the water tamk¥/DN as a clean strategy can enhance the recdief

WDN in emergency conditions. This strategy is noweistigated when the water pumps are equipped with

backup generators. The water pressure at differedes is depicted in Fig. 13, when each generatorbe
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operated for three hours. In the same figure, @l operation of these generators is shown. Adiog to
Fig. 13, the water pressure at different nodessigaificantly improved with optimal operation of diaup
generators. In this regard, if the smaller sizevafer tanks is chosen (diameter=5m, height= 2m3pme hours
and at some nodes the water pressure is below dbeptable value. However, with bigger water tanks
(diameter=9.36m, height= 2.18m), the water accé#gilvith acceptable pressure can be guaranteeihglthe

emergency period.

N W W b
g o o O

Pressure head (m)
N
o

[y
(O3]

Node Emergency period (hour)
Emergency | 45 | 94 | 15| 16| 17| 18
period (hour)
Genlwater | o\ | on | ON | OFF| OFF| OFFA
pump in node 5
Gen 2-water

ON | OFF | OFF| ON ON| OFH

pump in node 33

GV
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Fig. 13: Water pressure at different nodes whem#iter pumps are equipped with backup generatgrark size: diameter=5m, height=
2m, B) tank size: diameter=9.36m, height= 2.18m

Case 2: After analyzing one scenario and investigating ithpact of the two proposed strategies, the essié
improvement planning problem is solved in an uraarenvironment. First, 1000 scenarios with regarthe
uncertain parameters of PDN, WDN and hurricanes maduced and then 50 scenarios with different
probabilities are obtained with backward reductiémpproximately, in 20 % of the final scenarios, the
connection between PDN and the substation is dadnaeeording to Fig. 14, the problem is solvedaterely
until the budget limit of 430000 $ is reached. &tle iteration of the program, the best strate@lss identified
and reported. Iteration 0 shows the expected la@tcessibility values to power and water undeuaitane
before any hardening strategy. According to Fig(d4 despite the available tanks and backup géorsravith
limited fuel for each water pump in the WDN, thgdadency of WDN to power outage is high and theealf
lost load touches 90000 $. Furthermore, the expeanteccessibility value of loads to power undeuericane is
more than 16000 $. Since the expected inaccesgibililoads to water is more than power, upgradheysize
of water tanks in node 5 and 33 respectively toblgger and smaller candidate sizes is chosen astam plan

in the first two iterations. This strategy can d&se the dependency of WDN operation to PDN sigamifiy.
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Fig. 14: The results of the resilience improvenmanning against hurricane in Case 2: A) Expeabaedd inaccessibility values to power
and water, B) Expected loads inaccessibility vatogsower, C) Expected loads inaccessibility valoewater

During the third iteration, the battery size in moigrid in nodes 3 is upgraded to the bigger caridid&e. By
doing this, microgrid in nodes 3 can expand itxteification domain and restore more loads and watanps
which in turn enhances the resilience of PDN andNyVBimultaneously. In the next steps, the most g
lines are chosen to be hardened. The importaneadt line is determined based on its loading, keagd the
failure rate. For example, the candidate lines)(1223),(3-4),(4-5),(5-6) for hardening are locaiadhe main
network where more power need to be transferred lovger distances. Furthermore, lines (3-23),(23-@nd
(24-25) are chosen to be hardened as they digtrittnat power between the two biggest loads at nadeand
25. In iteration 7, the size of battery in micrag@9 is chosen to be upgraded. Finally, it is olegrthat by
allocating more budget, the PDN and WDN will be eaobust against hurricanes and the expected
inaccessibility values of loads to power and waiader a hurricane will be decreased, significantie
amount of budget that the planner wants to spencesitience improvement will depend on the regidmeve
the networks are located and expected rate ofdaureis occurrence.
Case 3: This case study investigates the impact of tteppsed clean strategies on resilience improvement o
PDN and WDN with changing the vulnerability rate safbstation against hurricanes. The proposed medel
solved again with 100,000 $ as budget constraint@ different conditions which are: 1) substatisnnot

vulnerable against any hurricane. In other wordbstation is damaged in none of the scenariosuB¥tation

is damaged in all the scenarios. The results aestin Tables 7 and 8, respectively.

Table 7: The Results of the resilience improvenpdgntining in Case 3 (when substation is damagedrie of the scenarios)

) 2) 3)
iteration Strategy EP (%) E(\SI;; EPWO ($) Cost($)
0 No strategy 14883.5 67978.8 82862.3 0
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1 To upgrade water tank size in node 5+8.18md=6.69m 14883.5 42774 57657.5 10000

2 To harden line 2-3 13556.6  26241.9 39798.5 40000

3 To harden line 1-2 13303.8 23881 37184.8 10000

4 To harden line 3-4 13069.6  16798.3 29867.9 30000
sum 90000

MEP: Expected loads inaccessibility value to power
@EW: Expected loads inaccessibility value to water
PEPW: Expected loads inaccessibility value to poavet water

Table 8: The Results of the resilience improvenpdertning in Case 3 (when substation is damagetl theascenarios)

Iteration Strategy EP($) EW($) EPW($) Cost($)
0 No strategy 20587.4 131956.2  152543.6 0
1 To upgrade water tank size in node 5+8.18m¢d=9.36m 20587.4 38605 59192.4 20000
2 To upgrade water tank size in node 3848.18md=9.36m 20587.4  24663.1 45250.5 20000
3 To upgrade battery size in microgrid in node 3@6 kWh 18544.2 12004 30548.8 30000
4 To upgrade battery size in microgrid in node®2@0 kWh 17541.2 11294 28835.2 30000

sum 100000

According to Table. 7, when the substation is ndhgrable and it is available as the main energycofor
PDN, most of the chosen strategies are line handenin iteration 1, unlike Case 2, the water taize in node

3 is upgraded to a smaller candidate water tanksratiable power source is available for water panin the
next iterations, most important power lines whigk #e link of PDN and the substation are chosebeo
hardened. With these strategies, the path betwBdhahd substation becomes more robust again haggdt
should be noticed according to Fig. 1, althougk lR2 is more important than line 2-3, this linel®sen to be
hardened after line 2-3. The reason is that ligi24onger than line 1-2, so the failure probapitif line 2-3 is
relatively higher than line 1-2 in hurricanes.

When substation is vulnerable against hurrican®s,inaccessibility values of loads to power andewatre
increased nearly 39% and 95%. To decrease the depey of WDN on PDN in this condition, according to
Table 8, size of both water tanks is upgradedailiyti With this two strategy, the accessibilityloads to water

is significantly improved. Microgrids, as the orpergy sources in this condition, can restore theotinected
loads. Therefore size of batteries in microgridedde 3 and 29 are upgraded to 400 kWh in the stept With
this choice, microgrids can expand their bordesrastore more disconnected loads and water pumps.

Case 4: This case investigates the impact of microgridgtenenvironmental and emission concerns compared
to the fuel-based DGs which were implemented irvipres works. To this end, the contribution of flselsed
generators to produce energy during emergency tondiresulted from hurricanes in two states aresictered
as follow: 1) Similar to previous works, it is agsed that fuel-based DGs with different capacitigsad to the
amount of each microgrid can deliver energy to PBNl restore disconnected loads; 2) Microgrids are
implemented to restore the disconnected loads @srsin Cases 2 and 3. It should be noted thateHaation

of expected energy produced by fuel-based genasrasoequal to emission reduction. Table. 9 shoves th
expected energy produced by fuel-based generaioBases 2 and 3 when microgrids or fuel-based D€s a

implemented to restore the disconnected loads.
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Table 9: Comparison between microgrids and fueedd3Gs on emission reduction

Before resilience improvment planning After resitie improvment planning
Fuel based DGs are| Microgrids are Fugl based DGs .M|crogr|ds are
- . . are implemented implemented to .
implemented to implemented to Reduction to restore the restore the Reduction
restore the restore the Rate (%) g . Rate (%)
. . disconnected disconnected
disconnected loads| disconnected loads
loads loads
Case 2:
Substation was X W=5183.5 X=3986.6 23.1 X=5429.2 X=3987.9 26.6
vulnerable in
20% of scenariog
Case 3a:
Substation was
vulnerable in X =5183.5 X=3986.6 23.1 %5183.5 X=3986.6 23.1
none of the
scenarios
Case 3b:
Substation was X =5183.5 X=3986.6 23.1 X=5499 X=3987.2 275
vulnerable in all
the scenarios

MX=Expected energy produced by fuel-based genergtavh)

According to Table. 9, before resilience improvetreemd only when the microgrids with hybrid energyuices
(instead of fuel-based DGs) are implemented tmreghe disconnected loads, the expected energiupeal by
fuel-based generators will decrease by 23.1%. @hisunt of fuel consumption reduction that mitigaties
total emission is highly recognized in emergencyditions resulted from hurricanes. As can be olesrwhen
the size of batteries in microgrids (as a clearrggnsource) is upgraded to enhance the resiliemafierent
cases, the dependency on fuel-based generatasghigerf decreased. This can be clearly understoaése 3b
where the batteries in microgrids in nodes 3 anér@9resized to 400 kWh and the expected energyupenl

by fuel-based generators is decreased by 27.5%.

5. CONCLUSION

In this paper, a comprehensive model based on a meoblem and two sub-problems for resilience
improvement planning of PDN and WDN with multipldcnogrids was proposed. The main problem in our
resilience improvement studies was configured toimmize the expected inaccessibility value of lotmpower

and water against hurricanes as well as the invagtmost of strategies in presence of uncertaiarpaters
including the time of occurrence and intensity africanes, PDN and WDN demands, power lines opmrati
status against hurricanes and repair time of PDNamalyzing each scenario of the main problem, the
microgrids were modeled as energy sources throhgffitst sub-problem and possible operation of batk
generators for water pumps restoration were induidethe second sub-problem. Three clean and éféect
candidate strategies were proposed to enhanceshience. The first strategy was upgrading théebgatsize in
microgrids to restore loads and water pumps smanhance the resilience of PDN and WDN. The second

strategy was identified as upgrading the water &in& in WDN to decrease the dependency of PDNatioer
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to power outages. Line hardening was the thirdtesgsathat decreased the failure probability of av@oline
against hurricanes.

Numerical studies illustrated the effectivenesshef proposed strategies for improving the resikent PDN
and WDN. By investigating the dependency of WDN BBN, the size of water tanks were upgraded.
Microgrids as energy sources in different placesPBN expanded their borders and restored discoedect
loads. When the vulnerability of the main souragb§ation) was high, batteries in microgrids wepgraded to
bigger sizes. If the expanded borders of microgddsld also cover the water tanks, this strategg aiso
effective to enhance the accessibility of loadsweter. Line hardening was the other efficient siggt for
improving the resilience of PDN and WDN. Especialigsilience could be improved by hardening thehpat
between PDN and the substation, the path betweder wanks and energy sources and also the pathebatw
important loads and energy sources.

Simulation results also demonstrated that implemgntnicrogrids as cleaner energy sources insteaftedf
based DGs for restoring the disconnected loadsdcbighly decrease the expected energy (thus paliuta
emissions) produced by fuel-based generators. Thigribution toward a greener environment was bette
highlighted when batteries in microgrids were upigdto bigger sizes.

It this paper, it was also assumed that the DSOsawicrogrids. Additional work will be required tovestigate
such subject matter from different ownership pectipes. To this end, the future efforts will be migi
dedicated to expand the proposed model for resiiegmprovement of subsystems owned by differenitiest

where interactions should be formed, conflictingeshives have to be met and privacy must be preserv
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» Clean dtrategies are proposed to enhance the resilience of power-water networks.
» Microgrids as emergency sources are considered for load restoration.
»  Back-up generators of disconnected water pumps are scheduled in emergency conditions.



