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Abstract: Optimal sizing of stationary energy storage systems (ESS) is required to reduce the peak
load and increase the profit of fast charging stations. Sequential sizing of battery and converter or
fixed-size converters are considered in most of the existing studies. However, sequential sizing or
fixed-converter sizes may result in under or oversizing of ESS and thus fail to achieve the set targets,
such as peak shaving and cost reduction. In order to address these issues, simultaneous sizing of
battery and converter is proposed in this study. The proposed method has the ability to avoid the
under or oversizing of ESS by considering the converter capacity and battery size as two independence
decision variables. A mathematical problem is formulated by considering the stochastic return time of
electrical vehicles (EVs), worst-case state of charge at return time, number of registered EVs, charging
level of EVs, and other related parameters. The annualized cost of ESS is computed by considering
the lifetime of ESS equipment and annual interest rates. The performance of the proposed method is
compared with the existing sizing methods for ESS in fast-charging stations. In addition, sensitivity
analysis is carried out to analyze the impact of different parameters on the size of the battery and the
converter. Simulation results have proved that the proposed method is outperforming the existing
sizing methods in terms of the total annual cost of the charging station and the amount of power
buying during peak load intervals.

Keywords: battery and converter; electric vehicles; energy storage system; fast charging station;
optimization; sizing

1. Introduction

Transportation electrification has the potential to reduce air pollution and the emission of
greenhouse gasses by reducing the usage of oil from the transportation sector. Recently, due to the
continuous reduction in the cost of electric vehicles (EVs), the adaptation of EVs has increased across
the globe [1]. The reduction in the cost of EVs is mainly due to the reduction in prices of battery packs.
A technological roadmap has been issued by the U.S. Department of Energy (DOE) for 2025, where
EVs will be competing with fossil-fuel-based vehicles [2]. However, several technical challenges need
to be addressed to enhance the penetration of EVs and assure their competitiveness with conventional
vehicles. Among these issues, range anxiety has been a major challenge for EV manufacturers and
researchers. Broadly, there are two possible solutions for the range anxiety issue, which includes
increasing the size of the EV battery and enhancing the charging infrastructure to easily recharge
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the EVs. Here, enhancing charging infrastructure implies enhancing the EV charging rates, i.e., fast
charging. The former solution is not preferred mainly due to the increase in cost, size, and weight of
the EV with increased battery capacity [3]. The latter is considered more economical and beneficial
due to the ability of EV owners to recharge their vehicles in short times similar to the refueling of
conventional vehicles [4].

Fast and ultra-fast charging infrastructures can solve the range anxiety issue by charging the EVs
at higher currents and voltages. However, it may cause power demand peaks if several EVs start
charging simultaneously with higher powers. Especially if the EV demand and system peak demand
coincide, which may result in system instability or even power outages [5]. It has been demonstrated
in [6] that uncontrolled EV charging may result in up to 1.5 times the peak load in residential areas.
This may result in the overloading of distribution feeders and transformers and ultimately outage of
the power system. In order to solve this issue, stationary energy storage systems (ESS) coupled with
fast charging stations have emerged as a solution in the literature. ESS can reduce the operation cost of
the charging infrastructure by feeding EVs during system peak load intervals. In addition, the ESS can
also save the system (transformer and feeder) up-gradation cost by buying power from the grid during
off-peak intervals [7,8]. Finally, ESS can also enhance the resilience of the EVs by providing them with
the required energy for traveling to healthy charging stations during system contingencies. Several
studies have been conducted on analyzing the benefits of coupling stationary ESS with fast charging
EV stations [7,9,10]. In order to achieve the aforementioned benefits from the ESS, optimal sizing of ESS
is required, considering the local load profiles, energy tariffs, and expected penetration level of EVs.

Several studies are available in the literature on optimal sizing of ESS for fast charging stations
with different objectives. Rule-based methods for optimal sizing of ESS in fast charging stations have
been proposed in [11,12]. In [11], the objective of the optimization is to minimize the waiting time of
the users and determine the size of the ESS to assure an acceptable waiting time. Charging time is
modeled as a stochastic event in [12], and the number of charging slots is determined in the first stage.
In the second stage, the information of the number of charging stations determined in the first stage is
utilized to determine the optimal size of ESS for fast charging stations. Rule-based approaches are
vulnerable to the experience of the field experts and may not necessarily result in an optimal solution.
In addition, with an increase in system complexity, it is difficult to realize all possible scenarios and
design rules against all these different cases. In order to address these limitations, recently, model-based
approaches for determining the optimal size of ESS for fast charging stations have been proposed by
several researchers.

Mathematical models have been developed for optimal sizing of ESSs in fast-charging stations
considering the stochastic nature of EV loads in [13-15]. A mathematical model for determining the
charging topology and integration point of ESS has been developed in [13]. In addition, a model for
determining the optimal size of ESS has also been developed for fast charging stations. The size of
an ESS unit for a fast charging station in Stockholm has been determined in [14] using mixed-integer
linear programming. The objective of [14] is to minimize the annualized cost for deploying ESS.
The minimization of ESS investment cost and operation cost of buying power from the grid have been
considered in [15] for determining the optimal size of ESS for a fast-charging EV station. In addition,
the power flow between different components of the charging station has also been analyzed for a
selected day in [15]. However, these studies still have shortcomings in terms of the sizing of different
components of the charging station, which are analyzed in the following paragraph.

In these studies, either fixed converter ratings (pre-determined values) are utilized [14] or only the
size of the battery is optimized, and it is assumed that the same rating converter will be deployed [13,15].
However, determining the capacity of the converter separately may result in sub-optimal results due
to the sequential optimization of the converter and battery. Similarly, it is not necessarily optimal to
deploy the same size converter with that of battery ratings. Determining converter size separately
either results in increased investment cost due to oversizing or increased operation (buying power from
the grid) cost due to under-sizing. Similarly, deployment of the same rating converter may result in
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increased investment cost and ultimately decrease the profit to the charging station owners. Especially
for fast charging stations, where batteries are usually charged and discharged once a day (charging
during off-peak price intervals and discharging during peak price intervals). Therefore, an attempt has
been made in this study to size the battery and converter simultaneously to minimize the cost of the
fast charging station while shaving peak loads. The major contributions of this study in comparison to
existing studies are as follows.

e Incontrast to the existing studies, where sequential sizing of the battery and converter is considered,
simultaneous sizing of the battery and converter is proposed in this study for deploying ESS in
fast charging stations. The proposed method has the potential to avoid the under and oversizing
of converters by sizing them together with batteries.

e  The performance of the proposed method has been compared with the commonly utilized sizing
methods, which are available in the literature. The total yearly cost of the charging station, the
investment cost of ESS, the amount of power bought during system peak intervals, and the cost of
buying power from the grid have been compared. The proposed method has outperformed the
existing methods in terms of reducing the total yearly cost of the charging station.

e In order to evaluate the impact of several system parameters on the size of battery and converter,
sensitivity analysis is carried out. The impact of the number of EVs registered with the charging
station, uncertainty in return time of EVs to the charging station, percentage of useable energy
range of ESS, and ratio of commercial to private vehicles in the fleet are analyzed.

The remainder of the paper is organized as follows. In Section 2, the configuration of the
network and the proposed sizing method are explained. In Section 3, the mathematical model for the
simultaneous sizing of the battery and converter is presented. In Section 4, the performance of the
proposed method is compared with existing sizing methods via simulations. In Section 5, sensitivity
analysis of different parameters that could impact the size of the battery and the converter is carried
out. Finally, the conclusions and future research directions are presented in Section 6.

2. Network Configuration and Proposed Sizing Method

2.1. Network Configuration

The configuration of the fast EV charging station coupled with stationary ESS proposed in this
study is shown in Figure 1. The network configuration assures the power balance in the network by
using power flow among different components of the network, as shown in Figure 1. The objective of
the power flow is to fulfill the load of the EVs in each interval while fulfilling the constrained related
to the individual components and the entire network. The component-wise flow of power and its
utilization is as follows.

Utility Grid
pConv
cap pSel:  Power sold to grid
pSell
<4————>»  PCS pB*:  Power bought from grid
pBuy
BC. Power charged to ESS
l pSe” pBD; Power discharged from ESS
EV.
pBD p°: Total load of EVs
EV
ACIDC Converter p EV Load PEZHY:  Capacity of converter

= == == Bat. i

Figure 1. Configuration of the fast electric vehicle (EV) charging station including stationary energy
storage system (ESS).
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2.1.1. EV Load

Fulfillment of EV load (pt") at each interval by using the available components is the major
objective of the network configuration. It can be observed from Figure 1 that the EV load can be
fulfilled by buying power (p%¥) from the utility grid or by discharging the ESS (p®P) or using both.
The decision of choosing any one of the sources or both depends on the network constraints, i.e., system
peak load intervals and price signals of the network. Similarly, it also depends on the constraints of the
individual components, i.e., charging/discharging rate of ESS, the capacity of distribution lines, and
state-of-charge (SOC) of ESS.

2.1.2. Energy Storage System (ESS)

The power flow of ESS is two ways, i.e., charging and discharging. ESS can be discharged to
fulfill the power demand of EVs or it can be utilized to sell power (p5¢') back to the utility grid during
system peak load intervals. However, ESS can be charged (p®©) only by buying power from the utility
grid, as shown in Figure 1.

2.1.3. Utility Grid

Similar to ESS, the power flow of the utility grid is also bi-directional. Power can be bought from
the utility grid to fulfill the power demand of EVs or can be utilized to charge the ESS or both. Similarly,
ESS can be discharged to sell power back to the utility grid. The decision between buying power
and selling power depends on several constraints related to the whole network and the individual
components of the network.

2.1.4. Power Conversion System (PCS)

Power bought from the utility grid or power sold to the utility grid via ESS is converted using the
PCS, as shown in Figure 1. Similarly, power bought from the utility grid by EVs is converted by using
the AC/DC converter, as shown in Figure 1.

2.2. Proposed Sizing Method

The flowchart of the proposed method for simultaneous sizing of the battery and converter is
shown in Figure 2. Initially, data related to the system such as market price signals, system peak load
intervals, the number of EVs registered in the charging station, etc. are gathered. Similarly, data related
to the ESS such as per-unit cost of the battery, per unit cost of PCS, per unit cost of balance of the plant,
annual operation and maintenance cost, etc. are gathered. After receiving the input information, the
stochastic load of individual EVs is estimated, which is then utilized to estimate the load of all EVs for
each interval of the day.

In order to determine the interval-wise load of EVs, the return time of the EVs to the charging
station is estimated by using the history data and usage purpose of the vehicle, i.e., commuting or
business purpose. Similarly, the residual SOC of each EV at the return time can be estimated using the
mileage profile of each EV. This study is focused on planning optimization; therefore, it is assumed
that EVs return with minimum SOC at the return time. This assumption will help to cope with the
worst-case scenario in the operation phase.

The cost of the network for optimal sizing of battery and converter is decomposed into three types,
i.e., cost of trading power with the grid, penalty cost for buying power during peak intervals, and
cost of ESS (battery, converter, and other devices). The annual power trading cost is determined by
considering the hourly market price signals and the amount of power traded by the charging station
with the grid. Similarly, the penalty cost is determined by considering daily peak load intervals for an
entire year. Finally, the cost of ESS is determined by annualizing the total investment and operation
cost of the ESS. The annual interest rates and lifetime of different components are utilized to determine
the annualized cost of the ESS.
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Figure 2. Proposed method for simultaneous sizing of ESS and converter.

The optimization algorithm determines the optimal size of the battery and the converter considering
the three types of costs mentioned above. The objective of the optimization is to minimize the total
cost of the charging station by suggesting an optimally sized battery along with an optimally sized
converter. Simultaneous optimization of battery and converter ratings can reduce the cost of the
network, which will be analyzed in the simulations section. The detailed mathematical formulation of
all the three costs is presented in the following section.

3. Mathematical Modeling

3.1. Modeling of Charging Station Load

In order to determine the interval-wise load of the fast-charging station, the load of individual
EVs is determined first. Then, the load of individual EVs is accumulated to estimate the load of the
entire charging station. The probability of returning an EV to the charging station at time t is taken as a
random variable (f()). Similar to [16,17], it is assumed that this random variable follows a normal
distribution function as given by Equation (1). The power demand of an EV at time t can be computed
by using Equation (2), where At represents time interval in hours. In Equation (2), PV represents the
charging level of EV in kW. Similarly, f(t) represents the probability of the return of an EV at time ¢
to the charging station. Finally, S(t) represents the probability of requiring a recharge by an EV on
a particular day at its arrival interval t. As noted in [18], private vehicles only need to be recharged
once in 2 days while commercial EVs need to be recharged on all working days. The same results
have been obtained in this study by analyzing the daily commuting miles of vehicles [18] according to
their usage purpose in Korea. Therefore, Equation (3) implies that commercial EVs need to be charged
on all the working days. Equation (4) represents that private EVs need to be charged on alternated
days. Equation (5) can be utilized to compute the load of the charging station at each time interval by
summing loads of individual EVs registered with that particular charging station.

It can be observed from Figure 3 that the system peak load and the second peak of vehicles
commuting are during the same intervals. The second commuting peak implies the returning of
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vehicles from work to their homes. EVs will start charging after returning to their respective homes,
which may result in an increase in the peak load of the system, if not managed. Therefore, the
utilization of ESS is inevitable to shave the additional load introduced due to the charging of EVs in
their residential areas. The detailed mathematical model for optimal sizing of ESS and converter is
discussed in the following paragraph.
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Figure 3. (a) Korean power system load profiles on a typical summer weekday and a holiday; (b) daily
commuting profile of vehicles in Korea in 2018.

3.2. Modeling for Simultaneous Sizing of ESS and Converter

In order to determine the optimal size of the battery and the attached converter, the annualized
cost of ESS, the cost for trading power with the grid, and the penalty cost for buying power during peak
intervals are considered. The optimization problem along with the corresponding objective function
and constraints is described below.

3.2.1. Objective Function

The objective of this problem formulation is to minimize the annualized cost of the operator by
making a tradeoff between the cost of deploying ESS and the cost of buying power during peak hours.
The objective function is composed of three parts, i.e., yearly cost for trading power with the grid (C¢"™),
yearly penalty cost for buying power during peak intervals (C’*), and annualized ESS cost (CES),
as shown in Equation (6). The annual trading price is obtained by summing the amount of power
bought from the grid (pg:fy ) and amount of power sold to the grid (pfii”) for 1 year. Daily time-of-use

(TOU) price signals (PRg,I:y and PRgi” ) are used for T intervals and D days, as given by Equation (7).
Similarly, the yearly penalty cost is computed by summing the daily penalty cost for buying power
during peak price intervals, as given by (8). In Equation (8), ,;, and fp., respectively represent the
beginning and end of system peak intervals for day d. In Equation (8), Cgi” represents the penalty cost

for buying 1 kW of power from the grid during system peak hours. Due to this additional penalty cost,
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the optimization algorithm will size the battery and converter to minimize the buying power from the
grid during peak hours.

The cost of ESS can be divided into the cost of PCS (CPC5), cost of battery (Pf;rf ), the cost for balance
of plant (CBOP), and operation and maintenance cost (CO%&M) | The lifetime of different components in
the ESS (battery and PCS) are different; therefore, it is necessary to convert them into a similar scale [19].
Annualized cost is generally used in such cases, where the total cost is converted to annual cost by
considering the interest rates and lifetime of equipment [20,21]. Therefore, in this study, the annualized
cost of different components of the ESS is also considered. In order to compare the performance of the
proposed simultaneous sizing of the battery and converter with existing sizing methods, the objective
function (CES® part) is divided into three lines. The first line of (9) shows the ESS cost computation
method for the proposed method. It can be observed that the capacity of the converter (ng‘v) and
size of battery (P?:; ) are considered as two independent decision variables in this case. The second
line shows the ESS cost computation method used by [15] and is named the battery following method.
It can be observed that in this case, only the battery size is considered as a decision variable and the
size of the converter follows the size of the battery. The third line shows the ESS cost computation
method used by [14] and is named as the fixed capacity method. In this case, the size of the converter
is already known and the cost associated with the converter is a fixed value. This fixed cost will be
included in the total cost irrespective of the size of the battery (non-zero size). If the optimization
algorithm opts to not deploy any battery, then the converter is not required. In order to realize this
consideration, Equation (10) is formulated. In (10), uf”t
in the charging station. It implies that if a non-zero-sized battery is suggested by the optimization
algorithm, converter cost will be included in the total cost, otherwise it will be set to zero. In the
simulations section, the performance of all these methods is analyzed in terms of the total yearly cost

indicates the presence or absence of a battery

and investment cost of ESS.

Min (CGrid 4 Cpeak + CESS) (6)

D
Grid __ Buy _Buy Sell _ Sell
- _ZZPRdt pdt PRE pdet) (7)

t=tye

CPeak Z Z CPen. Buy (8)

1tt

yCUI’l‘U CPCS pConv yBat pBat (CBat + CBOP) + CO&M,- Proposed

cap
CESS — yPat P (CPCS + CBat 4 CBOP) + CO&M ; Battery following )
uf“t.yCO”U.C?gs + ybt P, (CB‘” + CBOP ) + CO&M; Fixed capacity
1 if PE >0
up® = (10)
0 else

3.2.2. Power Balancing Constraints

Equation (11) shows the constraint for balancing the power in the charging station. It implies
that the total energy inflow and outflow to/from the charging station should be balanced at each time
interval t. It can be observed from (11) that the EV load can be fulfilled by either buying power from
the grid or by discharging the battery or even both. This decision is based on the value of the objective
function corresponding to that action. Similarly, the battery can be charged by buying power from the
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grid and can be discharged to sell power back to the grid. The decision between buying and selling is
based on the TOU price signals, i.e., buying at low price intervals and selling at high price intervals.

S AR an

3.2.3. ESS and Converter Constraints

The final output of the optimization problem is the optimal size of the battery (Pf;rf) and the

optimal rating of the converter (ngpnv). The constraints related to the battery and the converter are
discussed in this section. The SOC of the battery is limited to a certain range to enhance the lifetime of
the battery, as given by (12). The maximum and minimum SOC bounds can be determined in terms of
the battery capacity by using (13). The SOC at any time interval t can be updated by using the SOC of
the previous interval and the amount of power charged/discharged at the current interval t, as given
by (14). The maximum amount of power, which can be charged or discharged at any time t is given by
Equations (15) and (16), respectively. Equations (17) and (18) imply the requirements for SOC at the
beginning of the scheduling horizon and end of each day, respectively. Equation (20) shows the C-rates
for charging and discharging of the battery, i.e., converter ratings. Equation (20) shows the range for
charging/discharging efficiencies of battery and SOC operation ranges.

P%i < ptSOC < Pyt VIt (12)

Poe, = a.Pliy, Pk, = B.PCG, 13)
BD

SOC () — pSOC 4 pBC pC _ Pr_. 1)

p - pt—l pt 1 T]DCR’
Poae = PpL

0< ptBC = (T]—C ; Wt (15)
BD SOC _ pB d.

0<p” < ((pP5° — Po))n's vt (16)

pSOC — pINIT i ¢ 1 )

pSOC — pINIT jf ¢ — T as)

e <t o

4. Simulation Results

In order to analyze the performance of the proposed method for optimal sizing of the battery
and converter in the fast EV charging station, numerical simulations are carried out in this section.
The scheduling horizon of the test system is 1 year and each day is divided into 48 time intervals, i.e.,
30-minute intervals. Simulations have been carried out in Java, NetBeans environment with integration
of IBM ILOG CPLEX 12.3 (Gentilly, France) [22].

4.1. Input Data

This study is focused on determining the optimal size of ESS (battery and converter) for a
residential apartment complex. Therefore, the daily mileage profile data of vehicles in Korea for the
year 2018 [18] are utilized to estimate the arrival time of EVs in a residential apartment complex.
The input data related to the total number of vehicles in the test system, ratio of private and commercial
vehicles, maximum and minimum ranges for ESS SOC, initial SOC and efficiency of the battery, and
other related parameters are shown in Table 1. In this section, these values are considered for comparing
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the performance of the proposed method with other existing methods. Sensitivity analysis of different
parameters that could impact the size of the battery or converter is discussed in the next section.

Due to the widespread adaptation and benefits of lithium-ion (Li-ion) batteries [19,23], the sizing
of Li-ion batteries-based ESS is considered in this study. However, the proposed method can be utilized
for the sizing of other types of batteries, if the annualized cost data is available. The parameters related
to the cost of ESS are also shown in Table 1. Per unit cost of battery and converter and annual operation
and maintenance cost for the year 2018 are taken from [19]. Similarly, per unit cost for the balance
of the plant for the year 2018 is taken from [24]. The annual interest rate of Korea is taken from [25],
and the lifetime of ESS components is taken from [26]. These parameters are utilized to compute the
annualized cost of the ESS. The market price signals are also taken as input data [27] and market price
signals for a typical working day and a holiday are shown in Figure 4.

Table 1. Input parameters related to charging station and energy storage system (ESS) cost.

Parameter Value Unit Parameter Value Unit Reference
Total EVs 200 - PCS cost 77,000 wlkw [24]
Commercial EVs 5 % Battery cost 229,900 W 1/kWh [24]
Private EVs 95 % O&M cost 18,700 wl [kW/yr [24]
Maximum SOC 90 % BOP cost 53,900 W 1/kWh [19]
Minimum SOC 10 % Interest rate 1.75 Y% [25]
Initial SOC 20 % Lifetime (battery, converter) 10, 15 years [26]
EV charger rating 40 kW Efficiency 90 % [26]

1 Korean Won.

——Buying price ——Selling price
E 150 E 130
b

£ 130 =

nMd ﬂMﬂ 110

<110 S

8 S 90

G 70 ool boosessess 2 70

§ 5AM 11 AM 5PM 11PM  5AM § 5AM 11 AM 5PM 11PM  5AM

Time of the day
Figure 4. Daily market price signal of typical days: (a) working day; (b) holiday.
4.2. Performance Comparison

In this section, the performance of the proposed simultaneous sizing method is compared with
two existing sizing approaches. The sizing approach utilized in [15] is named as a battery energy
storage system (BESS) only approach, where the capacity of the converter is assumed to be the same as
that of battery size. The approach utilized in [14] is named as the fixed converter capacity approach,
where a predetermined converter capacity is considered. Considering the optimal value of converter
capacity determined by the proposed approach, three cases are considered for the fixed converter
capacity approach to cover all possible cases. In these cases, the converter size is defined as 50, 500, and
1000 kW, respectively. The optimal ratings of the battery and the converter determined by the proposed
approach for the given system parameters (Figure 4 and Table 1) are 831 kWh and 68 kw, respectively.
The total yearly cost of the fast EV charging station and the investment cost for deploying ESS for all
the six cases are shown in Figure 5. In all the figures, M. KRW corresponds to Million Korean Won.
Similarly, the optimal sizes of the battery and converter determined by each case are shown in Figure 6.
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It can be observed from Figure 5a that in the BESS only case, small size battery is chosen due to
an increase in the investment cost with an increase in battery size. It is also evident from Figure 5b
that the investment cost of the BESS only case is higher than that of the proposed case, even though a
smaller size battery is deployed. Due to the small size of the battery, more power is bought during
peak intervals and correspondingly the buying cost is increased for the BESS only case, as shown in
Figure 7. Due to the increase in the investment cost and buying price, the total yearly cost of the BESS
only case is higher than that of the proposed method, as shown in Figure 5a. It implies that with the
same system parameters, the proposed method performs better than that of the BESS only case.
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a 2

90 S b
v <30
S 85 oy
S 320
8 £
s W H . B, m N - -
o0 D Q Q \ Q D> Q \ \
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Figure 7. Power buying amount and price for different sizing approaches: (a) price for buying power;
(b) amount of power bought during peak price intervals.

In the case of fixed-50, the investment cost of the ESS is reduced as compared to the proposed
method due to the smaller size converter. However, due to the small size converter, battery size is
also reduced. It results in an increase in power buying during peak intervals, which contracts the goal
for adding a battery in the fast charging station, i.e., peak shaving. Due to the higher buying price,
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the total yearly cost of the Fixed-50 case is much higher than that of the proposed method, Figure 5a.
It implies that in the case of Fixed-50, the converter is under-sized. In all the remaining cases (Fixed
100, Fixed-500, Fixed 1000), the investment cost increases due to the increase in converter size. In all
these three cases, the investment cost is higher than that of the proposed method even though the
battery size is the same as the proposed method. Due to the same battery size, the amount of power
bought during peak intervals and the buying price for all these three cases is the same as that of the
proposed method. However, the total yearly cost in all these cases is higher than that of the proposed
method. It implies that in all these three cases, the converter is over-sized.

Results comparison of the proposed and existing sizing approaches is presented in Table 2, where
the results of the proposed methods are taken as reference. It can be concluded from this comparison
that in the case of the BESS only method, the size of the battery is reduced due to the higher investment
cost of the converter which increases buying power and the yearly cost of the charging station by
about 5%. In the case of a fixed-size converter method, either the converter is oversized or undersized.
In both of these cases, the total yearly cost of the charging station is increased by a maximum of
about 6%. In the case of the undersized converter (Fixed 500 case), more power is bought during
peak intervals to fulfill the demand of EVs. This results in failure to shave the peak load. Similarly, in
the case of the over-sized converter (Fixed 500 and Fixed 1000 cases), the investment cost of the ESS
increases while the power bought during peak intervals is the same as the proposed method. It can be
concluded that the proposed method optimizes the total cost of the charging station by simultaneously
optimizing the size of the battery and converter.

Table 2. Comparison of proposed and existing sizing approaches.

Sizing Approach Total Cost Difference Peak Buy Difference
(Million KRW) (%) (MW) (%)
Proposed 122.26 0.00 13.34 0.00
BESS only 128.51 5.11 16.91 26.75
Fixed 50 129.12 5.61 39.83 198.55
Fixed 500 125.90 2.98 13.34 0.00
Fixed 1000 130.13 6.44 13.34 0.00

5. Discussion

The optimal size of the battery and converter determined in the previous section is subjected to
various uncertainties and parameters of the system. In this section, the impact of these parameters on
the size of the battery and converter is analyzed. The impact of these parameters on the investment
cost of ESS, cost for buying power from the grid, and the total yearly cost of the charging station are
analyzed. Especially, the impact of the number of EVs registered with the charging station, uncertainty
in return time of EVs to the charging station, the useable energy range of ESS, and the ratio between
commercial and private EVs in the fleet are analyzed.

5.1. Number of EVs

In this section, the number of EVs registered with the charging station is varied and four cases are
considered, i.e., the number of EVs is 50, 100, 200, and 500, respectively. However, the ratio between
commercial and private EVs is the same (5%) for all the cases. It can be observed from Figure 8a that
with an increase in the number of EVs, the battery size increases, as expected. However, it is interesting
to notice that converter size is not increasing in the same fashion, as shown in Figure 8b. This is due to
the higher number of charging (off-peak hours during night and dawn) and discharging (peak hours
during afternoon and evening) intervals. This observation supports our idea that battery size and
converter capacity are two independent variables and need to be sized simultaneously. Buying power
from the grid increases in an exponential way with an increase in the number of EVs, as shown in
Figure 8d, since it is uneconomical to increase the battery and converter size linearly with an increase
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in the number of EVs, which is also evident from Figure 8a,b. Therefore, more power is bought from
the grid to balance the power of the charging station during all the intervals. Due to the exponential
increase in the buying price, the total cost of the charging station also increases in an exponential way.
It implies that with an increase in the number of EVs, the cost of buying power from the grid is more
dominant as compared to the investment cost of the ESS. This is due to the difference in the load profile
of the charging station during different days. If the number of EVs is increased by a certain amount,
the optimization algorithm will opt to increase the size of the ESS, since the optimization algorithms
aim to find a tradeoff between buying power during peak intervals and increasing the size of the ESS.
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Figure 8. Impact of number of EVs on the results of the proposed method: (a) size of battery; (b)
capacity of converter; (c) total cost of charging station; (d) price for buying power.

5.2. Uncertainty in Return Time of EVs

In this section, the uncertainty in return time of EVs to the charging station is analyzed by
formulating four cases, where p and o represent the mean and standard deviation of return time. It can
be observed from Figure 9a,b that when all the vehicles return within the pu + o bound, bigger size
battery and correspondingly larger capacity converter is selected. This is due to the return of all the
vehicles during system peak intervals. With an increase in the arrival bound, the battery and converter
sizes decrease due to returning more EVs outside the peak intervals, i.e., power can be directly bought
from the grid. Similarly, the buying price also decreases due to buying more power during off-peak
intervals with wider returning bounds, as shown in Figure 9d. Due to smaller sizes of the battery and
converter, the investment cost of ESS also decreases with an increase in return bounds, as shown in
Figure 9c.

5.3. ESS Useable Energy Range

Overcharging and deep discharging have a direct impact on the life of the ESS, but the operators
can increase their benefit for a short time. Therefore, in this section, the impact of ESS useable energy
range on the size of the battery and converter is analyzed by considering four cases. It is interesting
to notice that with a decrease in the useable energy range (from 0 to 100-30 to 70), the battery and
converter sizes decrease. This is due to the inability to use a higher percentage of battery (100%, 80%,
60%, and 40%, respectively) while paying higher investment costs. Instead, the optimization algorithm
chooses to buy power from the grid to fulfill the load demand of EVs, even during system peak
intervals. It is also evident from Figure 10d that the amount of power bought during peak intervals
increases with a decrease in useable energy range. Similarly, the total cost of the charging station also
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increases with a decrease in the usage energy level due to the increase in buying power, especially
during peak intervals.
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Figure 9. Impact of arrival time uncertainty of EVs on the results of the proposed method: (a) size of
battery; (b) capacity of converter; (c) investment cost of ESS; (d) price for buying power.
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Figure 10. Impact of battery useable energy range on the results of the proposed method: (a) size of
battery; (b) capacity of converter; (c) total cost; (d) power bought during peak intervals.

5.4. Ratio Between Commercial and Private EV's

The load profile of the charging station is influenced by the number of commercial and private
EVs in the EV fleet. Commercial EVs need to be charged each day but they are not required to be
charged on holidays. However, private EVs need to charge on alternate days irrespective of working
or holidays. Therefore, in this section, the impact of the percentage of commercial and private EVs on
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battery size and converter capacity is analyzed. In this section, five cases are considered where the
value in each case implies the percentage of commercial vehicles. The percentage of private vehicles
can be obtained by subtracting the value from 100.

It can be observed that battery size decreases with an increase in the percentage of commercial
vehicles in the fleet while the size or converter increases, as shown in Figure 11a,b. It implies that more
frequent charging and discharging will be required due to the charging of commercial vehicles each
day. The buying prices also increase with an increase in the percentage of commercials vehicles due to
buying more power during all working days, as shown in Figure 11d. However, the investment cost
of ESS decreases with an increase in the percentage of commercial vehicles, as shown in Figure 11c.
This is due to the sharp reduction in battery size as compared to the increase in converter size and
buying power cost from the grid with an increase in the percentage of the commercial EVs.
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Figure 11. Impact of commercial to private EVs ratio on the results of the proposed method: (a) size of
battery; (b) capacity of converter; (c) investment cost; (d) price for buying power.

6. Conclusions

An optimization method for simultaneous sizing of the battery and converter for fast charging
stations is proposed in this paper. The performance of the proposed method is compared with
two commonly used sizing approaches, i.e., battery following and fixed-converter size approaches.
The major findings of this article are as follows.

e  The proposed method has reduced the yearly cost (investment and operation) of the fast charging
station by 5% in comparison with the battery following case. Similarly, cost reductions of up to
6% have been observed when compared with the fixed capacity converter case. In the case of the
fixed-converter method, the investment cost is lower in one case (Fixed 50) than the proposed
method. However, in that case, the amount of power bought during peak intervals has increased
by about 200%, which is against the objective of deploying ESS in fast charging stations.

e Ithasbeen observed from simulation results that the proposed method avoids under or oversizing
of the converter by sizing it simultaneously with the battery, which was the major drawback of
the existing methods.

e It has been observed that the size of the converter does not increase significantly with an increase
in the number of vehicles due to enough time for charging and discharging of the battery in the
case of charging stations. In addition, a direct relationship between the uncertainties in return
time of vehicles and the size of the battery and converter has been observed.

e It also has been observed that when the useable energy range of the battery is reduced, the
optimization algorithm chooses to buy directly from the grid while battery and converter sizes
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are reduced. This will result in the inability to reduce the peak load and is thus not suitable for
charging stations.

e  Finally, with an increase in the percentage of commercial vehicles in the fleet, the battery size
decreases while converter size increases. However, the reduction in battery size is more significant
and thus the investment cost reduces.

Various methods are available in the literature on optimal sizing of ESS for fast EV charging
stations. Methods for evaluating the optimality of determined sizes are required, especially for
rule-based methods, and it could be a valuable extension to this paper. Similarly, the evaluation of the
obtained results for different cases such as seasons of the year and public holidays is also required.
This would also be a valuable extension for this paper to analyze the determined sizes of the battery
and converter for various conditions of the year.
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Nomenclature

Identifiers and Binary Variable

d The identifier for a day, running from 1 to D.

t The identifier for a time interval, running from 1 to T.

v The identifier for electric vehicles, running from 1 to V.

tpb. tpe Identifiers for daily peak beginning and peak ending time intervals.

uf”” A binary variable for identifying the presence or absence of battery in the parking station.

U, o Mean and standard deviation of daily commuting profiles.

a, B Factors for determining the minimum and maximum operation range of ESS.

Parameters and Variable

pfz‘}/ p pfv Power required by vt vehicle and whole EV fleet at time t, respectively.

At, PV The time interval in hours and charging level of EV in kW, respectively.

f(t), S(t) Probability of return time of EV and probability of recharge required, respectively.

CGrid CPeak Cost for trading power and cost for buying power during peak period, respectively.

IS;S;yCEZSdZ I()Z:ist off fis air;d pir(;alt}llh};rice b;yin(ig };i(;we; du;inrgldpzzlf iiltfrvals,til‘jsijectively.
Budy't ISeHd’t ce for buying and selling powe u.g ayda . e,espec.ey.

Pat Pis Amount of power bought and sold during day d and time t, respectively.

ycono o Bat Cost recovery factor for converter and battery, respectively.

ngp””, PCB;; The capacity of the converter and size of the battery, respectively.

CPCS, cO&M Per unit cost of PCS and yearly operation & maintenance cost of the battery, respectively.

CBat, CBOP Per unit cost of battery and balance of plant, respectively.

pr , pfc Amount of power charger and discharged to/from the battery at t, respectively.

PSZ.;, phat. Lower and upper operation bound of battery SOC, respectively.

pf’oc SOC of battery at time t.

¢, n? Charging efficiency and discharging efficiency of the battery, respectively.

PINIT, p?oc Initial SOC and SOC at the end of each operation day, respectively.
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