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Abstract— Microgrids expansion problems with battery energy N
storage (BES) have gained a great attention in recent years. To (G
ensure reliable, resilient, and cost effective operation of W
microgrids, the installed BES must be optimally sized. However,
critical factors that have a great impact on the accuracy and @
practicality of the BES sizing results are normally overlooked. Parameters
These factors include the wide range of characteristics for BJ
different technologies, the distributed deployment, the impact of CE CP®
depth of discharge and the number of charging/discharging cycles 1o
on the BES degradation, and the coordination of microgrid C]i“
operation modes. Thus, this paper proposes a comprehensive BES
sizing model for microgrid applications which takes these critical CM;
factors into account when solving the microgrid expansion Dyin>CDyn
problem and accordingly returns the optimal BES size,
technology, number, and maximum depth of discharge. The
microgrid expansion problem is formulated using mixed integer DR;,UR,
linear programming. The nonlinear relationship between the BES UT.
depth of discharge and lifecycle is linearized using piece wise P
linearization technique and implemented to model the BES f}max
degradation. The proposed model is validated using a test
microgrid. The conducted numerical simulation shows that the M max
proposed model is able to determine the optimal BES size, P
technology, number, and maximum depth of discharge and
further enhances the accuracy and practicality of the BES sizing r
solutions. T
P Pr
Index Terms—Battery energy storage, distributed energy
resource, microgrid, expansion planning. v
Zdhs
NOMENCLATURE aimax’ aimm
Indices
b Index for bus.
YVibm
d Index for day.
h Index for hour. Kim
i Index for distributed energy resources. Pn
[ Index for lines. n;
m Index for depth of discharge segments. 4,
s Index for scenarios. ib
~ Index for forecasted parameter.
Sets Vie
B Set of BES technologies.
K Set of microgrid buses. Variables
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Set of microgrid distribution lines.

Set of maximum depth of discharge segments.
Set of dispatchable units.

Set of renewable generation units.

Set of uncertain parameters.

BES investment budget limit.
BES annualized energy/power capital cost.

BES annualized installation cost.
BES annual operating and maintenance cost.

Total load demand and critical load demand at
bus b, day d, hour .
Ramp down and ramp up rates.

Minimum down and up times.

Maximum power capacity of distribution
lines.

Maximum power capacity of the line
connecting the microgrid to the utility grid.
Interest rate.

Project lifetime.

Probability of islanding scenarios.

Value of lost load, $/kWh.

Microgrid/utility grid connection state.

Maximum and minimum BES energy rating to
power rating ratio.
BES maximum depth of discharge.

BES lifecycle.
Electricity market price, $/kWh.
BES round trip efficiency.

Element of generation-bus incidence matrix (1 if
unit i is connected to bus b, 0 otherwise).
Element of line-bus incidence matrix (1 if line /
is connected to bus b, 0 otherwise).

Stored energy in the BES at each interval.
BES rated energy and rated power.
BES charging and discharging power.

0885-8950 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto:engibrahimg@gmail.com
mailto:Wezhong.Gao@du.edu

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2769639, IEEE

Transactions on Power Systems

F, Cost function of the microgrid local DG units.

Judns Distribution line power flow.

LSy Load curtailment.

Lo Commitment state of dispatchable units.

P DER output power.

Pl Power transferred to/from the utility grid.

TS TST Number of consecutive ON and OFF times.

Uipdhs BES operating state.

X BES investment state (1 if installed, 0
otherwise).

Wipm Binary variable that represents the chosen value
of the BES maximum depth of discharge for
discharge segment m (1 if chosen, 0 otherwise)

Eivedhs BES cycle indicator.

7%. 7", 7" Auxiliary binary variables for renewable DGs

generation, load demand, and electricity price.

1. INTRODUCTION

HE urgent need for reducing greenhouse gas emissions,

improving the system reliability and power quality, and

upgrading the aging transmission and distribution
infrastructure, have led to a significant increase in the
deployment of distributed energy resources (DERs) in power
systems. To ensure reliable operation of power systems under
high penetrations of DERs, a comprehensive control method
that takes the stochastic nature of DERs into consideration must
be implemented, as proposed in [1]. These DERs can also be
connected to each other to form a microgrid. The U.S.
Department of Energy defines a microgrid as “a group of
interconnected loads and distributed energy resources (DERs)
with clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid and can connect and
disconnect from the grid to enable it to operate in both grid-
connected or island modes” [2]. Microgrids can be either AC or
DC. These two types of microgrids can also be combined into
one hybrid AC/DC microgrids where power conditioning
devices should be used to link the AC part and DC part together
and to manage their operation [3]. Microgrids are considered as
viable enablers of DER integration, and in particular, would
facilitate an efficient and reliable integration of emission free
renewable distributed generators (DGs) to support the
environmental agenda [4]. Renewable DGs, however, produce
a variable output power that may impose several challenges to
the microgrid operation and control, especially during the
islanded operation. Various methods are studied to mitigate the
generation intermittency and volatility associated with
renewable DGs, including but not limited to demand response
[5], generation curtailment [6], cluster of microgrids [7],
provisional microgrids [8], and energy storage deployment [9].
The demand response and renewable generation curtailment
methods are argued to reduce the microgrid’s economic value
and/or reliability as they are based on either reducing the
available renewable DGs generation or supplied demand (e.g.,
load shedding or load shifting). In a microgrid cluster, two or
more microgrids are connected together to fully utilize their

resources, especially when the connection to the main grid is
lost. By optimally managing the local microgrid resources such
as dispatchable DGs, renewable DGs, energy storage, and
controllable loads, the microgrids operation costs can be
significantly reduced [10]. However, such solution raises
privacy concerns as microgrid owners would need to exchange
information about their microgrid with either other microgrid
owners or the system operator. Provisional microgrids
significantly facilitate the integration of renewable DGs,
however, they require additional investments and control
mechanism to ensure a reliable and economic operation. The
energy storage, among the rest, is discussed to be the best option
for mitigating the challenges imposed by renewable generation
and improving microgrid reliability while at the same time
reducing the microgrid operation cost. Energy storage can store
the excess renewable generation to be utilized when it is
beneficial from either an economic perspective (e.g., energy
arbitrage) or a technical perspective (e.g., frequency and
voltage regulation) [11]. Energy storage applications in
microgrids can be further categorized into energy applications
and power applications [12]. Energy storage technologies that
have high power density and fast response are known to be best
suited for power quality and frequency regulation applications.
On the other hand, energy storage technologies that have high
energy density and long discharging time are well suited for
long-term applications including peak shaving and energy
arbitrage. Among these technologies, battery energy storage
(BES) technology is considered to be the most attractive option
due to its technological maturity and ability to provide both
sufficient energy and power densities [13].

The BES degradation is greatly related to its operation. How
deep the BES is discharged and how many
charging/discharging cycles are performed have a significant
impact on the BES rate of degradation. The relationship
between these operation parameters and the BES lifetime must
be taken into account when the BES operation or planning
problems are investigated. One of the common approaches used
to consider the BES degradation phenomena in the BES
operation problem is to add an extra term to the objective
function that represents the BES degradation cost in $/kWh
(i.e., based on its charged/discharged energy) [14]-[17]. In BES
planning problem, however, the Ah-throughput model is
normally used to estimate the BES lifetime [18],[19]. In this
model, the total delivered energy by the BES during the
planning time horizon is computed and compared with the
expected Ah (i.e., current-hour) that the BES can deliver during
its lifetime, which is typically provided by the manufacturer.
This, however, may yield inaccurate estimation of the BES
lifetime as the relation between the BES depth of discharge and
number of cycles are not taken into consideration.

The topic of energy storage sizing in microgrids for both
power and energy applications is extensively investigated in
literature. Determining appropriate energy storage size for
frequency regulation in an islanded microgrid is presented in
[20]-[22]. In these works, the BES is sized to perform
frequency regulation services, and thus the economic viability
of installing the BES into the microgrid is not investigated.
Energy storage sizing for energy applications is studied in [23]—
[25]. The optimal energy storage size that minimizes the total
planning cost of a grid-connected microgrid is determined in
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[23] and [24]. The authors use mixed integer programming
(MIP) to formulate the planning problem. In [25] a cost
sensitivity analysis for different energy storage technologies
and sizes in an islanded microgrid is presented. In [26] and [27],
a stochastic programming based model is implemented to study
the impact of both BES and demand response on the
distribution network expansion problem in the presence of
renewable DGs. Optimal sizing for a vanadium redox battery is
studied in [28], in which dynamic programming is used to solve
the day-ahead unit commitment problem for the microgrid.

It is found that the reviewed publications have either one or
more of the following shortfalls: (i) Short time frame (e.g., one
day) or static models (i.e., operation snapshots) are used to
calculate the optimal BES size, which reduce the accuracy and
the practicality of the obtained results; (ii) A single BES
technology is considered while ignoring the wide range of
available BES with various technical and economical
characteristics; (iii) The impact of some decisive factors on the
BES lifetime is overlooked, such as the BES depth of discharge,
number of charging/discharging cycles, and centralized vs.
distributed installations; and (iv) On merely one operation
mode (i.e., either grid-connected or islanded) is focused while
the required coordination is not taken into account. To
overcome these shortfalls, a comprehensive model for BES
selection and sizing is proposed in this paper. The proposed
model considers upgrading an existing microgrid with BES,
i.e., an expansion planning problem, in order to reduce its
operation cost and improve its supply reliability. The model can
be used by microgrids operators and planners to determine the
optimal BES technology, size, and maximum depth of
discharge, as well as the required number of BES units in case
of a distributed deployment. The problem is formulated using
mixed-integer linear programming (MIP).

The rest of the paper is organized as follows: Section II
outlines the important and decisive variables (i.e., BES
technology, number of units, size, and depth of discharge) in
the expansion planning problem. The expansion planning
problem is formulated in Section I1I. Numerical simulations on
a test microgrid are provided in Section IV to demonstrate the
benefits of the proposed model and to validate its applicability.
The discussion on the proposed model and conclusion are
provided in Sections V and VI, respectively.

II. PROBLEM OUTLINE AND VARIABLES

A. BES Technology

There are a variety of BES technologies with different
characteristics such as lead acid, sodium sulphur (NaS),
lithium-ion (Li-ion), nickel cadmium (NiCd), and vanadium
redox (VR). A comprehensive comparison of BES technologies
for power system applications is presented in [29]. The capital
cost of the BES is normally composed of power rating cost in
$/kW and energy rating cost in $/kWh. Even though these are
important factors on selecting the appropriate BES technology
to be integrated into the microgrid, they are not the only factors
that must be considered. For example, it is true that lead acid
battery has the lowest capital cost among other technologies,
however, it may not be the best option for performing the
applications that require frequent charging/discharging, such as
load leveling and energy arbitrage, due to its low lifecycle and

high maintenance cost [30],[31].

B. Number of BES Units

BES units can be integrated to the microgrid as either
aggregated or distributed [32]. Under the aggregated
configuration, one large BES is installed, normally close to the
utility substation, while under the distributed configuration
multiple small-sized BES units are installed in different
locations within the microgrid. Distributed BES units provide
the microgrid with the required redundancy and flexibility to
respond to electricity price variations and ensure the desired
load/generation profiles, which will accordingly lead to
increase in economic benefits of the installation [33]. With
proper control and management, distributed configuration may
maximize the installed BES units’ lifetime, efficiency, and
safety [34]. Moreover, increasing the storage capacity tends to
increase the difficulty of BES manufacturing and control [32].
The performance of both aggregated and distributed
configurations in wind farm applications is investigated in [35]
and [36]. However, these papers do not consider the economic
aspect of the problem. The proposed model in this paper has the
capability to identify the optimal solution between the
distributed and the aggregated configurations and to
accordingly determine the number of required BES units under
the distributed configuration. This capability stems from the
fact that the proposed model takes into account the relationship
between the BES depth of discharge and lifecycle.

C. BES Size

The BES investment cost mainly depends on its size, i.e., the
power rating and the energy rating. The oversized BES tends to
be economically unattractive while an undersized BES may not
render the desired benefits. Fig. 1 depicts the impact of the BES
size on the microgrid expansion planning cost [24], where an
increase in the size linearly increases the investment cost while
reduces the operation cost in a nonlinear fashion. The optimal
point is commonly the point that the summation of these two
costs is minimum.

Cost (3)

- “Tatj,
1 =221 cog
-

Battery Energy Storage Size

Fig. 1. Microgrid expansion planning cost vs. BES size [24].

D. BES Depth of Discharge

The BES degradation is mainly caused by two factors:
calendric aging and cyclic aging [37]. The former occurs even
if the BES is not used and is affected by the BES cells
temperature and voltage, while the latter results from using
(cycling) the BES and is greatly affected by BES depth of
discharge and number of cycles. Disregarding the BES cyclic
aging in the expansion planning problem results in an
inaccurate economical assessment as the BES might need to be
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replaced before the end of the considered project lifetime.
Different methods are proposed to estimate the BES lifecycle
[38]-[41]. However, it is not uncommon for BES manufacturer
to provide the relationship between lifecycle and depth of
discharge. This information is normally presented in a curve as
the one depicted in Fig. 2. As the depth of discharge increases,
the BES lifecycle decreases. Different BES technologies have
different lifecycle versus depth of discharge relationships. In
lead acid batteries, for example, this relationship tends to
exhibit an exponential form whereas in lithium ion batteries a
linear relationship is normally observed [38]. The depth of
discharge curves are linearized in this paper

L

Lifecycle

10 20 30 40 S50 60 70 80 90 100
Depth of Discharge (%)

Fig. 2. Linearization of the lifecycle as a function of the depth of discharge.

by using a piecewise linear approximation as depicted in Fig. 2.
Increasing the number of segments reduces the approximation
error but at the same time increases the computational
requirements.

III. PROBLEM FORMULATION

Expansion planning problems are commonly formulated
using MIP [42]-[44]. In MIP, an objective function is typically
needed to be either maximized or minimized. This objective
function is composed of variables (continuous, integers, or
binaries) called decision variables and is solved subject to a set
of constraints. If the studied expansion problem consists of
nonlinear constraints, these constraints must be linearized first
before solving the problem. A commonly used approach to
solve MIP problems is branch and bound approach. This
approach is based on two processes: 1) bounding process, in
which the solution of a relaxed MIP problem (e.g., transforming
MIP problem into LP problem by removing integrality
restrictions) is found and imposed as lower bound for
minimization problems or upper bound for maximization
problems; 2) branching process, in which the problem is split
into a number of subproblems. A comprehensive discussion on
the branch and bound approach is given in Appendix B.
Powerful solvers such as CPLEX, Xpress-MP, and
SYMPHONEY implement a combination of branch and bound
techniques and cutting-plane techniques to accelerate the
computation time associated with solving MIP problems, which
allows large MIP problems to be solved using personal
computers.

Compared with MIP, using nonlinear programming to model
the microgrid expansion problem will have two major impacts
on the results: (1) solution optimality, as nonlinear
programming models may get stuck in a local optimal solution
and never reach the global optimal solution, which is not the
case in linear programming models; (2) solution time, nonlinear

programming models have higher computation time compared
to linear programming models, especially when binary
variables are introduced to the problem, which is the case in the
proposed microgrid expansion formulation in this paper. In
general, it can be said that mixed integer nonlinear
programming (MINLP) are hard to be solved and can be
numerically intractable [45].

This section discusses in details the objective function and
constraints associated with the proposed microgrid expansion
model. The objective of the proposed BES optimal selection
and sizing problem is to minimize the total expansion planning
cost (1) subject to prevailing operational and budget constraints

(3)-(22).

MinZZZE(EdhOalidho) + ZZPthd%
d h

ieG d h

+ ZP”S Z Z ZLdehsV

s beK d h
+> > (P,.,‘} (CP,.a +CM, )+ Ch (CE? +CI} ))

ieBbeK

The first two terms in (1) represent the microgrid operation
cost, which is only determined during the microgrid grid-
connected mode, i.e., normal operation (as during the islanded
mode only the load curtailment is to be minimized). However,
if the microgrid is disconnected from the main grid for any
reason, the third term in (1) determines the cost associated with
failing to supply the microgrid demand (i.e., reliability
evaluation). It must be noted that under normal microgrid
operation, there will not be any load curtailment as the
difference between the microgrid’s available generation and
demand is picked up by the main grid. This explains the
utilization of sub index 0 in (1). That is, index s is used for
islanded scenarios which can change from 0 to S. The first
scenario (i.e., s=0) represents the grid-connected mode while
scenarios s=1,...,S represent various islanded scenarios. The
value of lost load (VOLL) is used to quantify the economic loss
associated with the unserved energy. The VOLL represents a
customer’s willingness to pay for reliable electricity service
[46]. This value depends on the customer type and location in
addition to the outage time and duration. To consider the
probability of occurrence of each islanding scenario, pry is
added as a weighting factor for each scenario. Since there is no
load curtailment in the grid-connected mode, the cost of
unserved energy for the first scenario (i.e., s=0) will be zero.
Due to the expected insignificant changes in the microgrid
demand, DGs generation, and electricity price over the planning
horizon, one-year historical data are considered in this work.
However, if the annual variation of data needs to be included,
the proposed model can be easily expanded and solved for
longer periods. Another issue to consider is that in the proposed
model, the investments are performed in year 1 of the planning
horizon, thus enabling an annualized modeling and simulation.
This is different from bulk power system planning in which new
assets are added in various years, thus requiring multi-year
dynamic planning studies.

The BES investment cost is composed of power rating and
energy rating capital costs, annual maintenance cost, and
installation cost. It is assumed that the power conversion system
cost is embedded in the power rating capital cost. The annual
maintenance cost is normally given in terms of the BES power

M
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rating whereas the installation cost is given in term of the BES
energy rating. Both the BES capital cost and installation cost
are annualized using (2)

r(l + r)T

(1+r) -1

The installed BES units are used in the grid-connected mode
to increase the economic viability of the microgrid as they store
energy at low price periods and generate the stored energy back
to the system to be either used by local demand or sold to the
utility grid at high price periods. In the islanded mode, however,
BES units are used to improve the microgrid reliability by
minimizing the curtailed load and the cost of unserved energy.
This objective is subject to several operation and technical
constraints, associated with the microgrid, dispatchable DGs,
and the BES, that must be taken into account as discussed in the
following.

Annualized cost = x One time cost 2)

A. Microgrid Constraints

Microgrid’s system level constraints include nodal power
balance, power exchange with the utility grid, limits on load
curtailment and the distribution network power flow (3)-(6).

Z:uzb Fns +Z(Pbdhv +P2§2c) Z‘/’lb Sians +Pdl\lfs
ie G W ieB leL (3)

+LSyaps = Dpan VbeK,Vd,Vh,Vs

— M < P < PMM L Yd, Y, Vs 4)
0< LSy g5 < Dy = CDyty) VbeK,Vd,VhVs  (5)
— g f < e VIeL,Vd,Yhs (6)

The nodal power balance (3) ensures that at each bus the
power generated form DERs located at that bus plus/minus
power flowing to/from the bus equals local demand. If the
generation is not sufficient, load would be curtailed to satisfy
the power balance. The BES power is positive when
discharging and negative when charging. The utility grid power
is positive when the power flows from the utility grid to the
microgrid, and negative otherwise. Note that the utility grid
power is zero at all buses except at the point of common
coupling (PCC). It must be noted that the power losses as well
as the bus voltage magnitude and angle are ignored in this work.
A linear power flow model is needed to be combined with the
proposed model in order to solve the full AC power flow
without introducing nonlinear equations. Thus, existing power
flow models presented in literature (e.g.,[47]-[50]) are not
suitable to be used with the proposed model. Equation (4)
imposes a maximum limit on the power transferred through the
line connecting the microgrid to the utility grid. This equation
is modified by including a binary parameter z that indicates the
microgrid islanding state. That is, if the value of z is 0, the
microgrid is disconnected from the utility grid and operated in
the islanded mode; while if it is equal to 1, the microgrid is grid-
connected. The value of z is set by the microgrid planner before
solving the expansion planning problem and reflects how many
hours in a year the microgrid operates in the islanded mode.
One of the motivations for microgrid deployment is the
continuity of service for critical loads. The critical loads are
typically associated with high VOLL so it is not economically
advisable to consider them for the load curtailment. Keeping

5

this in mind, the load curtailment limits can be defined as in (5).
The power flow in the microgrid distribution network is limited
by the lines capacities (6). A radial distribution network is
considered, hence (3) and (6) can efficiently model the power
flow in the microgrid distribution network. In the proposed
model it is assumed that the microgrid generations and loads are
in close proximity, thus active losses are small compared to the
power transferred through the microgrid distribution lines and
therefore are negligible. In this work, low renewable DGs
penetration is assumed. For this reason, the renewable DGs
spillage and the ability of using renewable DGs power
conditioning units to supply or absorb reactive power is
ignored. However, it must be known that under high renewable
DGs penetration, these factors must be included in the
microgrid expansion problem [51], [52].

B. Dispatchable DGs Constraints

Dispatchable DGs output power is limited by maximum and
minimum capacities (7), variations across two successive
intervals, i.e., ramp up and ramp down (8), (9), and minimum
up/down time limits (10), (11). Other constraints such as
emission and fuel limits can be easily included.

Piminlzdh <Py, <P™., VieG,Vd,Vh,Ns @)
Py = Pynys SUR; VieG,Yd,Vh,Vs (8)
VieG,Vd,Vh,Vs 9

Pd(h*])s - })idhs < DR,
VieG,Vd,Vh (10)
(1n

1

tdh >UT (Ildh ld(h—l))

off
Tian = DT (L1

1

. VieG,Vd,Vh

C. BES Constraints

Although different BES technologies are considered in this
paper, the following equations can accurately model their
operation.

PMy, < PR < P™x, VieB,vheK (12)

a™PpR < CR < ;“a" 53 VieB,VheK (13)

0< Py < PRy VieB,Vb e K,Vd,Vh,Vs (14)

— PR~y )< P <0 VieB,VbeK,Vd,Vh,Vs (15)

Sivdns = (uibdhs “Uibd(h-1)s )uibdhs (16)
VieB,VbeK,Vd,Vh,Vs

ZZ[JV Eivdns Zklmwlbm VieB,VbeK,Vs (17)

meN

ZWibm <Xy VieB,VbeK (18)

meN

C~ — . _ Rlc)l;}}ls' _Ch T

ibdhs ibd (h—1)s n ibdhs (19)
VieB,VbeK,Vd,Vh,Vs

[1 - %Vibmwibm] i < Cisans < Cip (20)

VieB,VbeK,Vd,Vh,Vs
The BES power rating is limited by maximum and minimum
values (12). For some BES technologies, such as those
considered in this paper, the energy rating is correlated to the
power rating and cannot be sized independently. A capacity to
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power ration («) is used to size the BES capacity and determine
the maximum discharge time at rated power (13). If flow
batteries such as vanadium redox battery are considered, this
constraint can be easily modified to decouple the power rating
and the energy rating. The binary variable x is used to indicate
the investment state of a BES technology. To consider multi
period modeling, this binary should be time dependent.
However, in this work the BES is assumed to be installed in the
first year. The BES charging/discharging powers are limited by
the installed rated power (14), (15), which further impose that
the BES power be negative in the charging mode while positive
in the discharging mode. The binary variable u is used to
represent the BES operating state. The BES can discharge only
when u equals 1 and can charge when u equals 0. Each BES
technology has a specific lifecycle, which depends on its
associated depth of discharge. The BES cycle is typically
defined as a complete charge and discharge cycle. Equation
(16) is used to determine the BES cycles. The value of ¢ will be
1 every time the discharging process is initiated, otherwise it is
0. The summation of the BES cycles over the planning time
horizon cannot exceed the determined lifecycle associated with
the chosen maximum depth of discharge and desired project
lifetime (17). That is, the installed BES does not need to be
replaced during the considered project lifetime and therefore
the BES replacement cost is not included in (1). The value of
is determined based on the chosen maximum depth of discharge
(Fig. 2) in which it is assumed that the curve is divided into N
segments. w is a binary variable that represents the chosen
maximum depth of discharge segment. It must be noted that the
linearization of the BES depth of discharge versus lifecycle
curve for each considered BES technology must be performed
before solving the optimization problem. That is, the number of
cycle associated with each depth of discharge value is entered
as an input to the proposed model. Equation (18) ensures that
only one maximum depth of discharge value is considered for
each installed BES unit. The stored energy in the BES at each
time interval equals the stored energy in the preceding interval
minus the discharged or charged energy (19). The BES cannot
be charged more than its rated energy and cannot be discharged
below its minimum value which is defined by the determined
maximum depth of discharge (20). It must be noted that the BES
can, however, be discharged at any depth of discharge value less
than the determined maximum depth of discharge. Finally, the
investment cost of the installed BES units is limited by the
available budget (21).
> S (eR(cee + en, )+ i (cEr + cr? )< BL
ieB beK

The problem is solved from a microgrid developer
perspective, which means that savings in the upstream grid,
such as deferred distribution and transmission upgrades as well
as benefits of the reduced congestion, are not included. Figure
3 shows a schematic diagram for the proposed BES sizing and
selection model.

@n

[ BES Technology Candidates | | Microgrid Information |
BES candidates Linearized Microgrid Network topology, DGs
technical and depth of islanding scenarios characteristics, demand
economical discharge vs incidents data information, operational and
characteristics lifeeyele curve S physical constraints

| I

Solve Proposed BES Sizing and Selection Problem Using
(MIP)

| Outputs

Optimal BES Optimal BES
technology and size:
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BES optimal schedule; BES optimal depth of
Wiy » PP e discharge: wy,, and
Cindts Dip

Fig. 3. Schematic diagram for the proposed comprehensive BES sizing model.

D. Data Uncertainties Consideration

In the presented microgrid expansion planning formulation
above, hourly forecasted data for the renewable DGs
generation, the load demand, and the electricity price is used.
However, forecasting errors may arise as these parameters are
affected by uncontrollable factors such as weather conditions,
customers’ behavior, and congestion or outage incidents. The
proposed model can be extended by applying robust
optimization method presented in [53] to address the presence
of uncertainties in the microgrid expansion problem. Robust
optimization determines the worst-case solution by maximizing
the minimum value of the objective function (1) over
uncertainty set @ (i.e., for renewable DG generation, load
demand, and electricity price). The objective function in (1) can
be rewritten as:

max minZZZE(BdhOslidhO) + zzpdhpd%
d h

ieG d h

+Zprs ZZZLdehSV

K beK d h

+> 2(13}} (cpr + e, J+ cRlcEe +crp))
ieB beK

(22)

Uncertain parameters are associated with a nominal value
that can be found from the forecast data. These nominal values,
however, expand around a range of uncertainty which define an
interval within which the uncertain parameter is presumed to
lie. Thus, the uncertain parameters can be expressed as:

R’dhs = fN)id,u + [_}dh‘\‘z%hs - Bidhs Zlg;h\ VieW, Vd’ Vh’ Vs (23)

N = !
Dy = Dyay + DoanZoan = Poan 2y, VD €KV, VR (24)

Pan =P gy X5 < Poan < Pan + PanXdy Vb eK,Vd,Vh (25)

where the inserted bars in (23)-(25) represent the upper and
lower bounds of each parameter. To ensure only one extreme
point is chosen, the following constraints are imposed to the
microgrid expansion model at each time interval:

Zians +)_(51hs <1 Zia +l§)dh£1’7?al’;l +l§h£1 (26)

However, it must be noted that a trade-off between the
solution optimality and robustness must be performed when
robust optimization method is used. This can be achieved by
imposing a higher cap on the maximum number of uncertain
parameters that can reach their bounds in the considered
planning horizon. This cap is known as the budget of
uncertainty [54]. Increasing the budget of uncertainty value will
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increase the robustness of the obtained solution at the expense
of optimality, and vice versa. If the budget of uncertainty is set
to be 0, the problem is solved by ignoring uncertain parameters.

To solve the resulted min-max optimization problem, the
duality theory is used to convert the problem into either
maximization or minimization problem. For more details about
robust optimization formulation and duality theorem, the
readers are referred to [53].

IV. NUMERICAL SIMULATION

A 5-bus microgrid that contains a gas generator, a wind
turbine, and a solar photovoltaic unit is used to study the
proposed expansion planning model. DGs characteristics and
location in the microgrid are given in Table I. The hourly data
of renewable DGs generation and local loads are obtained from
[55], whereas the hourly data for the electricity market price are
taken from [56]. The local load details and location in the
microgrid are given in Table II while the microgrid distribution
network lines characteristics are given in Table II1. The point of
common coupling (PCC), which connects the microgrid to the
utility grid, is located at bus 1. Four BES technologies are used
in the simulation: lead acid, NiCd, Li-ion, and NaS. The
characteristics of the BES technologies are borrowed from [29]
and shown in Table IV. The power rating of each BES
technology is constrained by a maximum value, assumed to be
4 MW in this paper. A minimum discharging time of 1 hour and
a maximum discharging time of 5 hours are considered. The
BES manufacturers data sheets are used to determine the
relationship between the depth of discharge and lifecycle of
each BES technology [57]-[60]. Based on the manufacturer
data sheet, ten different maximum depth of discharge values are
considered for each BES technology (i.e., N=10) through
linearization. Increasing N will increase both the accuracy and
the computational requirements. Table V indicates the lifecycle
of the BES technologies at the considered maximum depth of
discharge values. In the Li-ion battery case, the given minimum
depth of discharge in the manufacturer data is 50% and no
information is given for lower depth of discharge values. One-
hour islanded scenarios are implemented to evaluate the
reliability of the microgrid under islanded modes (i.e., 24
scenarios for each day), with uniform probability (i.e.,
pr=1/24). The following four cases are studied:

Case 0: Microgrid optimal scheduling (i.e., the BES units
installation is not included).

Case 1: Microgrid expansion planning. In this case, the BES
installation to reduce both the microgrid operation cost and the
cost of unserved energy is considered.

Case 2: This case investigates the impact of ignoring the
relationship between the BES depth of discharge and lifecycle
on the obtained solution accuracy and practicality.

Case 3: The impact of uncertinities associated with
renewable DGs generation and load demand on the obtained
solution is studied in this case.

7
2 4 PV 0 0-1 -
3 4 Wind 0 0-1.5 -
TABLE II
MICROGRID LOCAL DEMAND DETAILS (R: RESIDENTIAL, C: COMMERCIAL)
Load | Bus Peak Load |Critical Load Load VOLL
(MW) (%) Type ($/MWh)
1 3 6.62 60 C 50,000
5 441 30 R&C 50,000
TABLE III
DISTRIBUTION LINES CONNECTIONS AND CAPACITIES
Line From Bus To Bus Capacity (MW)
1 1 2 8
2 2 3 6
3 2 4 5
4 2 5 5
TABLE IV
BES TECHNOLOGIES CHARACTERISTICS
Power Energy Maintenance [Installation
Technology | Rating Cost| Rating Cost Cost Cost :,}
($/kW) ($/kWh) ($/kW/yr) | ($/kWh) (o)
Lead-acid 200 200 50 20 70
NiCd 500 400 20 12 85
Li-ion 900 600 - 3.6 98
NaS 350 300 80 8 95
TABLE V
BES LIFECYCLES FOR VARIOUS DEPTH OF DISCHARGE VALUES
Depth of Number of Cycles
Discharge Lead acid NiCd Li-ion NaS
10 8000 7900 - 100000
20 2500 5800 - 60000
30 1500 3400 - 30000
40 950 2000 - 15000
50 700 1200 8000 10000
55 - - 7500 -
60 590 900 6900 9000
65 - - 6200 -
70 500 800 5800 7000
75 - - 5000 -
80 450 700 4500 6000
85 - - 4100 -
90 390 600 3700 5000
100 350 500 3000 4000

TABLE I
DISPATCHABLE GENERATION UNITS CHARACTERISTICS
Unit | Bus Tvpe Cost Coefficient Min-Max  [Min Up/Down
P ($/MWh) | Capacity (MW) | Time (hour)
1 3 Gas unit 90 0-7 1
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Case 0: To accurately assess the benefits of installing the BES
into the microgrid, the pre-expansion case is solved first in
order to enable comparisons to the case of BES installation. In
this case, the optimization problem is reduced to an optimal
scheduling problem in which the objective is to minimize the
microgrid operation cost. The total microgrid operation cost is
found to be $6,059,253/year. This cost is composed of local
units generation cost, power exchanged with main grid cost, and
the expected cost of unserved energy. The amount of expected
unserved energy in this case is 67.5 MWh/year. This of course
would happen only when the microgrid is disconnected from
the utility grid and operates in the islanded mode.

Case 1: In this case, the BES installation is considered and the
proposed mathematical model is used to model the microgrid
expansion problem. This case is solved for various project
lifetimes. The BES units capital costs and installation costs are
annualized according to the considered project lifetime with a
4% interest rate. Moreover, the BES lifecycle is expended over
the project lifetime to ensure that once the BES is installed, it
does not need to be replaced until the end of the project period.
The solution of the proposed model includes the optimal BES
technology, or combination of technologies, as well as BES



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2769639, IEEE

Transactions on Power Systems

size, number of BES units, and maximum depth of discharge
that minimizes the total microgrid expansion planning cost. In
the grid-connected mode, the BES installation reduces the
microgrid operation cost by storing energy during low price
hours to be used during high price hours toward either
supplying local demand (i.e., load shifting) or making economic
benefit from selling the stored energy to the utility grid (i.e.,
energy arbitrage). In the islanded mode, however, the BES
reduces the unserved energy, which results in improving the
microgrid overall reliability. The obtained results for various
project lifetimes are given in Table VI. It is clear from the
results that installing the BES is economically justifiable, as the
total expansion cost for all the considered project lifetimes is
less than the cost of operating the microgrid without BES.
Based on the solution of the optimization problem, the BES
optimal technology, number of units, size, maximum depth of
discharge, as well as the number of annual cycles performed by
the BES in the grid-connected mode are given in Table VI.

For the project lifetime of 10 years, a centralized lead acid
battery located at bus 2 with the size of 2.905 MW and 5.929
MWh yields the minimum total expansion cost. However, from
the BES operation analysis, it is found that the lead acid battery
is mostly installed to improve the microgrid reliability under the
islanded operation as the number of its cycles in grid-connected
operation is low (i.e., 48 cycles). This explains why the lead
acid battery is selected as the optimal technology in this case as
it is characterized with low capital cost and lifecycle. The lead
acid battery is located at bus 2 in order to be available to supply
both microgrid demand in the islanded mode of operation which
are located at buses 3 and 5. In order for the lead acid battery to
perform this number of cycles per year and remains in service
for 10 years, its depth of discharge cannot exceed 70%.
Installing the lead acid battery is expected to save $7,348/year.
However, the big saving is noticed in the islanded operation as
the expected unserved energy is reduced by 98.09% compared
to Case 1.

When the project lifetime is increased to 15 years, the
investment in expensive technologies such as Li-ion and NaS
becomes feasible. In this case, it is found that the optimal
solution yields when Li-ion and NaS batteries are installed at

$817,125 over the considered expansion timeframe. Both
batteries can be discharged up to 80% of their rated energy size.
The expected unserved demand in the islanded operation is
reduced by 99.68% compared to Case 1.

For a project lifetime of 20 years, the minimum expansion
cost is found when two Li-ion batteries are integrated at buses
1 and 4. The optimal size and maximum depth of discharge
values for these two BES units are shown in Table VI. The BES
installed at bus 4, i.e., where the renewable DGs are located, is
used to shift the renewable generation from off-peak periods to
the peak periods which will reduce the amount of energy that is
needed to be imported from the utility grid during the high price
periods and therefore reduce the microgrid operation cost. The
BES located at bus 1 is used for energy arbitrage. The expected
unserved energy in this case is reduced by 99.26% compared to
Case 1.

The BES cycles are computed using equation (16). Fig. 4
shows how the proposed model can accurately compute the
BES cycles over the planning horizon. It can be seen from the
figure that the summation of the BES discharging cycles (&)
over one week equals to the number of performed cycles over
the same period. This enables microgrid planners to take the
impact of the number of BES cycles on its lifetime into
consideration during the planning stage. Ignoring this impact
may require the BES replacement before the expected end of
project which imposes an extra cost to the expansion plan.

The other factor that affects the BES lifetime is the depth of
discharge, i.e., the amount of energy that can be taken from the
BES in each cycle. As discussed in Section III, the number of
cycles that the BES can perform before it needs to be replaced
is determined by how deep the BES is discharged. Figs. 5-7
depict the SOC for the installed BES units for each considered
project lifetime for a sample one week. It must be noted that the
determined maximum depth of discharge value puts a cap on
how deep the BES can be discharged based on the relationship
between the BES depth of discharge and lifecycle. However,
the BES can operate with a depth of discharge value that is less
than the determined optimal value as can be seen from the state
of charge curves (Figs. 6 and 7). The determined maximum
depth of discharge value, however, will ensure that the installed

TABLE VI
NUMERICAL SIMULATION RESULTS FOR CASE 1.

Optimal Determined Parameters for the Installed BES Associated Expansion Costs
BES BES Total Local Cost of |Expected Cost
Lifetime BES Bus Power | Energy | Depth of | Number of Investment | Generation Power of Unserved Total
(years) |Technology | Number l}lcf&% (lllvil{,l‘?ﬁg) Dls(col;z;rge (« (cj])égese ar) Cost Cost Exchange Energy CEXF&:;SIOH)
® ¥ M ($/year) ($/year) ($/year) ($/year) ost (3/year
10 Lead-acid 2 2.905 5.929 70 48 377,682 834,778 1,843,639 64,272 3,120,371
Li-ion 1 1.461 1.886 80 300
15 NaS 3 1 444 1.900 30 396 432,445 834,778 1,796,512 10,680 3,074,416
Li-ion 1 2.527 2.865 90 168
20 Lizion 4 0401 0.818 50 396 357,420 834,778 1,815,893 24,960 3,033,053

buses 1 and 3, respectively. As these technologies can perform
a high number of cycles before they reach their end of lifetime,
they are used to reduce the microgrid operation cost in the grid-
connected mode by purchasing power from the utility grid in
low price periods and either use it to supply the demand or sell
it to the utility grid in high price period. This saves the
microgrid operator $54,475 per year and will sum up to

BES does not need to be replaced during the considered project
lifetime which is one of the microgrid planner requirements in
this work.

The energy not supplied at each BES lifetime is depicted in
Fig. 8. Even though the 15-year lifetime yields the minimum
energy not supplied value, it does not yield the optimal solution
in terms of microgrid total cost, which is associated with the 20-
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year BES lifetime case. To examine the impact of depth of
discharge on the overall microgrid expansion cost and to
validate the ability of the proposed model to determine the
optimal maximum depth of discharge value, the numerical
simulation is solved again for a 10-year BES lifetime. Fig. 9
shows the obtained microgrid expansion cost for a variety of
depth of discharge values of lead acid battery. It can be seen
that the microgrid expansion cost decreases as the depth of
discharge increases until it reaches its optimal value found by 0
the proposed model (i.e., 70%) after which the microgrid

expansion cost starts to slightly increase again. The change in

the microgrid cost is relatively small for depth of discharge Fig. 5. The installed Lead-acid battery SOC for one sample week (10 years

values larger than 70%, thus not easily visible in the figure. pmjelcztolifeﬁme)‘
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Case 2: In order to accurately estimate the benefits and the
optimal parameters of installed BES, the impact of operation
factors such as depth of discharge and number of cycles on the
BES lifetime must be included into the microgrid expansion
problem. In this section, the importance of considering such
impact is investigated. The microgrid expansion planning
problem is resolved while ignoring the limit on the BES number
of cycles. In other words, the relationship between the BES
depth of discharge and lifecycle, which is represented by (17),
is omitted from the proposed formulation. A 10-year BES 0
lifetime case is considered. Table VII shows the obtained Timgé(houriol
results for this case. Since the BES operation impact on its  Fig. 6. The installed Li-ion battery and Na$ battery SOC for one sample week
lifetime is not included in the model, the optimal BES (15 years lifetime).

technology would be the less expensive BES candidate, which 120
is lead acid battery. Moreover, the optimal maximum depth of 100
discharge is found to be 100%. This result, however, is
unrealistic as the installed lead acid battery is expected to
perform 792 cycles/year. Based on the relationship between the
BES depth of discharge and lifecycle, which is given in Table
V, the installed lead acid battery must be replaced within the
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Fig. 4. The Li-ion battery power and cycles for 15-year project lifetime.
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Fig. 9. Microgrid total expansion cost for different depth of discharge value (10-
year BES lifetime case).

errors are assumed to happen for 1000 hours/year. Increasing or
decreasing the number of hours per year at which the
uncertainties are considered leads to more conservative or
aggressive solution against data uncertainties. In the
conservative solution, the obtained results are more robust
against uncertainties but at the same time higher microgrid
expansion cost is expected. On the other hand, the aggressive
solution yields less robust results against uncertainties with
lower microgrid expansion total cost compared to the
conservative solution. The 1000 hours/year used in this
simulation can be considered as a moderate solution. The 10-
year BES lifetime case is resolved here using the proposed
model with the consideration of uncertainties. From the
numerical simulation results, it is found that when the
uncertainties associated with renewable DG generation and
load demand are taken into consideration, the microgrid total
expansion cost increases to become $3,368,200/year.
Moreover, expensive BES technologies, which are
characterized with high lifecycle such as NaS battery become
economically feasible. The optimally determined parameters of
the installed BES units are given in Table VIII. The reason
behind installing NiCd and NaS batteries instead of lead acid
battery, which is found to be the optimal BES technology in
Case 1, is that considering the uncertainties in the microgrid
expansion problem requires the installed BES to be used more
frequently in order to overcome the rapid change in the
renewable DGs generation and the load demand, especially
during islanding operation. Thus, BES technology with high
lifecycle is needed in such case. A summary of the studied
cases’ advantages and disadvantages are shown in Table IX.

TABLE VIII
NUMERICAL SIMULATION RESULTS FOR CASE 3.

10
BES Optimal OBtliE:lal Optimal Number
Lifetime BES P Maximum Depth| of performed
(years) (Technology| Size of Discharge (%)| cycles/year
(MW/MWh)
10 NiCd 2.483/2.922 100 48
NaS 1.510/1.987 50 600
TABLE IX
STUDIED CASES SUMMARY
Case Pros Cons

o No BES investment cost as the
0 BES is not installed in this case.

o High microgrid operation cost
and low reliability, especially
during islanded operation.

o Stochastic nature of
renewable DGs generation and
load demand is not included in
the expansion problem.

o Improve the microgrid reliability
by supplying demand during
islanded incidents.

e Reduce operation cost by using
BES to perform energy arbitrage
application.

o Impact of BES depth of discharge
on its lifetime is considered.

o Unrealistic results are
obtained and thus the BES will
need to be replaced before the
end of the desired project
lifetime.

e Microgrid total expansion cost is
reduced as the impact of BES

2 depth of discharge on its lifetime is

ignored.

o The obtained result is robust
against renewable generation and
3 load demand uncertainties.

o High microgrid total
expansion cost.

o The optimality of the obtained
solution might be impacted.

General algebraic modeling system (GAMS) is used to solve
the optimization problem in the studied cases. The problem is
implemented on a 2.4-GHz personal computer using CPLEX
11.0. The obtained solution is found within a 0.05% gap of the
optimal solution; hence it provides a near-optimal solution. The
gap is adjusted using the built-in functionalities of CPLEX in
which in each iteration an upper bound and a lower bound of
the current solution are calculated and the relative difference is
considered as an optimality gap. It is worth noting that in the
long-term planning problem it is not always possible to achieve
the optimal solution due to the complexity of the problem and
the large number of binary and continuous variables. The
computation time, however, depends on the considered case,
the number of islanding scenarios, and the optimality gap
among other factors. For the first case (i.e., the microgrid
scheduling problem without the BES installation) the problem
is solved within seconds. When the BES installation is included
to the problem, the problem is solved within multiple hours.
The highest computational time is slightly less than 18 hours.
However, as the problem in hand is an expansion planning
problem, it is solved offline where the computation time is not
as important as in operation problems.

V. DISCUSSION

Based on the reviewed literature and the obtained results
from the conducted numerical simulations, the following is
concluded:

o Installing the BES into the studied microgrid reduced
the operation cost of the microgrid while at the same
time improved the system reliability by reducing the
amount of unserved energy during islanded operation.

e The proposed model in this paper was able to
accurately determine the optimal BES  size,
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technology, units’ quantity, and maximum depth of

discharge that minimizes the total microgrid
expansion planning cost while considering the
microgrid islanded operation and the BES
degradation.

e The obtained results showed that ignoring the impact
of BES operation on its lifetime results in an
unrealistic solution in which the installed BES might
end up costing much more than what was determined
before installing the BES.

o Considering the renewable generation and load
demand uncertainties impacted the obtained optimal
solution as larger BES size and higher number of
cycles are required. Thus, robust solution against
parameter uncertainties can be achieved with the
expense of higher BES investment cost.

VI. CONCLUSION

A comprehensive BES optimal sizing solution for microgrid
applications was proposed in this paper. Critical factors such as
the wide range of characteristics for different technologies, the
distributed deployment, the impact of depth of discharge and
the number of charging/discharging cycles on the BES
degradation, and the coordination of microgrid operation modes
are taken into consideration in the proposed model. A BES
degradation model that is based on the relationship between the
BES depth of discharge and lifecycle was implemented in the
proposed BES sizing model to accurately estimate the impact
of BES operation on its lifetime. Moreover, a set of islanded
scenarios was included in the model to determine the microgrid
reliability when it operates in the islanded mode. Numerical
simulations performed on a test microgrid validated the
effectiveness of the proposed model. Robust optimization
approach was employed to address the uncertainties associated
with renewable DGs generation and load demand.

A follow-on work of this research will focus on studying the
impact of using the BES for multiple applications in the BES
optimal sizing. In order to study the ability of the BES to
perform some applications such as voltage support, congestion
relief, and system upgrade deferral, a linear power flow model
that can be used to calculate the voltage magnitude and angle at
each bus and the active and reactive power flow must be
developed.

APPENDIX A

Linearization of bilinear terms: if variable y is equal to the
multiplication of continuous variable £ and & binary variables
01, 02, 03, ..., Of such as illustrated in (A1), it can be described
by 2(k+1) constraints as shown in (A2)-(A3). M is a large
positive constant.

y:ﬁé‘lé‘zé‘:;...é‘k (Al)
k k

p-Y Ml-6,)<y<p+d mli-5,) (A2)
=1 =1

~ M5, < y < Ms, vj e (123,....k) (A3)

If at least one binary variable is zero, according to (A3), y would
be zero, and (A2) would be relaxed. If all binary variables are
one, all k constraints in (A3) would be relaxed, and according

11

to (A2), y would be equal to f. Therefore, the equation is
linearized, and the results of the constraints defined in (A2)-
(A3) conform to the original equation in (Al).

APPENDIX B

A commonly used approach to solve MIP problems, such as
the one presented in this paper, is the branch and bound
approach. Before explaining how this approach works, a
concept of MIP relaxation must be introduced. A relaxed MIP
problem can be defined based on the following two
characteristics [54]:

1) Any solution to the original MIP problem is also a feasible
solution to the relaxed problem.

2) The objective function value associated with the original
MIP solution is larger than or equal to the objective function
value associated with the relaxed problem solution.

A typical relaxed MIP problem is its corresponding LP
problem, which can be found by removing any integrality
constraints in the original MIP problem. To this end, solving the
corresponding LP problem will yield one of three possible
cases: infeasible solution, feasible solution that satisfies the
original MIP integrality constraints, or feasible solution that
does not satisfy the original MIP problem integrality
constraints. If there is no solution to the LP problem, then the
problem is said to be infeasible and some of the constraints must
be relaxed or the problem should be reformulated. In case of a
feasible solution, if the obtained LP solution happens to satisfy
the original MIP integrality constraints, then the LP solution is
the optimal solution for the original MIP problem. However,
such optimistic case does not happen often and the LP solution
normally tends not to comply with the MIP integrality
constraints. In this case, the LP problem is divided into two sub-
problems. This process is known as branching as the LP
problem is branched into sub-problems. These sub-problems
are solved and the obtained solutions are compared with each
other. If the solutions of both sub-problems satisfy the
integrality conditions, they must be compared and the sub-
problem solution that is associated with smaller objective
function value for minimization problem or larger objective
function value for maximization problem is selected as the
optimal solution. If only one sub-problem solution satisfies the
MIP integrality conditions, then this solution is saved as
incumbent solution (i.e., the optimal solution if no better
solution is found) while the branching process is continued on
the second sub-problem searching for a better solution that
satisfies the MIP integrality conditions. The branching and
bounding steps are shown in the following figure.
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Set incumbent solution v=0
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