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Abstract—Battery energy storage systems (BESSs) can
be very beneficial to power systems and microgrids for var-
ious applications. With increasing sales of electric vehicles
(EV), the availability of used electric vehicle batteries (EVBs)
is on the rise, which has received significant attention in re-
cent years. The retired EVBs, after repurposing, can serve
as an alternative option to new batteries in a BESS. In ad-
dition, when a microgrid operator desires to install a BESS,
the optimal decisions such as installation year, energy and
power size, replacement year, and the number of cycles to
failure, that are normally overlooked, have to be determined.
Therefore, this paper proposes a comprehensive and novel
framework for planning and operation of the BESS based on
repurposed EVBs. A novel linearized BESS sizing model is
proposed that obtains the BESS optimal decisions regard-
ing design and operation. Various new, modified, and lin-
earized relationships for the BESS have been included in the
planning model to ensure that the replacement year of the
BESS is optimally determined. Several classes of EVs with
multiple drive cycles are clustered and integrated within the
proposed framework.

Index Terms—Degradation, isolated microgrid, optimal
planning, repurposed electric vehicle battery (REVB).

NOMENCLATURE

A. Indices

i Index for generating units, i = 1, ..., G.
t Index for operation steps, t = 1, ..., T [hour].
y Index for planning steps, y = 1, ..., N [year].

B. Parameters

CUNS Cost of unserved demand [$/kWh].
Cv

E ,Cv
pb BESS variable installation costs of energy and power

capacities, respectively [$/kWh, $/kW].
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Cf x Fixed installation cost of the REVB and new BESS
[$].

OMCf x Fixed O&M cost of the REVB and new BESS
[$/kW].

OMCv Variable O&M cost of the REVB and new BESS
[$/kW].

Pdy,t Isolated microgrid demand at hour t, year y [kW].
P PV

y ,t Solar power output forecast at hour t, year y [kW].
PW

y,t Wind power output forecast at hour t, year y [kW].
RC Replacement cost [$/kWh].
M Large number.
ηch, ηdch BESS charging and discharging efficiency, respec-

tively [%].

C. Decision Variables

ACy BESS added capacity at replacement year [kWh] .
By BESS installation decision variable [1 or 0] .
CRBy BESS remaining energy capacity with respect to

80% of the rated capacity [kWh] [+, 0 , −].
CRB +

y CRBy value when it is positive only [kWh].
CRB −

y CRBy value when it is negative or zero [kWh].
CF +

y Binary variable when CRBy value is positive.
CF −

y Binary variable when CRBy value is negative.
E ini

y Initial energy capacity of BESS at installation
[kWh].

Ey Minimum BESS capacity [kWh].
Ey Current BESS energy capacity [kWh].
EdegC yc

y Capacity degradation due to cycling effect [kWh].
EdegC al

y Capacity degradation due to calendar effect [kWh].
LCy BESS capacity loss due to degradation [kWh].
LRY y Bilinear variable used to replace the product of

two variables, year of BESS replacement and ini-
tial BESS capacity [kWh].

PUNS
y ,t Unserved demand at time t and year y [kW].

Pbay,t BESS charging (−)/ discharging (+) power [kW].
Pi,y ,t Power output of generator i at hour t and year y

[kW].
P Res

y ,t Reserved demand at hour t and year y [kW].
Pb ini

y Initial installation of BESS power rating [kW].
Pby Current BESS power rating [kW].
RY v

y Replacement year [year].
SOCy,t SoC of the battery at hour t and year y [kWh].
SRBy,t Reserve provided to the system by the BESS [kW].
TED Total discharged energy by the BESS in one day

[kWh].
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Uy,i,t Start-up binary decision variable [1 or 0].
Vy,i,t , Shut-down binary decision variable [1 or 0].
Wy,i,t Unit-commitment binary decision variable [1: gen-

eration i is online, 0: otherwise].
X

ch/dch
y ,t Binary variable [1: BESS is charging or discharging,

0: otherwise].
ZRY

y BESS replacement year binary decision variable.
ζ Total capacity loss due to cycling degradation of the

EVB in Stage I.

I. INTRODUCTION

THE increasing penetration of electric vehicles (EVs) raises
concerns of stockpiling of used electric vehicle batteries

(EVBs) after their vehicular end of life (EoL) [1], [2]. Utiliza-
tion of used EVBs, after repurposing, can play a significant role
in isolated microgrids in alleviating the need for costly new
battery energy storage systems (BESSs) or diesel generators
in the long term, which is beneficial both economically and
environmentally. Used and repurposed EVBs (REVBs) offer a
viable option for small-scale or bulk deployment as BESSs, or
as community energy storage systems. Researchers are exam-
ining various usages of REVBs in stationary applications, but
only a few projects have been reported so far [3], [4]. To in-
tegrate REVBs in such applications, their capacity degradation
and state of health (SoH) at the EoL need be considered. In
[5], capacity degradation of Li-ion EVBs under different stress
factors, such as temperature and state of charge (SoC) was de-
termined; however, only the cycling effect was accounted for,
and the calendar degradation effect was not considered.

For installation of new BESSs or REVBs in isolated micro-
grids, the following issues need to be considered:

1) determining the optimal year of installation, along with
the optimal power and energy capacity ratings;

2) optimal operation of these devices;
3) proper consideration of calendar and cycling degradation

of BESSs and REBVs;
4) determining an optimal year of BESS replacement, con-

sidering degradation, instead of using a fixed replacement
year, which can lead to premature replacements and ad-
ditional costs.

While the high investment cost associated with new BESSs
can make them economically unattractive for microgrids,
REVBs can provide the same services at a fraction of the cost
of a new BESS [3]. Also, repurposing an EVB would delay its
recycling and prolong its useful life.

In [6], sizing of the BESS was proposed using a two-stage op-
timization model considering various operational and planning
constraints; however, the work did not consider battery degrada-
tion over the ten-year planning horizon. In [7], BESS planning in
microgrids was carried out considering life-cycle degradation,
by accounting for the number of cycles-to-failure (C2F); how-
ever, the reduction in BESS energy capacity due to cycling and
calendar degradation was not considered. In [8], a stochastic op-
timization framework for BESS planning for isolated microgrids
was proposed, wherein BESS cycling degradation was consid-
ered on a flat-rate basis, not capturing the true capacity loss dur-
ing discharging, thus over- or underestimating energy capacity.

It should be noted that none of the above works attempted to
determine the optimal year of BESS replacement. In [8], a fixed
replacement year was considered, leading to premature replace-
ment decisions and hence increasing the plan cost. Moreover,
in most of the reported works, either the number of C2F or the
impact of cycling and calendar degradations on the size is con-
sidered, but not both, which is necessary to accurately capture
the BESS energy capacity and optimal operation. Also, there is
a need to connect the stages of EVB life to test the viability of
REVBs in secondary applications.

Therefore, the main objectives of this work are as follows:
1) Develop a systematic procedure to model the degradation

of EVBs for different classes of EVs during their first-life
in vehicles, and hence, incorporate these characteristics
to estimate the expected cost of installing REVBs.

2) Develop a generic microgrid planning model to determine
the optimal energy size, power rating, and optimal year
of replacement of new BESSs and REVBs. The model
needs to include the impact of degradation due to cal-
endar and cycling effects on the BESS/REVBs’ energy
capacity, as well as on the number of C2F. The proposed
model will introduce a novel set of mathematical relations
for BESS degradation and optimal year of replacement,
thereby avoiding premature replacements and additional
costs.

3) Consider multiple drive cycles of different classes of EVs
to capture their impact on the expected SoH of the EVBs
and hence on the number of years until they reach their
EoL. This leads to developing an expected degradation
model of EVBs for each class, for inclusion in the generic
microgrid planning model proposed earlier, to study the
impact of uncertainties.

Based on the proposed work, following are the main envis-
aged contributions of the work presented in this paper:

1) The degradation characteristics and the SoH of EVBs are
being captured and modeled in detail, considering cycling
and calendar degradation using real EV drive cycle data.

2) A novel microgrid planning model is proposed that de-
termines the optimal decisions on new BESSs or REVBs
and the corresponding sizing and year of installation tak-
ing into account a new set of mathematical relations of
BESS degradation and optimal year of replacement. The
REVBs are modeled considering their first-life drive cy-
cles and degradation, which impacts the microgrid plan-
ning decisions.

3) In order to capture the heterogeneity of EVBs and the
impact of uncertainty in the planning model, multiple
drive cycles of different classes of EV are used to develop
a novel expected degradation model of EVB classes for
inclusion in the microgrid planning model.

The structure of this paper is as follows: Section II describes
the proposed framework, as well as the detailed mathematical
models of each stage. In Section III, the proposed framework
is simulated, and the results are presented to demonstrate the
effectiveness of the proposed models with the exploration of
various scenarios. Section IV presents a discussion of the algo-
rithms used and computational aspects. Finally, conclusions are
drawn in Section V.
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Fig. 1. Flowchart of the proposed systematic framework of REVB utilization.

II. PROPOSED MICROGRID PLANNING FRAMEWORK

AND MATHEMATICAL MODELS

In this section, a novel schematic framework is proposed
for modeling of EVBs during their first-use and subsequently
their utilization as BESS in isolated microgrids for various
second-use applications. The framework comprises three
stages, presented in Fig. 1, which are discussed in detail in
the following subsections; the important inputs to, and outputs
from, each stage are clearly identified in the figure, and all
assumptions are stated.

A. Stage I: EVB Capacity Degradation During
Vehicular Life

A comprehensive flowchart of Stage I is shown in Fig. 1. This
stage simulates the performance of an EVB during its first-life in
an EV and determines its SoH at any instant, and the number of
years it takes for the battery to degrade to its SoH threshold [9],
considering cycling and calendar degradations. There is a need
for real and detailed drive cycle data of different EV classes to
accurately estimate the outputs.

This stage includes the following three models (see Fig. 1):
1) vehicle longitudinal dynamic model (VLDM) [10];
2) vehicle power-train model (VPM) [10];
3) battery capacity degradation model (BCDM) [5].

The simulation starts with reading all the parameters as in-
puts, which are then fed, together with the EV drive cycle, to

the VLDM to calculate the mechanical traction power Pd
t . This

power is transferred to the VPM to determine the electrical trac-
tion power demand, Ped

t , needed from the battery. From Ped
t ,

the SoC and temperature of the battery are calculated using the
electrical and thermal models of the EVB, as explained in [11];
the EVB’s capacity degradation and the SoH are determined
from the BCDM [5]. However, it should be noted that [5] only
accounts for degradation due to cycling (αC yc

t ), while this paper,
besides cycling degradation, considers a linear calendar degra-
dation rate (αC al

t ) as well. The initial SoC is 90%, and the EVB
is recharged to 90% at the end of each drive cycle.

In this work, lithium iron phosphate (LiFePO4)-based EVBs
are considered; the BCDM of LiFePO4 EVBs is expressed as a
function of different stress factors, as follows:

ζ(T, SoCev
avg, SoCev

dev) = αCyc
t + αCal

t (1)

where ζ is the total capacity loss due to cycling degradation of
the EVB pack (αCyc

t ), while αCal
t is calendar degradation of the

EVB battery pack. The total capacity loss depends on the EVB
temperature T and the average value and standard deviation of
SoC, SoCev

avg and SoCev
dev, respectively. It should be noted that

the inputs to the BCDM are results of EVB simulation based
on a given drive cycle. The SoH of the EVB is calculated as
follows [5]:

SoH =
(

1 − ζ

Rated EVB Capacity

)
. (2)
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Stage I provides two main outputs that will have an impact on
Stages II and III, the SoH, and the number of years it takes to
degrade to 80% SoH threshold. The latter determines how many
years REVB will stay in second-life applications (microgrid
applications).

B. Stage II: Post Vehicular Life Assessment and
Cost Estimation

Adopting the economic model from [12], the outputs of
Stage I (e.g., SoH and number of years) are used to estimate
the cost of an REVB, which includes the monetary value of the
used EVB and the cost of repurposing; this is used to determine
the economic feasibility of the REVB as compared to a new
BESS in the long term. The cost of an REVB is dependent on
module properties, cell fault rates, the used battery SoH, and
initial and degraded capacities of the EVB.

C. Stage III: Microgrid Planning Model

The proposed planning model for isolated microgrids deter-
mines the optimal power rating and energy capacity of BESS,
as well as optimal year of installation and replacement, taking
into account the inherent cycling and calendar degradations. Ac-
counting for degradation ensures realistic operational decisions
and an optimal replacement year, thereby avoiding premature
replacements and additional costs. Two different options for
BESS are considered, i.e., REVBs and new BESSs.

1) Objective Function: The objective function, J , to be min-
imized, is the net present value (NPV) of the total cost, given as
follows:

J = J1 + J2 + J3 + J4. (3)

In (3), the microgrid operation cost (MGOC), J1, is com-
prised of the cost of unserved demand, generation cost, and
start-up/shut-down costs, respectively, given as follows. A 3%
annual fuel cost increase (FCI) is assumed:

J1 = 365
G∑

i=1

N∑
y=1

T∑
t=1

{
1

(1 + R)y

[
PUNS

y ,t · CUNS
y ,t

+ (1 + FCI)y−1(Pgy,i,t bi + ciWy,i,t) + SUPiUy,i,t

+ SDNiVy ,i,t

]}
. (4)

The BESS installation cost in (3), J2, is composed of power
capacity cost (in $/kW), energy capacity cost (in $/kWh), and
a fixed installation cost ($), given as follows:

J2 =
N∑

y=1

[
1

(1 + R)y

(
Pb ini

y Cv
pb + E ini

y Cv
E + ByCf x

) ]
. (5)

The operating and maintenance (O&M) cost component in
(3), J3, is composed of the fixed and variable O&M costs of
the BESS, which vary across technologies and types, given as

Fig. 2. PVF values over a number of years.

follows:

J3 =
N∑

y=1

[
OMCf x

(1 + R)y (Pby )

]

︸ ︷︷ ︸
Fixed O&M Cost of the Battery

+

365
N∑

y=1

T∑
t=1

[
OMCv

(1 + R)y

(
ηch

1 − ηdch · ηch
(−Pbay,t)

) ]

︸ ︷︷ ︸
Variable O&M Cost of the Battery

. (6)

The BESS replacement cost in (3), J4, is included only when
the BESS reaches its EoL and has to be replaced, given as
follows:

J4 =

[
1

(1 + R)RY
+

1

(1 + R)2RY
+ ..

]
+ εy (EiniRC) .

(7)

The replacement year (RY) is initially considered a fixed param-
eter, as in all studies reported in the literature. When the optimal
year of replacement is determined, it is a variable (RY v

y ), and
(7) is modified, as the present value factor (PVF) is no longer a
constant and is given as:

PVF =
1

(1 + R)RY v
y

∀y. (8)

The PVF in (8) is nonlinear, which can be linearized as an
infinite series using binomial expression, as follows:

PVF =
(
1 − RY v

y · R)
+

(RY v
y )2

2!
− (RY v

y )3

3!
+ · · · . (9)

By replacing the sum of higher order terms of (9) with an equiv-
alent parameter εy , which is calculated by subtracting the first
term of the binomial expression,

(
1 − RY v

y · R)
, from the orig-

inal PVF of (8), a new representation of the PVF can be derived
as follows:

PVF =
(
1 − RY v

y · R)
+ εy ∀y. (10)

It is noted that the PVFs obtained using (9) and the linearized
version (10) are exactly matched, as seen in Fig. 2, and hence,
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(10) helps avoid the nonlinear terms created by the higher order
terms in (9).

The BESS replacement cost, after introducing the replace-
ment year as a variable, is then given as follows:

J4 =
(
1 − R · RY v

y

)
Eini

y RC + εy

(
Eini

y · RC
)
. (11)

2) Model Constraints:
a) Change in the SoC: In order to include BESS degra-

dation, the change in the SoC (ΔSOCy ,t), when the BESS is
charging or discharging, is given as follows:

ΔSOCy ,t =
{
(SOCy ,t+1 − SOCy ,t) Δ +

y ,t

}
+

{
(SOCy ,t+1 − SOCy ,t) Δ −

y ,t

} ∀y, t. (12)

Equation (12) is linearized to reduce the computational burden.
New relations for positive and negative changes in the SoC,
ΔSOC +

y ,t , ΔSOC −
y ,t , respectively, are presented as follows:

ΔSOCy ,t = SOCy ,t+1 − SOCy ,t ∀y, t (13)

− M Δ −
y ,t ≤ ΔSOCy ,t ≤ M Δ +

y ,t ∀y, t (14)

Δ +
y ,t + Δ −

y ,t ≤
y=T∑
y=1

By ∀y, t (15)

N∑
y=1

By = 1 ∀y. (16)

Constraint (14) ensures that Δ +
y ,t is unity when ΔSOCy ,t is

positive, and zero otherwise; furthermore, Δ −
y ,t is unity when

ΔSOCy ,t is negative, and zero otherwise. Equation (15) en-
forces the coordination between Δ+

y ,t and Δ−
y ,t , which are bi-

nary variables. Equation (16) is a binary constraint for BESS
installation and is applied only once during the planning hori-
zon. Furthermore, ΔSOCy ,t is split into two variables ΔSOC+

y ,t

and ΔSOC−
y ,t , to explicitly calculate BESS degradation due to

cycling:

−BM Δ −
y ,t ≤ ΔSOC −

y ,t ≤ 0 ∀y (17)

ΔSOC −
y ,t ≤ ΔSOCy ,t + (1 − Δ −

y ,t) M ∀y (18)

ΔSOC −
y ,t ≥ ΔSOCy ,t − (1 − Δ −

y ,t) M ∀y. (19)

Constraint (17) forces ΔSOC −
y ,t to be equal to zero if Δ −

y ,t is
zero, and negative otherwise. The inequality constraints (18)
and (19) ensure that ΔSOC −

y ,t is equal to ΔSOCy ,t if Δ −
y ,t is

unity. The inequality constraints associated with ΔSOC +
y ,t are

similar to (17)–(19), with the exception that ΔSOC +
y ,t must be

positive if Δ +
y ,t is unity, and zero otherwise.

b) BESS sizing with degradation: The BESS energy
capacity and year of replacement are determined optimally con-
sidering degradation due to calendar, cycling, and number of

C2F, as follows:

Ey =

{
E ini

y + EdegC yc
y , y = 1

Ey−1 + EdegC yc
y − EdegC al

y + ACy∀y, y �= 1
(20)

EdegC yc
y = 365 ·

24∑
t=1

(
K · ΔSOC −

y ,t

) ∀y (21)

By � Eini
y � M · By ∀y. (22)

Note from (20) that the BESS energy capacity at the year of
installation does not consider calendar aging. The capacity lost
by degradation during operation is accounted for in (20) by
introducing a negative variable EdegC yc

y . Degradation due to
cycling is calculated during discharging in (21), where K is
a degradation factor [13] obtained using laboratory measure-
ments. The value of K is chosen as 3 × 10−4 and varies based
on BESS technology [13]. Note that the degradation approach
in [13] only considers cycling degradation, whereas this work
includes both cycling and calendar degradations, as reflected in
(20). It should be noted that EdegC al

y of the REVBs depends
on the Y2D values for each class of EVs.

By is a binary variable, taking the value of unity when a
BESS is installed at year y, and zero otherwise; the initial BESS
energy capacity is assigned optimally using (22).

c) Limit on capital budget of the BESS: This imposes
an upper limit on how much capital the microgrid operator can
invest in the BESS, over the planning horizon. Accordingly, we
have,

N∑
y=1

[
1

(1 + R)y

(
Pb ini

y Cv
pb + E ini

y Cv
pb + ByCf x

) ]
� BL.

(23)
The first and second terms in (23) denote the costs associated
with the installed power rating and energy capacity, respectively,
and the third term represents the fixed installation cost.

d) Battery energy-to-power ratio constraints: To
maintain the energy-to-power ratio

(
E
P

)
of the installed BESS

within acceptable limits for the chosen technology, the following
constraint is introduced:(

E

P

)
Pby � Ey � Pby

(
E

P

)
∀y = 1. (24)

e) Standardization of BESS power and energy rat-
ings: The BESS energy and power capacity ratings need to
follow available market standards, as follows:

E ini
y = n1y · Λ & Pb ini

y = n2y · Λ. (25)

It should be noted that n1y and n2y are integer variables, and
Λ is the standard unit power and energy rating available on the
market. In this work, Λ is assumed to be 50 kW.

f) Linearization of battery capacity degradation: As
per common practice of BESS manufacturers [14], the battery is
warranted to provide desired performance until an SoH of 80%
of its rated capacity. Beyond that, the battery is recommended
to be replaced, as the manufacturer is no longer responsible for
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any malfunction that could occur. In view of the above, the same
assumption is used in this work, as follows:

Ey = 0.8Eini ∀y (26)

CRBy = Ey − Ey ∀y. (27)

Eini is the rated capacity of the BESS; note that (26) imposes
the lower limit of BESS capacity before replacement, and if
CRBy = 0 or negative in (27), the BESS replacement is due:

−M · CF −
y ≤ CRBy ≤ M · CF +

y ∀y (28)

CF +
y + CF −

y ≤
y=T∑
y=1

By ∀y. (29)

Constraint (28) ensures that CF +
y is unity when CRBy is

positive, and zero otherwise; similarly, CF −
y is unity when

CRBy is negative, and zero otherwise. Equation (29) enforces
the coordination between CF +

y and CF −
y as:

0 ≤ CRB +
y ≤ M · CF +

y ∀y (30)

CRB +
y ≤ CRBy + (1 − CF +

y ) M ∀y (31)

CRB +
y ≥ CRBy − (1 − CF +

y ) M ∀y. (32)

The inequality constraint (30) states that CRB +
y is zero if

CF +
y is zero, and positive, less than “M” value, otherwise.

The inequality constraint (31) ensures that CRB +
y is equal to

CRBy if CF +
y is unity:

−M · CF −
y ≤ CRB −

y ≤ 0 ∀y (33)

CRB −
y ≤ CRBy + (1 − CF −

y ) M ∀y (34)

CRB −
y ≥ CRBy − (1 − CF −

y ) M ∀y. (35)

The inequality constraints (33)–(35) are similar to (30)–(32),
with the exception that negative CRB −

y is considered. The
logic-of-status changes, given below, ensure the transitions of
states from 0 to 1 when the BESS capacity degrades to the
minimum limit; Z RY

y is a binary variable and becomes unity
when BESS reaches its year of replacement:

Z RY
y+1 = CF −

y+1 − CF −
y ∀y, y �= 1 : Z RY

y = 0; y = 1.

(36)

The replacement year is obtained from the following constraint,
when Z RY

y is unity:

RY v
y = Z RY

y × ordy ∀y. (37)

In (37), ordy is the relative position of each year in the set.
g) Replacement year bilinear relations: As shown in

(11), BESS replacement cost is a bilinear term (product of two
continuous variables), not acceptable in mixed-integer program-
ming (MIP) problems. The McCormick method [15] is applied
to solve the bilinear term, obtained from multiplication of the
two variables RY v

y and Eini
y , by replacing

(
RY v

y · Eini
y

)
with

a new variable, LRY y , which is linked with the two variables,
and introducing the inequality constraints (38)–(42). Also, the
upper and lower bounds for the two variables of the bilinear

term are chosen appropriately to reduce the search space of the
linearized problem (42):

LRY y ≥ Eini RY v
y + Eini

y RY v
y − Eini RY v

y ∀y (38)

LRY y ≥ Eini RY v
y + Eini

y RY v
y − Eini RY v

y ∀y (39)

LRY y ≤ Eini RY v
y + Eini

y RY v
y − Eini RY v

y ∀y (40)

LRY y ≤ RY v
y Eini

y + RY v
y Eini

y − Eini RY v
y ∀y (41)

Eini ≤ Eini
y ≤ Eini & RY v

y ≤ RY v
y ≤ RY v

y .

(42)

Finally, the linearized form of (11) is obtained as follows:

J4 =
(

Eini
y − R · LRY y

) · RC + εy · (Eini
y · RC

)
. (43)

In order to ensure convergence for this linearized model, the
constraint relaxation has to be controlled using an appropriate
relative optimality gap.

h) Linearization of BESS replacement year: The
BESS energy capacity lost due to degradation, at year y, is
given by:

LCy = Eini − Ey ∀y. (44)

At the replacement year, the variable ACy , given below, ensures
that the BESS capacity is equal to Eini; accordingly, the various
linearized relations are given as:

0 ≤ ACy ≤ M Z RY
y ∀y (45)

ACy ≥ LCy + (1 − Z RY
y ) M ∀y (46)

ACy ≤ LCy − (1 − Z RY
y ) M ∀y. (47)

i) BESS power sizing: Note that the BESS power ca-
pacity is assumed to remain constant throughout the planning
horizon; degradation essentially affects the energy capacity, as
follows:

Pby =

{
Pbini

y , y = 1

Pby−1 ∀y, y �= 1
(48)

By � Pbini
y � M · By ∀y. (49)

Constraint (49) ensures that BESS power capacity constraints
are in effect, once the BESS is installed.

j) BESS operational constraints: The energy balance
of the BESS, where the charging/discharging operations deter-
mine the SoC level [16], is given as follows:

Pbay,t ·
[

(Xdch
y ,t )

ηdch
+ (Xch

y ,t)ηch

]
= SOCy,t − SOCy,t−1.

(50)

Since the proposed planning problem is solved as an MIP op-
timization problem, it is essential that (50), which is also non-
linear, is linearized using the “Big-M” method. The linearized
equations of charging/discharging constraints can be found in
[16]. To force the binary variables associated with the charg-
ing and discharging process to be properly activated, several
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constraints are used and can found in [16]:

−M Xch
y ,t � Pbay,t � M Xdch

y ,t ∀y, t (51)

Xdch
y ,t + Xch

y ,t �
N∑

y=1

By ∀y, t. (52)

Constraint (51) ensures that Xdch
y ,t is unity when discharging, and

zero otherwise; it also ensures that Xch
y ,t is unity when charging,

and zero otherwise. It is assumed that the chosen Li-ion battery
has a round-trip efficiency of 90% [17]. The coordination be-
tween charging and discharging ensures that decision variables
are attained, and that the BESS does not charge and discharge
simultaneously, as per (52).

The SoC of the BESS is bound by lower and upper limits; the
lower limit depends on the depth of discharge (DoD), as given
in the following:

Ey · (1 − DoD
)

� SOCy,t � Ey ∀y, t. (53)

It should be noted that SoCy,t varies over time and depends on
BESS capacity degradation. The maximum allowable DoD of a
BESS is denoted by DoD.

1) Charging and discharging operational relations: In order
to capture the O&M cost of the BESS in (3), BESS dis-
charge needs to be calculated accurately. The total energy
discharged (TED) is given as follows [8]:

TED =
(

ηch

1 − ηdch ηch

) T∑
t=1

−Pbay,t Δt ∀y, t.

(54)

2) Cycling operations constraints: The maximum number
of C2F of the BESS, NC2F, is obtained from the manu-
facturer as “Wöhler Curve,” which captures the effect of
BESS cycling degradation on the operations, as follows
[7], [8]:

365 ·
T∑

t=1

X dch
y ,t + X ch

y ,t = Cycy ∀t, y (55)

N∑
y=1

Cycy � NC2F ∀y. (56)

Cycy is the number of operational cycles of the BESS in
year y; the value of NC2F is provided by [17]. Note that
Cycy can be obtained more accurately by implementing
the rainflow algorithm [18], by counting the operation cy-
cles and grouping them in various ranges of DoD, which
is beyond the scope of this work.
k) System operational constraints: The system

demand–supply balance is given as follows:

G∑
i=1

Py,i,t + Pbay,t + P PV
y ,t + PW

y,t + P UNS
y ,t =(1 + Γ)y−1Pdy,t .

(57)

Reserve constraints ensure that enough capacity is committed
from generators and the BESS to meet the system peak demand

TABLE I
EV PARTICIPANT DATABASE SUMMARY

TABLE II
NISSAN LEAF VEHICLE (EV2) AND OTHER PARAMETERS

and maintain a reserve capacity margin, given as follows [8]:

G∑
i=1

(
PgiWy,i,t − Pgy,i,t

)
+ SRBy,t ≥ χ

[
(1 + Γ)y−1

(Pdy,t − P UNS
y ,t ) + P Solar

y ,t + P Wind
y ,t

] ∀y, t. (58)

In (58), Γ is the annual rate of demand increase and χ is a
reserve allocation factor to be maintained taking into account
the uncertainty of renewable energy sources.

All standard unit commitment constraints are considered
for generating units, such as ramp-up/ramp-down constraints,
minimum-up/minimum-down time constraints, and binary co-
ordination constraints, which are discussed in [19].

III. RESULTS AND DISCUSSIONS

A. Input Data, Assumptions, and Test System

1) Stage I: In the deterministic case, two realistic drive cy-
cles are considered, FTP-75 and EPA-Highway, emulating an
urban-highway-urban round trip of one class of EVs (EV2), pre-
sented in Table I, in order to obtain the degradation using the
BCDM [20].

On the other hand, for a stochastic case study, three dif-
ferent classes of EV are considered (EV1, EV2, and EV3),
with 12 drive cycles for each class of EV, selected based on
a frequency-based feature selection approach [21]; real-world
data are collected and preprocessed, and the drive cycles have
been clustered based on EV classes. Table I presents the general
data for the three classes of EVs considered in the studies. The
EV drive cycle data1 are based on the actual data collected for
three EV classes from the region of Waterloo, ON, Canada, over
a period of three years.

The vehicle parameters used to calculate the traction power
using VLDM and VPM are presented in Table II for EV2 class
[10]. Similar parameters for the other classes of EVs can be
found in [22]. It is assumed that the EVB packs for all the EV
classes are fully charged at the beginning of the drive cycle,

1The data were collected in the Drive4Data program, led by the Wa-
terloo Institute for Sustainable Energy. More information is available at:
https://wise.uwaterloo.ca/drive4data.
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TABLE III
SYSTEM COSTS OF NEW AND REPURPOSED LI-ION BESS

Fig. 3. Isolated microgrid hourly demand profile of each year (P dy ,t ).

and their SoC is allowed to vary between 20% and 90% during
operation.

It should be noted that the battery type of all EV classes is
Li-ion pack as per information given by their manufactures.

2) Stages II and III: The Li-ion battery is considered for both
new and repurposed BESSs, whose costs are given in Table III.
The microgrid has a total investment budget of $2.5 million. The
maximum DoD is assumed to be 80%, whereas the E

P ratio is
between 1 and 4 [17]. The energy cost of REVBs is obtained in
Stage II, which is multiplied by different factors obtained from
[17] to estimate the different cost components of an REVB
system. Note that the cost of installing an REVB as a BESS is
the same as installing a new BESS.

The proposed BESS planning model is validated and tested
on the CIGRE isolated microgrid benchmark system [23], which
features the following components: three diesel units with rat-
ings of 2,500 kW (DG1), 1,400 kW (DG2), and 800 kW (DG3);
a 310-kW CHP-diesel unit (DG4); a 500-kW gas microturbine
(DG5); and eight photovoltaic (PV) units and four wind turbine
units, with total installed capacities of 840 and 1,450 kW, re-
spectively [23]. These dispatchable and nondispatchable units
supply the peak demand of 5.29 MW in the first year, which in-
creases annually at the rate 2% over a ten-year planning horizon
[23]. The proposed BESS sizing model is executed on fore-
casted profiles of average power demand and solar and wind
generation, shown in Figs. 3 and 4 [23]. The operating reserve
requirement of the isolated microgrid is 13% of the hourly de-
mand. The fixed installation cost is $ 20,000, which is incurred
only once. When the replacement year of the BESS is assumed
to be fixed, the BESS is replaced every five years. The discount
rate (R) of the planning problem is assumed to be 8%, and the
maximum BESS energy capacity and power rating that can be
installed are 10 MWh and 10 MW, respectively. It should be

Fig. 4. PV and wind hourly generation profiles.

Fig. 5. (a) EVB normalized capacity for one-day driving. (b) EVB nor-
malized capacity for seven-year driving.

noted that the Big-M value is set to be 10,000 which is similar
to the maximum BESS energy capacity.

B. Results and Analysis

1) Stage I:
a) Deterministic case study: The Stage I models are

solved for a realistic urban–highway–urban round trip drive
cycle, which results in degradation of the EVB pack to an SoH
of 80.2% of the original capacity of 24 kWh (EV2 class), with
ζ = 4.752 kWh. The degraded capacity after one-daily drive
cycle is 0.00775% of the initial capacity [see Fig. 5(a)], and
it is noted that the EVB reaches an SoH of 80.2% after seven
years on the road [see Fig. 5(b)]. Assuming that the EVBs have
a calendar life of 15 years [24], seven years on the road means
that they have a remaining calendar life of eight years.

b) Stochastic case study: First, each EV class of pa-
rameters described in Table I and their 12-selected drive cycles
were simulated. The number of driving cycles found to reach the
threshold of SoH (80%) is then determined. Fig. 6(a)–(c) shows
the number of driving cycles required by each class of EV to
reach an SoH of 80%. Each EVB reaches its 80% SoH depend-
ing on how harsh the acceleration and braking events were for
that vehicle’s drive cycle. Since each drive cycle represents a
one-day driving operation, the number of years that it takes for
the EVB to degrade to an SoH of 80%, denoted by Y2D, can be
calculated as follows:

Y2D = Number of drive cycles to 80% SoH/365. (59)

After determining the Y2D of each drive cycle, it is then mul-
tiplied by a uniform probability distribution function to deter-
mine the expected Y2D, denoted by E(Y2D), for each EV class,
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Fig. 6. EVB normalized capacity for different drive cycles and EV classes. (a) EV1. (b) EV2. (c) EV3.

which will impact Stages II and III. The remaining life of an
EVB will impact the cost of REVBs and later will influence
their replacement year in the microgrid planning model. For the
drive cycles considered in this work, it is noted that the value of
E(Y2D) is 5.6 years for class EV1, 5.1 years for class EV2 is,
and 5 years for class EV3. These values are less than those in
the deterministic case because of the presence of numerous real
data scenarios of the drive cycles. Accordingly, there would be
early replacements for EVBs during their first-life and longer
calendar years for REVBs in microgrid applications.

The stochastic studies demonstrate how to capture and repre-
sent the heterogeneity of REVBs in the real world (e.g., different
charging/discharging coefficients, different remaining capaci-
ties for second-life purpose in microgrids, and different char-
acteristics) by clustering and integrating within the proposed
planning model.

Thus, modeling the performance of the EVB on the road
over a number of years until it reaches its 80% SoH provides
the inputs needed for Stage II. It should be noted that varying
drive cycles, initial SoC, and other parameters of an EVB would
result in a different SoH and, in turn, a different REVB cost, as
presented in the stochastic case.

2) Stages II and III: The outputs of Stage I of the deter-
ministic case are introduced as inputs to Stage II; the results
show that the cost of the used Li-ion EVB of 80.2% SoH is
141 $/kWh, and the effective repurposing cost is 59 $/kWh. The
total cost of the REVB is, therefore, 200 $/kWh. These values
are compared with those for a new Li-ion BESS (see Table III)
and introduced as inputs to Stage III. It should be noted that the
REVB cost is based on the EV2 class of the Nissan Leaf battery
with a capacity of 24 kWh. In order to examine the suitability
of the proposed BESS planning model, the following cases are
considered.

1) Base Case: no BESS installation;
2) Case I: with an REVB as a BESS;
3) Case II: with a new BESS.

For Cases I and II, the following four scenarios pertaining to
the BESS are studied:

a) Fixed year of replacement, no degradation;
b) Fixed year of replacement, considering degradation;
c) Variable replacement year, considering degradation;
d) Variable replacement year, considering degradation, with

no C2F constraints.

The microgrid operator has the option to install the BESS,
either new or REVB, with the objective of lowering the total
NPV of costs, and thereby increasing its participation in the
system reserve service provisions and discharging energy dur-
ing peak periods. Also, the microgrid operator will optimally
replace the BESS based on the introduced set of constraints to
avoid premature replacement and additional costs. As shown in
Table IV, for Case I, Scenario a, the total cost of the microgrid
is $60,501,295, which is considerably lower than that without
the BESS (Base Case), when the cost is $82,097,474. The size
of the BESS as an REVB is optimally determined in Case I,
Scenario a, to be 800 kWh with power rating of 600 kW; since
the degradation effect is not taken into account, the BESS size
is determined based on the terminal year requirements, which
implicitly satisfies previous year requirements as well. The op-
eration of the microgrid for one day in year 5 of Case I, Scenario
a, is highlighted in Fig. 7, which presents the supply–demand
balance, where the supply is represented by stacked areas in-
cluding two discharging events of REVBs and the total load of
the microgrid is represented by a solid line.

In Case I, Scenario b, which considers BESS calendar and
cycling degradations, a 1,050-kWh/600-kW REVB is optimally
determined for the BESS in the microgrid. Even though the to-
tal microgrid cost is increased, the incremental cost of $869,137
(compared to Case I, Scenario a) captures the BESS size accu-
rately. The optimal scheduling and planning decisions indicate
that the cost of isolated microgrid operation is higher when
BESS degradation is considered, since the operation is more ac-
curately modeled, and the microgrid operator adjusts the energy
allocation (reserve and discharging) of BESS accordingly. It
should be noted that degradation due to cycling is only counted
during discharging. Considering a flat rate of cycling degrada-
tion would lead to premature replacement, and additional costs
(overestimating BESS sizes) would be incurred, since each sys-
tem operator has different operating characteristics. However,
when considering both cycling and calendar degradations accu-
rately, the sizes would be obtained, and premature replacements
are prevented.

Case 1, Scenario c, considers both the optimal year of re-
placement and the impact of degradation, the total cost of the
microgrid is reduced, and a saving of $806,800 is achieved, as
compared to Case I, Scenario b. Although the size of the REVB
is greater than that in Case I, Scenario b, of 1,200 kWh/650 kW,
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TABLE IV
OPTIMAL BATTERY SIZING SOLUTIONS

∗ Deg./RY. denotes degradation and replacement year, respectively, if they considered.

the optimal replacement year, which is year 7, ensures that the
premature replacement observed in other scenarios is prevented.
The replacement cost in Case I, Scenario c, is decreased by
$558,366, as the year of replacement is deferred to the seventh
year, as against that in Scenarios a and b of Case I, and most of
the work reported in the literature, where replacement year is
fixed, results in inaccurate BESS planning decisions. Moreover,
implementing the optimal year of replacement prevents more
replacements over the planning horizon, which reduces capital
expenditure. If degradation and optimal replacement year are
ignored, the model’s optimal decisions will be affected and,
hence, reflected on the total cost of the microgrid, as well as its
reliability during operation.

It is noted that in all Scenarios of Case II (see Table IV),
installing a new BESS increases the microgrid total cost. Com-
paring Case I, Scenario c, with Case II, Scenario c, it is seen that
the microgrid achieves a saving of $ 1,321,514 over the planning
horizon when an REVB is installed as the BESS instead of a
new BESS. However, it should be noted that the battery man-
agement system (BMS) of the REVB has to be as reliable as a
new BESS. As in Case I, Scenario c, when the model considers
optimal replacement year in Case II, Scenario c, a significant
cost saving of $671,097 compared to Case II, Scenario b, is
achieved over the ten-year planning horizon.

Table IV also shows that optimal investments in REVBs sig-
nificantly reduces the microgrid cost over the planning horizon.
The optimal planning model leads to further superior results
after the replacement year is made a variable. When the replace-
ment year was fixed, the system accrued additional costs, since
the BESS had not reached its EoL at the year of replacement.
This premature replacement added more cost to the microgrid
operator, as seen in Scenario b of Cases I and II.

Similarly, when the optimal planning model does not consider
BESS degradation (Scenario a in Cases I and II), the total cost of
the microgrid, (J), is the lowest among the scenarios pertaining
to that case, and it does not reflect the true cost of the microgrid.
Optimal year of BESS replacement in scenario c in Cases I and
II occurs when the battery capacity reaches 80% of its original
rated capacity. Accordingly, in Table IV, Case I, Scenario c,
shows that the BESS is optimally replaced in year 7, while
Case II, Scenario c, shows that the BESS is optimally replaced in
year 6, and not in year 5 as in Scenarios a and b of Cases I and II.

Fig. 7. Supply and demand mix in year 5 of Case I, Scenario a.

The impact of BESS capacity degradation due to cycling and
calendar aging is fully considered, given that the BESS degrades
when there is a discharging process. Most of the BESS sizing
problems found in the literature consider a fixed degradation
during cycling at each year irrespective of the operation, thereby
obtaining a size and cost that are not quite accurate. When
no degradation is considered, as in Scenario a, the sizing of
the REVB is lower than that when the degradation model is
implemented. The lower sizing is optimally chosen because the
model sizes the REVB at the terminal year when the load is the
highest, assuming that the REVB energy size will not degrade
with time. This consideration is not valid even though it has the
least cost among all Scenarios.

The optimal replacement year would be most important when
considering the distributed BESS. Since each BESS operation
would be different, the replacement year will also be different.

Most energy management and resource allocation studies for
BESS sizing do not explicitly consider life-cycle degradation
due to C2F or discharging. The latter leads to BESS size degra-
dation, which has a great impact on the operation of a system.
In these cases studies, since REVBs have a lower number of
C2F as compared to new BESSs, the microgrid operator tends
to allocate more reserves to the REVBs instead of discharging
them, while the new BESSs are scheduled for discharging op-
erations much more. This is shown in Fig. 8, which compares
between the reserve allocated to REVBs vis-à-vis new BESSs.
More discharging, understandably, leads to earlier replacement
year for new BESSs as compared to REVBs.
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Fig. 8. Reserves allocation of new BESSs and REVBs in year 9 of
Scenario a of Cases I and II.

Fig. 9. Reserve provisions in year 10 of Case I, Scenario c.

Fig. 10. Reserve provisions in year 10 of Case II, Scenario c.

Allocating more reserves is reflected as well, in the optimal
replacement year to be year 7, in Case I, Scenario c, as against
year 6 in Case II, Scenario c, as shown in Table IV. However, in
Case II, the microgrid operator tends to discharge more energy,
since a new BESS has a higher number of C2F. Figs. 9 and
10 depict the total microgrid reserve allocated by the microgrid
operator in year 10 to the thermal generators, REVBs, and new
BESSs to meet the reserve requirements.

It is noted from Fig. 11 that the average reserve allocation is
mostly higher for REVBs as compared to new BESSs. Also, it
is clear from Fig. 12 that new BESS units are involved more in
energy buffering than REVBs. In the first and second years, both
new BESSs and REVBs are assigned only for reserve allocation
so that the battery does not degrade while buffering. Also, the
REVB is assigned for reserve allocation only, in years 4 and 7,
since it has fewer C2F as compared to new BESS.

In Scenario d of Cases I and II presented in Table IV, the
C2F constraints are not considered. Due to the fact that the
BESS does not have limits on C2F, the BESS tends to discharge

Fig. 11. Average reserve over planning horizon.

Fig. 12. Annual energy consumption over planning horizon.

more, which results in more degradation of the battery, that
necessitates the system to have a larger size of the BESS. Also,
the replacement year of the BESS is shifted to a later year. Even
though the total MGOC is reduced, this reduction does not
reflect the true operation cost of the microgrid. Case I, Scenario
d, demonstrates how the replacement year of REVBs is limited
by the calendar degradation and REVBs have to be replaced in
year 8, which is affected by Stage I outputs, and demonstrates
why it is important to consider Stage I.

3) Stochastic Case Study of Stages II and III: After the
REVBs are clustered into three classes, the optimal decisions
for different classes are obtained separately. The results obtained
for each class are presented in Table V; only Scenario c of Case
I is considered. It is evident that the results of all the EV classes
are quite similar. The installed REVB system based on the EV1
class has a higher operation and planning cost than EV2 or EV3
because it has a higher Y2D, which was obtained in Stage I, and
a lower number of C2F. EV2 and EV3 yield the same optimal so-
lutions because they have quite similar values of Y2D and C2F.

IV. ALGORITHMS AND COMPUTATIONAL ASPECTS

The Stage I models—VLDM, VPM, and BCDM—are pro-
grammed and simulated in MATLAB/Simulink. The proposed
microgrid planning model is programmed and executed in the
GAMS environment on an IBM Server xSeries 460 with eight
Intel Xeon 2.8-GHz processors and 3 GB (effective) of RAM.
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TABLE V
OPTIMAL SOLUTIONS WITH DIFFERENT EV CLASSES

∗Deg./RY. denotes degradation and replacement year, respectively,
if they considered.

TABLE VI
MODEL STATISTICS

∗(s) and (h) denote second and hour, receptively.

The optimization model is a mixed-integer linear programming
(MILP) model, which is solved using the CPLEX solver, which
provides an option to use either Benders decomposition algo-
rithm, or by default, uses the conventional branch and bound
(B&B) algorithm. In this work, the CPLEX was set to use the
default B&B algorithm [25]. The MILP optimal solution is ob-
tained by setting the optimality gap to 5%. The model and solver
statistics for the chosen cases are given in Table VI.

The average computational time for the optimization problem
of Stage III is about 3.5 h for all the cases and Scenarios, except
the Base Case.

A. Comments on Linearization

In mathematical programming, the concept of linearization
involves approximating a given function using a linear function
in an interval. In this work, three different linearization methods
are used for different tasks. First, the PVF of (8) is linearized as
an infinite series using a binomial expression. By replacing the
sum of higher order terms of (9) with εy , a new representation
of the PVF is derived. This linearization is only a transformation
and does not impact the accuracy, as shown in Fig. 2. The second
type of linearization involves linearizing the product of a binary
and a continuous variable, and is used at multiple instances, in
the BESS operational and sizing constraints. This linearization
uses the commonly used Big-M method, where an additional
set of linear constraints is used to represent the product of two
variables. The linear set of constraints are effectively modeled to
represent the product of variables in an exact form. There is no
approximation and, hence, no loss of accuracy. The third type of
linearization is McCormick linearization [15], which is used to

TABLE VII
BOUNDARY LIMITS OF NONLINEAR VARIABLES

linearize the term associated with the replacement cost J4 in (7).
McCormick linearization is a convex relaxation approach used
for bilinear variables (product of two continuous variables),
wherein the lower and upper bounds of the two continuous
variables are chosen in such a way that the search for the optimal
solution is within practical limits of computation. It should be
noted that the chosen boundaries of the two variables define the
solution space.

In this work, the variables of concern in J4 (7) are the replace-
ment year (RY v

y ) and the BESS capacity (Eini
y ). As noted from

Table VII, the lower and upper bounds of these variables are
chosen based on realistic considerations of the microgrid plan-
ner; for example, the maximum BESS capacity to be installed
is chosen to be 10 MWh, which is governed by external factors
such as budgetary limits or policy decisions. The replacement
year for REVBs depends on the remaining life of the batteries.
It should be noted that the accuracy of the planning model will
not be impacted by the process of linearization.

V. CONCLUSION

The large-scale deployment of BESSs within microgrids is
constrained by their high investment cost barrier, while the avail-
ability of used EVBs has created a less expensive option for
the planners. Researchers have, thus far, not taken into account
BESS degradation, in sizing and life-cycle assessment for micro-
grid long-term planning models. This paper develops a system-
atic procedure to model the degradation of EVBs for different
classes of EV during their first-life. This model is integrated into
a novel microgrid planning model that determines the optimal
decisions of new BESS and REVBs and their corresponding
sizing and year of installation, taking into account a new set of
mathematical relations of BESS degradation and optimal year
of replacement. REVBs are modeled considering their first-life
drive cycles and degradation models, which impacts the micro-
grid planning decisions, if not considered. Stages I and II of
the proposed framework quantify the EV battery first-life and
a process to calculate the cost of REVB. The model in Stage I
can be used by researchers and EV manufacturers to develop a
dataset of EV batteries pertaining to their life. The mathematical
model in Stage III of the proposed framework is targeted to a
microgrid or a distribution system planner, wherein the plan-
ner accesses the dataset from Stages I and II, for the model in
Stage III. To have a robust operation of REVBs, they are as-
sumed to be equipped with a BMS that controls the output of
the REVBs. Further work is needed to ease the computational
burden and to adopt more dynamic decision variables for which
decomposition methods are appealing options.
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