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Abstract—This paper proposes an optimal sizing and siting
scheme for the battery storage and photovoltaic generation aim-
ing at improving power system resilience. The concept of capacity
accessibility for both electricity demand and non-black-start
(NB-S) generating units is proposed to evaluate the reachabil-
ity to the power and energy capacity during extreme events.
Priority of the NB-S generating units, characterized by their dif-
ferent importance during the black start process, is also taken
into account. The unknowable nature of the extreme events is
captured and modeled through a multi-objective optimization
formulation to balance three main objectives: 1) the investment
and operation costs; 2) the capacity accessibility for electricity
demand; and 3) the capacity accessibility for NB-S generating
units. The proposed approach is validated through numerical
experiments, which illustrate how the new planning approach
can help enhance the grid resilience.

Index Terms—Battery storage, capacity accessibility, extreme
event, photovoltaic (PV) generation, resilience.

NOMENCLATURE

Sets

K Set of buses in the system.
L Set of load points in the system.
NBSG Set of all NB-S generating units.
BSG Set of all B-S generating units.
ALL Set of all generating units.
� Set of different scenarios.
G Set of all conventional generating units.

Parameters

As
i Availability index of the element i during an

extreme event of level s.
Aevent,s Designated system availability under an extreme

event of level s.
ζ i Adjusting coefficient for the element i.
Rs

i−j Reachability between bus i and j under Aevent,s.
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Pk
Gmax Power capacity of the conventional generating

units at bus k.
Dl average load at load point l.
θpow Capacity availability factor of the battery power.
θpv Capacity availability factor of the PV power.
θG Capacity availability factor of the conventional

generating unit.
Sk,t the energy remained in the batteries on bus k at

time t.
T Total time duration.
Qg Prioritization factor of the NB-S generating

unit g.
Pjstart Cranking power needed by NB-S generating

unit j.
Tjcmax Critical maximum time for unit j to start up.
Tjcmin Critical minimum time for unit j to start up.
Rri Ramp rate of generating unit i.
Tbl_start Total time of the B-S process.
Tlctp Cranking time for generating unit l.
P j

rob Probability of scenario j.
r Interest rate.
Lp Capital longevity.

Cenergy
B_in Unit investment cost of the battery energy.

Cpower
B_in Unit investment cost of the battery power.

Cpv_in Unit investment cost of the PV generation.
CGi Marginal cost of power generation for unit i.
CFRUi Marginal cost of ramp-up service for unit i.
CFRDi Marginal cost of ramp-down service for unit i.
CBG,k Discharging cost of the battery storage at bus k.
CBFRU,k Ramp-up cost of the battery storage at bus k.
CBFRD,k Ramp-down cost of the battery storage at bus k.
ξB,k Cost coefficient for battery degradation.
D j

l,t Demand at load point l at time t in scenario j.
pmin

Gi Minimum power generation of generating unit i.

pmax
Gi Maximum power generation of generating unit i.

�t Unit time interval.
D j

FRU,t System ramp-up and ramp-down requirement at
D j

FRD,t time t in scenario j.
η−, η+ Battery charging and discharging efficiency.
S j

0,k Initial state of charge (SOC) of the battery at
bus k in scenario j.

Smin
k Minimum battery SOC allowed at bus k.

Smax
k Maximum battery SOC allowed at bus k.

Fmin Vector of transmission line minimum capacity.
Fmax Vector of transmission line maximum capacity.
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Variables

Bk
pow Power capacity of the battery storage at bus k.

Bk
PV Power capacity of the PV generation at bus k.

Bk
en Energy capacity of the battery storage at bus k.

tjstart Starting time of NB-S generating unit j.
ttj1 Time segment before the generating unit j starts.
ttj3 Time segment after the generating unit j reaches

its maximum generation capacity.
ttj4 Time segment before the cranking power is

needed for generating unit j.
wt

j1 Status variable to denote the generating unit j
starts to generate power.

wt
j2 Status variable to denote the generating unit j

reaches its maximum generation capacity.
wt

j3 Status variable to denote the cranking power is
needed by generating unit j.

uit Status variable to denote the unit i is started.
p j

Gi,t Power generation of unit i at time t in scenario j.

FRU j
i,t Ramp-up service of unit i at time t in scenario j.

FRD j
i,t Ramp-down service of unit i at time t in sce-

nario j.
p j

Bdis,kt Discharging power of the battery at bus k at time
t in scenario j.

p j
Bch,kt Charging power of the battery at bus k at time

t in scenario j.
FRU j

B,kt Ramp-up service of the battery at bus k at time
t in scenario j.

FRD j
B,kt Ramp-down service of the battery at bus k at

time t in scenario j.
x j

Bdis,kt Status variables denoting whether the battery on
bus k is discharging at time t in scenario j.

x j
Bch,kt Status variables denoting whether the battery on

bus k is charging at time t in scenario j.
p j

pv,kt PV Power at bus k at time t in scenario j.

F j
t Vector of the line flow at time t in scenario j.

I. INTRODUCTION

POWER grids are traditionally designed and planned to
operate reliably under normal operating conditions and

withstand the expected contingencies. Due to the recent years’
severe events in power industry (e.g., 2011 Fukushima Daiichi
nuclear disaster, 2012 Superstorm Sandy, and 2016 Hurricane
Hermine with approximately 8.5 million customer power
outages and direct damage amounted to $71.4 billion in
United States [1]), it has become more apparent that fur-
ther considerations beyond the traditional system reliabil-
ity analysis is needed for keeping the lights on at all
times. New NERC power system planning performance
standard TPL-0014/0040a enforced in 2016 states that
“studies shall be performed to assess the impact of the
extreme events [2].” The resilience is becoming an emerg-
ing topic since how the electricity grid can withstand and
react to unexpected extreme events has rendered more and
more criticality to people’s lives and every aspect of our
economy.

Recent research on power system resilience is elaborated in
references [3] and [4]. In [5], the grid resilience is quantified
by assessing the vulnerability of transmission lines under dif-
ferent loading and weather conditions. Power system resilience
is a quite complicated concept with many driving factors
such as generator governor actions [6], transient stability [7],
physical degradation [8], etc. Resource adequacy, as another
important factor influencing the grid resilience, is discussed
in [9] where a deterministic approach based on the extent
of the resource adequacy is adopted to examine the system
resilience in face of an extreme event similar to the 2014 Polar
Vortex Event [9].

As an evolving and promising resource, the PV gen-
eration and battery storage are rapidly being deployed in
the grid. Compared with conventional generators, batteries
are able to store the energy for use during emergencies.
Besides, both the PV generation and battery storage devices
can be distributed, and thus leading to a potentially higher
accessibility during extreme events. Despite some disadvan-
tages of the battery storage (e.g., limited energy capacity)
and the PV generation (e.g., variable power output), their
advantages still exhibit promising features during extreme
events. References [10] and [11] investigate the energy not
supplied (ENS) reduction through batteries. How the B-S pro-
cess can be expedited by the additional battery capacity is
investigated in [12]. Hence, optimal allocation of the battery
storage and PV generation aiming at improving the system
resilience in face of extreme events is an emerging planning
problem to be solved.

Quite a few researchers have been studying the sizing
and siting problem of the battery storage and the renew-
able resources [13]–[25], among which [13]–[16] investigate
the problem in distribution systems and [17]–[24] focus on
the transmission grid. The placement schemes in both dis-
tribution and transmission systems are discussed in [25].
Facilitating the grid operation is the main goal of the afore-
mentioned research: [13] focuses on the risk-based opera-
tion of distribution companies; [14] reduces the real power
loss; [15] enhances the system reliability; [18] and [19]
improve the grid-scale integration of renewables; [21] alle-
viates the transmission congestion; and [17], [20], [22]–[25]
minimize the total operation cost. Reference [16] exception-
ally optimizes some mobile resources in distribution systems
in preparation for a particular hurricane. The impact of such
resources on enhancing the grid resilience still requires further
research.

In this paper, an optimal sizing and siting scheme for
the battery storage and the PV generation in the transmis-
sion network is proposed. The suggested allocation scheme
extends the conventional sizing and siting paradigm [17]–[24]
for accommodating battery storage and renewable resources
to further improve the grid resilience in face of unknowable
extreme events.

This paper is organized as follows: Section II models the
capacity accessibility, with the concept of reachability dur-
ing extreme events proposed. A new method for prioritizing
the NB-S generating units is also presented in Section II.
Section III proposes a multi-objective optimization model
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to allocate the battery storage and PV generation aiming at
improving both the capacity accessibility and grid operation
performance. Numerical experiments are conducted and ana-
lyzed in Section IV. Section V concludes the paper and lists
the contributions.

II. MODELING OF CAPACITY ACCESSIBILITY

A. Proposed Concepts

Capacity adequacy is one of the key factors playing a critical
role on system resilience [9]. Higher capacity adequacy during
the extreme events leads to a higher accessibility to the capac-
ity (conventional generation, PV generation, battery energy,
etc.), which renders a reduced energy not supplied (ENS),
expedited B-S process, etc. during the extreme events. With
rapid advancements in the control of power electronics, bat-
tery storages and PV generation are also able to provide
the required reactive power [26], [27]. Coordinated with the
conventional generators, their effectiveness in speeding up
the system restoration is studied and proved in the past
research [12], [28].

In this paper, a new metric of capacity accessibility during
extreme events is proposed to describe the capacity adequacy
status during extreme events. The capacity accessibility deter-
mines the extent of power and energy the grid would be able
to utilize during the extreme events. The difficulty in assess-
ing the capacity accessibility lies in the unknowable nature of
the extreme events [29], i.e., those with low occurrence prob-
ability but high impact [3], [4]. It is almost impossible and
not realistic to enumerate all the possible cases and scenar-
ios of different extreme events. Besides, referring the extreme
event to several particular kinds of contingencies may cause an
inappropriate disregard of others. Differentiated from the con-
ventional “N-m” contingency principle, we propose to emulate
the extreme event based on its common impact, which is
the sharp decrease in the availability of system elements,
instead of specifically defining the contingency set. Extreme
events under various severity levels are considered to take into
account their unknowable nature.

Generally, the capacity accessibility depends on: (1) the size
of available capacity, and (2) the reachability to the capacity
during extreme events.

B. Reachability During Extreme Events

We quantify the reachability based on the common impact
of the extreme events, i.e., the sharp decrease in the availability
of system elements. An availability index is first assigned to
each element during an extreme event, as in (1).

As
i = Aevent,s × ζi (1)

Aevent,s reflects the general availability of all system ele-
ments under an extreme event of level s, i.e., the more severe
the extreme event is, the less likely that the device would “sur-
vive” the extreme event. In this way, extreme events can be
naturally grouped into different levels characterized by differ-
ent Aevent,s. The lower Aevent,s, the higher destructive impact
the event could result in. Meanwhile, the availability of an
element in face of the extreme event, As

i , is also affected by

its own characteristic, denoted by ζi, which is statistically cor-
related to the factors such as the equipment reliability status,
its length or size/capacity, its vulnerability in some extreme
conditions, etc. In other words, the availability of different
elements in face of the extreme events of the same level is
differentiated by ζi.

The reachability Rs
i−j between node i and j under Aevent,s is

defined as the probability that node i and j are within the same
island and, therefore, reachable to each other. In a complex
system, this probability can be obtained through Monte Carlo
simulations. The probability is calculated as the number of
scenarios where bus i and bus j are reachable to each other,
divided by the total number of simulated scenarios. The reach-
ability between each set of two nodes should be calculated to
evaluate the system reachability under an extreme event of
level s, as denoted in (2), where M is the total number of
nodes. Note that different values of Aevent,s can be assumed to
simulate the extreme events of different levels

1 2 · · · i · · · j · · · M⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Rs
1−1 Rs

1−2 · · · Rs
1−i · · · Rs

1−j · · · Rs
1−M

Rs
2−2 · · · Rs

2−i · · · Rs
2−j · · · Rs

2−M
. . .

...

Rs
i−i · · · Rs

i−j · · · Rs
i−M

. . .
...

Rs
j−j · · · Rs

j−M
. . .

...

Rs
M−M

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

1
2
...

i
...

j
...

M

. (2)

C. Capacity Accessibility for Electricity Demand

The capacity accessibility for electricity demand reflects the
extent of capacity that can be accessible to support the load
demand during the extreme event. Two types of capacity are
considered: (a) power capacity and (b) energy capacity, the
latter of which is specifically designed to quantify the energy
stored in the battery storage, and implies how long the battery
storage power can last.

Besides, there are different types of electricity demand in
different load points (e.g., industrial, commercial, residential,
hospitals, etc.) with various loss of load consequences. The
magnitude of the load is used in this paper as the priority
index, while it can be modified adaptively to account for other
practical considerations. The system-wide power and energy
capacity accessibility indices for electricity demand under an
extreme event of level s are defined in (3) and (4), denoted as
PCA_loads and ECA_loads, respectively.

PCA_loads

=
∑

k∈K

(
θpowBk

pow + θpvBk
pv + θGpk

G max

)∑
l∈L

(
Rs

l−k × Dl
)

∑
l∈L Dl

(3)

ECA_loads

=
[ tn∑

t=t0

∑
k∈K

Sk,t

∑
l∈L

(
Rs

l−k × Dl
)]/(

T ×
∑
l∈L

Dl

)
(4)



538 IEEE TRANSACTIONS ON SMART GRID, VOL. 10, NO. 1, JANUARY 2019

In (3), the capacity availability factors θpow, θpv and θG

are introduced to consider the uncertainty associated with the
availability of the battery power, PV power and the power from
the conventional generators, respectively. Due to the depen-
dence on the solar irradiance, PV generation may not be able to
always generate at its rated maximum capability. Such capac-
ity availability factor can be calculated as the ratio of the
potential maximum generation, which is constrained by the
weather conditions (PV generation), available energy (battery
storage) and equipment reliability (conventional generator), to
the rated maximum generation within a period of time.

The demand reachability of bus k, under an extreme event
of level s, representing the total reachability of the unit capac-
ity on bus k to the entire distributed load, is defined in (5).
Therefore, the PCA_loads and ECA_loads can be re-expressed
in (6) and (7), respectively.

Reachk,s
load =

[∑
l∈L

(
Rs

l−k × Dl
)]/∑

l∈L

Dl (5)

PCA_loads =
∑
k∈K

(
θpowBk

pow + θpvBk
pv + θGpk

G max

)

× Reachk,s
load (6)

ECA_loads =
( tn∑

t=t0

∑
k∈K

Sk,t × Reachk,s
load

)/
T. (7)

D. Capacity Accessibility for NB-S Generating Units

Other than reducing the ENS at load points, expediting
the system B-S process can also help improving the system
resilience. Conventional generating units can be categorized
into B-S and NB-S units. For those NB-S units, cranking
power is needed to initiate the first start, while a B-S unit
(e.g., hydro unit, combustion turbine) can start on its own. At
the very beginning of the B-S process, the cranking power
can be supplied from the B-S units, the energy stored in the
battery storage, and possibly the power from the installed PV
generation. Previous research demonstrated that increasing the
system capability to provide the required cranking power can
rapidly speed up the B-S process [12].

The system-wide capacity accessibility for NB-S units
during an extreme event of level s is defined in (8) and (9).

PCA_Gens

=
⎡
⎣
∑

k∈K

(
θpowBk

pow + θpvBk
pv

)∑
g∈NBSG

(
Rs

g−k × Qg

)

+∑h∈BSG
θGph

G max

∑
g∈NBSG

(
Rs

g−h × Qg

)
⎤
⎦
/ ∑

g∈NBSG

Qg

(8)

ECA_Gens

=
⎡
⎣

tn∑
t=t0

∑
k∈K

Sk,t

∑
g∈NBSG

(
Rs

g−k × Qg

)⎤⎦
/⎛
⎝T ×

∑
g∈NBSG

Qg

⎞
⎠ (9)

Similarly, the generating unit reachability of bus k,
under an extreme event of level s, is defined in (10)
to reflect the reachability of the unit capacity at bus k
to all the NB-S units.

Reachk,s
gen =

⎡
⎣ ∑

g∈NBSG

(
Rs

g−k × Qg

)⎤⎦
/ ∑

g∈NBSG

Qg (10)

In this paper, the priority of an NB-S unit is coupled to its
importance in the B-S process, i.e., how much less the pick-up
energy would be, if a given NB-S unit does not participate in
the B-S process, and is defined in (11).

Qg = E0
bl−start − Eg

bl−start (11)

where E0
bl−start is the pick-up energy in the B-S process with

the participation of all generating units; Eg
bl−start is the pick-up

energy with no participation of generating unit g. The eval-
uation of E0

bl−start and Eg
bl−start depends on the sequence of

the units to be turned on during the B-S process, which is
reflected via variable tjstart. The model presented in [30] is
utilized, with some modifications, to further improve the calcu-
lation performance. The order of the unit start-up is evaluated
through (12)-(13):

obj. min
∑

j∈NBSG,j �=g

(
Pj max − Pjstart

)× tjstart (12)

s.t. tjstart ≤ Tjc max, j ∈ NBSG, j �= g (13.a)

tjstart ≥ Tjc min, j ∈ NBSG, j �= g (13.b)∑
i∈ALL
,i �=g

Rri
(
t − tti1 − tti3

)−
∑

j∈NBSG,j �=g

wt
j3Pjstart ≥ 0,

t = 1, 2, . . . , Tbl_start (13.c)

wt
l1Tlctp ≤ ttl1 ≤ Tlctp, t = 1, 2, . . . , Tbl_start, l ∈ BSG (13.d)

(
Tbl_start + 1 + Tjctp

)
wt

j1 −
Tbl_start∑

t=1

ujt ≤ ttj1 ≤ tjstart + Tjctp,

t = 1, 2, . . . , Tbl_start, j ∈ NBSG, j �= g (13.e)

ttj1 ≥ 0, t = 1, 2, . . . , Tbl_start, j ∈ NBSG, j �= g (13.f)

wt
i2 · Pmax

Gi

/
Rri ≤ t − tti1 − tti3 ≤ wt

i1 · Pmax
Gi

/
Rri,

t = 1, 2, . . . , Tbl_start, i ∈ ALL, i �= g (13.g)

ttl3 ≤ wt
l2

(
T − Tlctp − Pmax

Gl

/
Rrl
)
,

t = 1, 2, . . . Tbl_start, l ∈ BSG (13.h)

ttj3 ≤
Tbl_start∑

t=1

ujt −
(

Tjctp + Pmax
Gj

/
Rrj + 1

)
wt

j2,

t = 1, 2, . . . , Tbl_start, j ∈ NBSG, j �= g (13.i)

ttj3 ≤ wt
j2Tbl_start, t = 1, 2, . . . , Tbl_start, j ∈ NBSG, j �= g

(13.j)

wt
j3Tbl_start −

Tbl_start∑
t=1

ujt ≤ ttj4 ≤ tjstart − 1,

t = 1, 2, . . . , Tbl_start j ∈ NBSG, j �= g (13.k)

ttj4 ≥ 0, t = 1, 2, . . . , Tbl_start, j ∈ NBSG, j �= g (13.l)

wt
j3 ≤ t − ttj4 ≤

Tbl_start∑
t=1

ujt, t = 1, 2, . . . , Tbl_start,

j ∈ NBSG, j �= g (13.m)

t − ttj4 ≤ wt
j3Tbl_start, t = 1, 2, . . . , Tbl_start,

j ∈ NBSG, j �= g (13.n)
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Fig. 1. Illustration of some defined variables in formulation set (13) [30].

wt
jh ≤ wt+1

jh , h = 1, 2, 3, t = 1, 2, . . . , Tbl_start − 1,

j ∈ NBSG, j �= g (13.o)

wt
i2 ≤ wt

i1, t = 1, 2, . . . , Tbl_start, i ∈ ALL, i �= g (13.p)

ttj1 ≤ tt+1
j1 , t = 1, 2, . . . , Tbl_start − 1,

j ∈ NBSG, j �= g (13.q)

ttj3 ≤ tt+1
j3 , t = 1, 2, . . . , Tbl_start − 1,

j ∈ NBSG, j �= g (13.r)

The objective (12) aims at maximizing the total genera-
tion capacity during the B-S process. Note that the generation
capacity of the B-S unit within Tbl_start is constant, while the
generation capacity of the NB-S unit can be expressed as the
difference of the shaded area in the left and right charts in
Fig. 1, which is Sdeqh–Ssuzw=Sdkh+Sdeqk–Ssuzw=Sdkh+Saeqf–
Sbdkg– Sabgf–(Sruzv–Srswv). Since some of these areas are
constant and independent of tjstart, maximizing the area of
Sdeqh–Ssuzw can be transformed to minimizing the area of
Sabgf–Srswv, which leads to (12). Meanwhile, tjstart is assumed
to be zero for all B-S units. The detailed definition of ttj1,
ttj3, ttj4, wt

j1, wt
j2, wt

j3, uit is shown in Fig. 1 [30], where the
generator output Pgen and the cranking power Pstart during the
start-up process are depicted.

Equations (13.a) and (13.b) limit the unit starting within
the max and min critical time. The power requirement dur-
ing the B-S process is described in (13.c), enforcing the
generated power be greater than the cranking power needed.
Equations (13.d)–(13.f) set the boundaries on the time tti1,
and correlate it with wt

i1, which indicates that wt
i1 becomes

1 after Tlctp (for B-S units) or tjstart+Tlctp (for NB-S units).
The limits on the duration tti2 = t-tti1-tti3 and its correla-
tion with wt

i1 and wt
i2 are presented in (13.g), which denotes

that tti2 should be 0 before wt
i1 becomes 1 and reaches

it maximum after wt
i2 gets to 1. Equations (13.h)–(13.j)

set the limits on tti3 and its correlation with wt
i2, indi-

cating that wt
i2 becomes 1 and tti3 starts to be non-zero

after the unit reaches its maximum generation capacity.
Equations (13.k) and (13.l) limit ttj4 with wt

j3 for NB-S
units, reflecting that ttj4 reaches its maximum after wt

j3 turns
to 1. The correlation of ttj5 = t-ttj4 with wt

j3 is described
in (13.m) and (13.n), indicating that ttj5 will be non-zero after
wt

j3 turns to 1, and should be within Tbl_start. And (13.o)–(13.r)
list the constraints on the status variables corresponding to the
physical operation status. The energy that is picked up dur-
ing the B-S process with no participation of unit g can be

Fig. 2. Illustration of system availability, reachability, capacity accessibility.

eventually calculated in (14).

Eg
bl−start

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑
i∈ALL,i �=g

[(
Pmax

Gi

)2/2Rri + Pmax
Gi

(
Tbl_start − Tictp − Pmax

Gi

/
Rri
)]

− ∑
j∈NBSG,

j �=g

PjstartTbl_start −
(

∑
i∈ALL,i �=g

Pmax
Gi tistart

− ∑
j∈NBSG,j �=g

Pmax
Gj tjstart

)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(14)

Fig. 2 illustratively summarizes the concepts proposed so
far: system availability, (generating unit/demand) reachability
(node-based, illustratively for node i), and the capacity acces-
sibility (system-wide). Three illustrative scenarios in terms of
the extreme events of different severity levels (reflected by
different system availability indices Aevent,s) are presented. In
a more severe extreme event (scenarios 2 and 3), the avail-
ability of the elements tends to be lower and the reachability
indices also decline. However, the reachability and accessi-
bility indices are higher (reflected by longer-dotted lines) in
a less severe extreme event (scenario 1).

III. OPTIMIZATION SCHEME FOR SIZING AND SITING

OF BATTERY STORAGE AND PV GENERATION

The capacity accessibility for both the electricity demand
and the NB-S units (Sections III-B and III-C) can help
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evaluating the capacity adequacy during an extreme event,
which is one of the many factors that contribute to the
system resilience. Therefore, enhancing the capacity acces-
sibility when planning a system-wide allocation of battery
storage and PV generation is critical for improving the system
resilience.

A. Objective Functions

In order to optimally allocate the PV generation and battery
storages, multi-objective optimization is adopted to simultane-
ously consider: (a) the investment and operation costs; (b) the
capacity accessibility for the electricity demand; (c) the capac-
ity accessibility for the NB-S units; and (d) other factors. The
planning problem is to determine the power and energy capac-
ity of the battery storage as well as the power capacity of the
PV generation at each bus, denoted by Bpow, Ben, and Bpv,
respectively. We assume that both the conventional units and
the battery storages are bidding into the ramp market, which
is newly proposed to accommodate the increasing net load
variations and uncertainties [31].

The first objective (15.a), includes the investment cost of
the battery storage and the PV generation, as well as the
operation cost of the entire system, where fcr is the capital
recovery factor, calculated in (15.b), which converts the total
investment into a stream of annual payments; t0 and tn are the
starting and ending time of the simulations; The marginal cost
of PV generation is assumed to be 0. Stochastic programming
is adopted in (15) to handle the uncertainties of PV generation
intermittency, where various scenarios regarding to different
PV generation patterns and load profiles are considered.

obj1. Min
∑
k∈K

[
fcrCenergy

B_in Bk
en + fcrCpower

B_in Bk
pow + fcrCpv_inBk

pv

]

+
∑
j∈�

P j
rob

tn∑
t=t0

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∑
i∈G

(
CGip

j
Gi,t + CFRUiFRU j

i,t + CFRDiFRD j
i,t

)

+ ∑
k∈K

⎡
⎢⎢⎣

CBG,kp j
Bdis,kt + CBFRU,kFRU j

B,kt

+CBFRD,kFRD j
B,kt

+ξB,k

(
p j

Bdis,kt + p j
Bch,kt

)

⎤
⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(15.a)

fcr = r(1 + r)Lp
/[

(1 + r)Lp − 1
]

(15.b)

The second objective is related to the contribution of the
battery storage and the PV generation on the system-wide
capacity accessibility for the demand, as described in (16).

obj2. max PCA_loads × Tlasting +
∑
j∈�

P j
rob × ECA_loads,j

(16)

The power capacity of the conventional units is neglected
from (16) as the focus is solely on the battery storage and the
PV generation. Moreover, in order to combine the PCA_load
and ECA_load together, a coefficient approximately denoting
how long the battery power and the PV generation can last
(Tlasting), is added to convert the power into energy.

Following the same principle, the third objective (17), mod-
els the contribution of the battery storage and PV on the

system-wide capacity accessibility for the NB-S units.

obj3. max PCA_Gens × Tlasting +
∑
j∈�

P j
rob × ECA_Gens,j

(17)

The fourth objective (18) targets at improving the system
reliability and represents the extensibility of modeling and
incorporating additional factors in such a planning study.
The expected energy not supplied (EENS), as an example,
is selected here to reflect the system reliability performance.

obj4. min EENS =
∑
z∈�

∑
k∈K

(
ILz

k · τ z · Pz
rob

)
(18)

where ILz
k is the interrupted load at bus k in contingency z;

Pz
rob denotes the occurrence probability of the contingency z;

� is the set of all contingencies. The model is generic and
this objective can be also adjusted to consider other factors
such as risk, congestion management, etc. [32], [33].

B. Constraints

The constraints of the proposed problem are as follows:

0 ≤ p j
Bdis,kt ≤ x j

Bdis,ktB
k
pow,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.a)

0 ≤ p j
Bch,kt ≤ x j

Bch,ktB
k
pow,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.b)

x j
Bdis,kt + x j

Bch,kt ≤ 1,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.c)

x j
Bdis,kt, x j

Bch,kt = 0 or 1,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.d)

0 ≤ p j
pv,kt ≤ Bk

pvα
j
pv,kt,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.e)∑
i∈{G}

p j
Gi,t+

∑
k∈{K}

(
p j

Bdis,kt + p j
pv,kt

)
=
∑

k∈{K}
p j

Bch,kt+
∑
l∈{L}

D j
l,t,

j ∈ �, t = t0, t1, . . . , tn (19.f)

Bk
pow ≤ Bk

enβ, k ∈ K (19.g)

pmin
Gi ≤ p j

Gi,t ≤ pmax
Gi ,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.h)

0 ≤ FRU j
i,t ≤ Rri · �t,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.i)

0 ≤ FRD j
i,t ≤ Rri · �t,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.j)

p j
Gi,t + FRU j

i,t ≤ pmax
Gi ,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.k)

p j
Gi,t − FRD j

i,t ≥ pmin
Gi ,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.l)

p j
Gi,t − p j

Gi,t−1 ≤ Rri · �t,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.m)

p j
Gi,t−1 − p j

Gi,t ≤ Rri · �t,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.n)
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∑
i∈G

FRU j
i,t +

∑
k∈K

FRU j
B,kt ≥ D j

FRU,t,

j ∈ �, t = t0, t1, . . . , tn (19.o)∑
i∈G

FRD j
i,t +

∑
k∈K

FRD j
B,kt ≥ D j

FRD,t,

j ∈ �, t = t0, t1, . . . , tn (19.p)

S j
k,t−1 − S j

k,t =
(

p j
Bdis,kt

/
η+ − η−p j

Bch,kt

)
· �t,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.q)

S j
k

∣∣t=tn ≥ S j
0,kBk

en, j ∈ �, k ∈ K (19.r)

Smin
k Bk

en ≤ S j
k,t ≤ Smax

k Bk
en,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.s)

p j
Bdis.kt − p j

Bch,kt + FRU j
B,kt ≤ Bk

pow,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.t)

p j
Bdis.kt − p j

Bch,kt − FRD j
B,kt ≥ −Bk

pow,

j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.u)

0 ≤ FRU j
B,kt ≤ Bk

pow, j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.v)

0 ≤ FRD j
B,kt ≤ Bk

pow, j ∈ �, k ∈ K, t = t0, t1, . . . , tn (19.w)

Fmin ≤ F j
t = HP ≤ Fmax, j ∈ �, t = t0, t1, . . . , tn (19.x)

where α
j
pv,kt is the PV prediction coefficient (the percentage

of the maximum output) on bus k at time t in scenario j.
Further details on physical modeling of the PVs can be found
in [34].

Equations (19.a)–(19.d) set the limits reflecting the fact that
the battery cannot charge and discharge simultaneously. The
power balance considering the possible curtailment of PV gen-
eration is modeled in (19.e) and (19.f). Coefficient β in (19.g)
is to ensure that the battery generation can last for a period
of time. Equations (19.h)–(19.n) set the operation conditions
for the conventional units: (19.h) regulates the unit generation
within its upper and lower limits; (19.i) and (19.j) set limits on
the ramp service provided by the unit; (19.k) and (19.l) con-
strain the sum of the generation and the ramp service within
the generation capacity limits; (19.m) and (19.n) models the
ramping limits. The system ramp-up and ramp-down require-
ments are set in (19.o) and (19.p). Equation (19.q) is the
battery dynamic equation, and (19.r), (19.s) set the limitation
on the battery energy. Battery operational limits are described
in (19.t)–(19.w): (19.t) and (19.u) set the charging/discharging
power of the battery storage as well as its ramp service within
its charging/discharging limits; (19.v) and (19.w) regulate
the battery ramp service within its capacity limits. Equation
set (19.x) models the power flow equations and the transmis-
sion line flow limits. The extended distribution factor matrix
H represents the algebraic relationship between the branch
flows and nodal power injections. It includes not only the reg-
ular transmission constraints but also N-1 contingencies and
security constraints.

C. Considerations of the Unknowable Nature of the Extreme
Events in the Proposed Formulations

In the proposed optimization model, the demand reachabil-
ity (Reachk,s

load) and generating unit reachability (Reachk,s
gen) of

each bus, especially their sequence, play an important role in

TABLE I
LIST OF THE GENERATING UNITS’ START-UP PARAMETERS

maximizing the second and third objectives. The reason lies
in the fact that the same amount of available capacity can
achieve larger capacity accessibility if it is placed on a bus
with higher reachability. However, the reachability of each bus
can be quite different during the extreme events of different
levels, resulting in different allocation strategies.

Considering the unknowable nature of extreme events, the
idea is to: (1) calculate Reachk,s

load and Reachk,s
gen of each bus

under extreme events of different levels, which can be simu-
lated by altering Aevent,s within a certain range; (2) obtain the
optimal sizing and siting scheme under each set of Reachk,s

load
and Reachk,s

gen; (3) average the attained optimal schemes to find
the final allocation plan, as in (20).

Bk
en/pow/pv =

(∑
s∈S

Bk
en/pow/pv

(
Aevent,s

))/
NS (20)

where S is the set of all different levels of extreme events
simulated; Ns is the number of extreme event levels in the
set S; Bk

en/pow/pv(Aevent,s) is the allocation scheme (battery
energy, battery power or PV generation, respectively) at bus k
under Aevent,s; and Bk

en/pow/pv is the final allocation scheme at
bus k.

IV. NUMERICAL EXPERIMENTS AND ANALYSIS

A modified IEEE-RTS 24-bus test system is employed
to illustrate the performance of the proposed framework.
Detailed system configuration, including the bus connectiv-
ity and the unit parameters, is in [35]. Load profile and solar
data are collected from the ERCOT system [36] and the
California Irrigation Management Information System [37],
respectively.

A. Prioritizing the NB-S Generating Units

During the B-S process, the hydro units located on bus
22 are treated as the B-S units, while the others are regarded as
NB-S units. Table. I lists the start-up parameters of the units.
Fig. 3 demonstrates the starting time of the NB-S units dur-
ing the B-S process with participation of all generating units.
Also, the priority of each NB-S unit characterized by (11)
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Fig. 3. The priority and starting time of the generating units.

Fig. 4. Demand reachability (Reachk
load) of each bus under events of

different intensity levels.

is illustrated. One can observe, from Fig. 3, that the impor-
tance of the NB-S units during the B-S process does not solely
depend on their power capacity, but also affected by other fac-
tors such as: (a) starting time: early start-up results in higher
priority (No. 21 vs. 22); (b) the value of Tctp: the longer Tctp

causes lower priority (No.1, 2 vs. No. 5, 6, and No. 3, 4 vs.
No. 7, 8); (c) the value of Pstart: larger Pstart leads to lower
priority; and (d) ramp rates: higher ramp rate results in higher
priority. The reason behind (c) and (d) is that the NB-S units
with higher ramp rate and lower Pstart tend to start earlier than
the others, with the constraints on Tcmin and Tcmax satisfied.

B. Demand/Generating Unit Reachability Under
Extreme Events

Having recognized the priority of each NB-S unit,
Reachk

load (5) and Reachk
gen (10) can be calculated for each

bus under events of different levels, as illustrated in Fig. 4
and Fig. 5, respectively. To illustrate the events of different
levels (from light to extremely severe), Aevent,s is varied from
0.01 to 0.9, with the interval of 0.05. To simplify the problem,
the adjusting coefficient ζ is assumed to be 1. One can see that
the reachability decreases as Aevent,s decreases (more severe).
The reachability of all buses is 1 (no island) when Aevent,s

exceeds 0.9 and higher (that is why the upper limit for Aevent,s

is selected to be 0.9). The white stars in the aforementioned
two figures denote the bus with the highest reachability in each
case. Those stars connected with lines reflect the fact that the
highest reachability is achieved on the same bus. The results

Fig. 5. Generating unit reachability (Reachk
gen) of each bus under events

of different intensity levels.

TABLE II
LIST OF GENERATION COST AND RAMP COST

demonstrate that: (1) the bus with the highest reachability
varies among the events of different levels. Therefore, var-
ious events of different levels need to be considered when
determining the optimal sizing and siting scheme; (2) the bus
with the highest demand reachability may not be the one with
the highest generating unit reachability. It confirms the need
for a multi-objective optimization approach; (3) buses with
the highest reachability levels remain the same when Aevent,s

changes within a certain range, and therefore, the selection
of the 0.05 interval for Aevent,s would not miss any important
buses. The lower bound of Aevent,s is determined to be 0.01,
as the important buses remain the same when Aevent,s is lower.

C. Optimal Sizing and Siting Scheme

The proposed optimization is conducted considering the
events with Aevent,s ranging from 0.01 to 0.85. The costs
related to the generators are listed in Table. II, in which the
generation cost is calculated from [35]. r and Lp in (15.b)
are assumed to be 0.25 and 10, respectively. CBG is selected
to be 50; CBFRU and CBFRD are considered to be 5.44 [31].
Cenergy

B_in, Cpower
B_in and Cpv_in are calculated from [38].

The proposed formulation is a mixed-integer linear optimiza-
tion model and is solved by CPLEX V12.5 in MATLAB
(R2011a) environment on an Intel i5 1.6-GHz processor (8 GB
of memory), with the computation time of about 23 mins
per case. Fig. 6 illustrates the Pareto Front resulted from
the proposed scheme. The value of lost load, assumed to be
$3500/MWh [39], is utilized to convert the second and third
objectives into monetary values. Besides, these two objec-
tives are transformed into minimization problems through
their additive inverse, and therefore, are in negative numbers.
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Fig. 6. Pareto front of the optimal sizing and siting scheme.

Fig. 7. Illustration of the LOLP and capacity availability.

This figure illustrates the trade-off between the economic
cost and resilience, and provides a reference for the planning
decision.

Meanwhile, we conduct the N-1 and N-2 reliability analysis
(failure of any one or two elements in the system) on some
of the optimal solutions in Fig. 6. The index of Loss of Load
Probability (LOLP) is utilized to evaluate the system relia-
bility performance by reflecting the probability that the load
interruption occurs in the system. It is calculated in (21), where
� is the set of single-order and second-order contingencies;
yz is a binary variable indicating whether the system experi-
ences any load interruption (0: no load interruption; 1: load
interruption); the contingency probability Pz

rob is calculated
using the equipment failure probabilities.

LOLP =
∑
z∈�

yz · Pz
rob (21)

Accordingly, Fig. 7 illustrates the result of LOLP indices
as well as the system-wide capacity accessibility for both
electricity demand and NB-S generating units (i.e., values of
obj. 2 & obj. 3). The system LOLP in the base case scenario is
0.82. From Fig. 7, one can observe that the installation of PV
and the battery storage does improve the system reliability,
as the updated LOLP is lower. However, no distinct corre-
lation between the LOLP and the capacity accessibility can
be observed. This highlights that (1) the proposed capacity
accessibility metric is different from the concept of reliability;

Fig. 8. Detailed illustration of the optimal sizing and siting solutions.

TABLE III
DETAILED INFORMATION ON THE STUDIED CONTINGENCIES

and (2) the improvement in system reliability cannot guarantee
the improvement on the capacity accessibility and system-wide
resilience in face of extreme events.

The detailed placement solutions for the result denoted in
the red dot in Fig. 6 are illustrated in Fig. 8, together with the
case with a conventional placement scheme that just considers
the cost in obj.1 (15.a). One can observe that the proposed
placement solution tends more to place the resources on the
buses with the highest Reachk

load or Reachk
gen, compared with

the other case (obj.1). The resource on bus 11 is an exception,
which also considers the operation requirements.

In order to evaluate the impact of the placement of the
battery storage and the PV generation on system resilience,
especially on the load pick-up process, several contingencies
are simulated and the reaction of the system is studied. The
contingencies are assumed to occur on a certain day at hour 11
and last for 2 hours. The detailed information of the studied
contingencies is illustrated in Table. III, in the order from light
to severe. The ENS associated with the proposed placement
solution and the one with neither battery nor PV generation
available are illustrated in Fig. 9 under different contingency
scenarios. In addition, Fig. 10 shows: (1) the differences in
ENS of all other placement cases under each contingency sce-
nario, compared with that of the proposed case; and (2) the
Mean Absolute Error (MAE) of the differences in ENS under
each contingency scenario. Other than the placement solution
obtained through obj.1 alone (see Fig. 8), additional sizing and
siting cases are compared. Case i denotes that the resources
obtained by the proposed method are all placed on the bus i.

From Fig. 9 and Fig. 10, one can see that: (1) installa-
tion of the PV and the battery storage does help reducing
the ENS during contingencies; and (2) the proposed place-
ment solution gradually shows its obvious advantage over the
other placement schemes where the contingency tends to be
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Fig. 9. ENS of the system under difference contingencies.

Fig. 10. Differences in ENS corresponding to different placement schemes.

TABLE IV
DETAILED RESULTS OF THE ENS UNDER

VARIOUS ALLOCATION SCHEMES

more extreme (the variations and the MAEs in Fig. 10 increase
when the contingency is more severe). In order to more clearly
demonstrate the difference in the ENS between the two cases
shown in Fig. 8, and to highlight the role of the PV generation,
additional results are tabulated in Table. IV∗. In the case of
“No PV generation”, the solar generation is removed from the
proposed placement solution. The results demonstrate that the
PV generation, although not installed in a large capacity, is
also playing an important role in helping recovering the load,
especially when the contingency tends to be more extreme.

Last but not the least, the impact of different placement
schemes on the B-S process, which is another critical aspect of
system resilience, is evaluated in terms of the pick-up energy
in Fig. 11. One can observe that: (1) the integration of battery

Fig. 11. Energy pick-up during the black-start process.

storage and PV generation helps restore more energy during
the B-S process; (2) more energy can be picked up under the
proposed placement solution compared with the one that just
considers the investment and operational cost (obj.1); and (3)
the pick-up energy under the proposed scheme, although not
the highest, is higher than most of the other allocation cases.

V. CONCLUSION

This paper investigates an optimal placement scheme for
battery storage and PV generation to be more accessible for
both the load and NB-S units in face of extreme events, aiming
at enhancing the system resilience. We introduced the con-
cepts of reachability and index of capacity accessibility to
help identifying some critical buses and framing the objectives
in a multi-objective sizing and siting optimization paradigm.
It is found in the numerical experiments that some buses are
quite more critical than others, since resources placed on those
buses can be more reachable by the loads or NB-S units dur-
ing extreme events of different intensity levels. Following the
proposed optimal sizing and siting scheme, the system has bet-
ter performance in terms of load pick-up and the B-S process
expedition during extreme events, compared with other place-
ment schemes. The difference becomes more obvious when
the contingency tends to be more extreme.

The main contributions of the paper are:
1) A new concept of reachability is proposed enabling the

simulation of the impact of extreme events of different
intensity levels on power systems;

2) Metrics of capacity accessibility for both demand and
NB-S generating unit are proposed which allows the
evaluation of the capacity adequacy during extreme
events, considering the priority of the NB-S generating
units in terms of their criticality in the B-S process;

3) A new multi-objective optimization model is formulated
to find the optimal sizing and siting scheme for the bat-
tery storage and PV generation, aiming at improving
the system resilience through increasing the system-
wide capacity accessibility, taking into account the
unknowable nature of the extreme events and costs;

4) Numerical experiments are conducted to verify the effec-
tiveness of the proposed approach in improving the
system resilience.
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Future research may include a detailed physical modeling of
PV and storage units to be incorporated in the proposed opti-
mization framework. Other aspects of system resilience, e.g.,
transmission line energization, load pickup, and system stabil-
ity, should be also further studied and efficiently embedded in
the suggested optimization scheme.
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