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Abstract

The modern transportation and mobility sector is expected to encounter high penetration of Electric Vehicles (EVs) because EVs contribute to
reducing the harmful emissions from fossil fuel-powered vehicles. With the prospective growth of EVs, sufficient and convenient facilities for
fast charging are crucial toward satisfying the EVs' quick charging demand during their trip. Therefore, the Fast Electric Vehicle Charging
Stations (FECS) will be a similar role to gas stations. In this paper, we study a charging scheduling problem for the FECS with solar photovoltaic
(PV) and an Energy Storage System (ESS). We formulate an optimization problem that minimizes the operational costs of FECS. There are two
cost and one revenue terms that are buying cost from main grid power, ESS degradation cost, and revenue from the charging fee of the EVs.
Simulation results show that the proposed scheduling algorithm reduces the daily operational cost by effectively using solar PV and ESS.
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Index of number of fast chargers in the FECS

Index for time slot number

Duration of an individual time slot

Price of buying electricity from the main grid

ESS degradation cost

Price of charging an EV in a charging station

Power drawn from the main grid by the FECS in
timeslot t.

Minimum Power drawn from the main grid by the
FECS

Maximum Power drawn from the main grid by the
FECS

Solar power output in timeslot ¢

Maximum solar power output

Power required by the n-th charger to charge the EV
connected to it in timeslot t

EV charging power demand at the charger n in
timeslot t

Maximum EV charging power requirement at the
charger n

EV charging energy requirement at the charger n in
timeslot t

Maximum EV charging energy requirement at the
charger n

ESS charging power in timeslot ¢

Maximum ESS charging power

ESS discharging power in timeslot ¢

P***  Maximum ESS discharging power
St SoC of the ESS in timeslot ¢

Smin Minimum SoC of the ESS

§max Minimum SoC of the ESS

Nen Efficiency of the ESS charging

Na Efficiency of the ESS discharging
Nn Efficiency of the fast charger.

I Introduction

Historically, fossil fuels have been mainly used for the
transportation and mobility sector. Electric Vehicles (EVs) are
expected to produce magnificent changes in the transportation and
mobility sector. The gradual replacement of harmful emission
releasing from Internal Combustion Engine vehicles (ICEV) and the
integration of EVs at a large scale is considered not only as a
promising way to tackle the global warming but also as a solution to
the problem of accessibility and affordability of expensive fossil fuels
[1]. In this regard, many countries worldwide are looking forward to
elevating policies and incentives to speed up the integration of EVs
[2]. However, because there is not enough number of EVs fast-
charging facilities, EVs owners still have range anxiety resulting from
the EVs' short driving distance and the long waiting time at charging
stations [3]. With the growing penetration of EVs, a sufficient
number of fast-charging stations are needed to offer convenient
charging services and solve the range anxiety [4].

In recent years, EV charging infrastructure deployment
problems have received extensive research attention. It has mostly
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Fig. 1. FECS System Overview.

considered such as optimal placement and planning problem from
the feature of sitting and sizing of charging stations. In [4], the
authors designed an optimal charging network for charging service
providers with considering the time-varying and location-
dependent demands from vehicles and constraints of the power grid.
According to [5], an approach is presented for optimal placement
and sizing of the EV charging station to minimize the total cost
including station development and, electrification costs as well as EV
and electric grid energy loss cost due charging the EVs. In [6], the
authors have addressed the optimal planning of EV fast-charging
stations with a consideration of the interaction between the
transportation and electrical networks. A network of charging
stations equipped with an energy storage device and an allocation
scheme concerning power and customer routes have been
addressed in [7]. These researches have mainly approached the
optimization problems from the aspects of planning and sizing of
fast-charging stations.

Additional research has studied the cost optimization of the EV
charging station. In [8], the authors have explained the design
criteria for electric vehicle fast-charge infrastructure to supplement
the residential and public slow charging infrastructure while
covering the Flemish mobility needs. A work in [9] has expressed a
mixed-integer programming problem to minimize a cost for
photovoltaics (PV) powered EV charging station. In [10], the authors
have proposed a complex mixed integer linear problem for an
optimal EV charging method that minimizes the total cost of a
merchant-owned charging facility with multiple chargers. Under
[11], researchers have recommended a smart charging strategy for
EV charging stations to find a station that provides minimum
charging time, travel time and, charging cost. However, in these
researches, the power of the charging station is principally drawn
from the existing main grid, which incurs sharp demand charges.
The expected high penetration of EVs will raise electric demand that
can bring undesired impacts upon operation and voltage regulation
of distribution networks [12]. Previous researches have mainly
focused on the design and cost minimization of the charging station.
However, the EV charging scheduling problem with the main grid,
solar PV, and ESS has not been investigated much yet.

The main objective of EV charging stations is to maximize their
profits while meeting the EVs charging demand as soon as possible.
In this paper, we study a problem of an economic grid-connected fast
electric vehicle charging station (FECS) that has solar PV and an ESS.
To minimize the total daily operation cost of the FECS, it manages the
ESS and takes advantage of solar PV. Simulation results show that the
proposed scheduling algorithm decreases the daily operational cost
through using solar PV and ESS effectively.

The remaining of this paper is organized as follows. Section II
presents The FECS system overview. The detailed problem
formulation of the FECS power scheduling is in Section III. Section IV
provides case studies, results, and discussion, and then the
conclusion is in Section V.
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Il FECS System Model

We consider a FECS with N fast chargers, and it can
simultaneously charge up to N EVs. A typical FECS which consists
of the main grid, solar PV, and an ESS is illustrated in Fig. 1. The FECS
manages the ESS in such a way to charge and discharge its power
suitably to reduce the daily operational cost. In this paper, we
assume that one fast charger can serve at most one EV during a
timeslot t. When an EV arrives at the charging station, it is connected
to a fast charger if there is a vacant charger. The charging process
starts at the beginning of a timeslot t. The FECS purchase power from
the main grid or can use the solar PV output, and/or ESS to supply
the EV charging demand. The FECS buys the main grid power from
the utility company and, it receives a charging fee from EV owners.

We consider the operation horizon of one day, which is
segmented into T = 144 equal time slots of 10 minutes, denoted as
T ={1,2,---,T}. At every time slot ¢, FECS allocates the electrical
power from the main grid and solar PV and manage the ESS charging
and discharging power to meet the total EVs’ power demand. The
total power demand for the FECS during timeslot t is obtained from
the sum of the power demands at N fast chargers.

lll.  Problem Formulation

A. Objective Function

An objective function of the FECS is to minimize the daily
operational cost of the FECS with the decision variables X =
{Pt.g, Ply, P5}. The total operational cost of the FECS at timeslot ¢ is
expressed in Eq. (1) as

N
X; = C'PLy + CS(PL, + PY) — C¥ Z PE,VteT (1)

n=1

This operational cost consists of purchasing cost from the main
grid and the ESS degradation cost, and the revenue of FECS from the
charging fee. Therefore, the objective function is formulated as

Pt n,lréfn,Pf Z Xe (2)

B. Constraints

There are a number of constraints to guarantee that the
optimization problem can be applicable. We assume that EVs can
start charging only at the beginning of each timeslot t. In that regard,
a constraint on EV charging power applies on each timeslot when an
EV is charging. Otherwise, EV charging power is zero. At each
timeslot t, the power balance Eq. (3) for FECS is expressed as

N
Z Bt < (Blg + PYy — Ply + PY),VEET 3)

n=1

EVs charging demand, the power supply from the main grid,
and the solar PV have the following constraints,

0<El,n,<ENWVteT (4)
pr = Feon oo 5)
ev,n At ’
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0<P,,<PRY¥VYteT (6)
Pt
pt="2" vteT )
n
PIin < Phy < PIUVtET (8)

When an EV arrives at a FECS to charge, its demand is bounded
as shown in Eq. (4). Eq. (5) denotes EV charging requirement in a
unit of watts. In Eq. (6), the power demand by the EV at the n-th
charger is bounded between 0 and P;;%*. Eq. (7) represents the
actual power delivered to the EV at ¢t through charger n. According to
Eq. (8), the power purchased from the main grid is bounded. Note
that it is assumed that, in this work, FECS cannot sell its power to the
main grid, i.e, Ppat = 0.

0< Pl <PR™* vteT 9)

0<P.<PPM*vteT (10)
t t—-1 t PI;

St=S"14+nuPYH —— VteT (11)
Na

smin < gt < §max yt e T (12)

§t=0 =§=T yt,TET (13)

Constraints Eq. (9)-(13) represent the ESS model in this work.
Constraints Eq. (9) and Eq. (10) represent ESS charging and
discharging boundaries. State of charge (SoC) of the ESS is presented
in Eq. (11), and it should be bounded between S™" and S™% at
any t of Eq. (12). Constraint Eq. (13) ensures that the initial ESS
storage level is equal to the ESS storage level at the end of the day.

C. Optimization Problem

The FECS coordinates the power scheduling and ESS charging
and discharging scheduling to minimize the total operational cost
while supplying EV charging demand. Our objective function
includes the cost of buying power from the main grid, ESS
degradation cost, and the revenue from charging the EVs. The
optimization problem is formulated as

min X,
PhgPenPg Z ¢ (14)

subject to Eq. (3)-(13).

IV. The Results discussion

In this section, we will evaluate the performance of the
proposed optimization framework for FECS. We solve this
optimization problem using CPLEX integrated with AMPL. The
sensitivity analysis according to the solar PV size is also evaluated.

A. Case Study Parameters

We consider a FECS with solar PV and an ESS. The solar PV
output data is obtained from [13]. It is assumed that the daily EV
charging demand follows the distribution of vehicle trips. From the
summary of travel trends of the 2017 National Household Travel

TABLE 1
FECS Simulation Parameters
Parameter Value
Number of chargers N=3
Scheduling time t ={1,2,..,144} timeslots
Time interval At =10 min
ESS capacity Smax = 300 kWh
ESS charging/discharging power ~ P%* = P} = 75 kW
ESS efficiency Nen = Mg = 0.95
ESS degradation price C* =$0.01
Main grid power limit pmin = 0, pma* = 360 kW
Solar system capacity B4 = 175 kW
Charger power rate Prate = 120 kW

TABLE 2
SDGE Time of Use Pricing Rate in Summer
Time Price [$/kWh]
On-peak 16:00- 21:00 0.37774
06:00-16:00
Off-peak 21:00- 00:00 0.29171
Super Off-peak  00:00- 06:00 0.21364

survey [14], we choose two scenarios: commute and errand
distribution trips. We assume that the solar PV output and EV
charging demand can be forecasted with reasonable accuracy at the
start of a day.

Because FECS is not a parking lot, it is assumed that EVs visit
FECS for only a quick charge and continue its trip. In addition to that,
EVs can charge up to 20 kWh within 10 minutes’ period. Initial SoC
for the ESS at FECS is 30 kWh. Other detailed parameters for FECS
are presented in TABLE L.

B. Pricing Structure

To determine the cost of energy from the main grid, we choose
a Time of Use (ToU) pricing plan in summer by San Diego Gas &
Electric (SDGE) [15]. The detailed tariff is listed in TABLE 2.
Moreover, we set the electricity price of EV charging ata FECS as 0.33
$/kWh [16].

C. Simulation Results

The scheduling results for the proposed scheme with the
distributions of commute and errand trips are illustrated in Figs. 2
and 3, respectively. EV charging demand for EVs in the commute
distribution trip shows two peaks: morning and evening as shown in
Fig. 2. In this case, during the night and early in the morning, FECS
takes advantage of the lowest-priced period to charge the ESS. From
06:00 to 10:00, ESS is sensible to the peak demand and increase of
the main grid power price as a result of discharging its power to
supply EVs demand. Throughout the daytime between 10:00 and
15:40, the EVs charging demand to FECS is provided by the solar PV.
Furthermore, the solar PV’s surplus energy goes to ESS. The energy
stored; discharges during the peak demand and the highest-priced
time.

Fig. 3 shows the case of a FECS serving EVs on errand
distribution trips. The errand distribution case has two peak
demands that occur during the daytime between 11:00 and 16:00.
Similar to the case of commute distribution trips, ESS charges at
night because of the cheap price of electricity. In this case, there is no
surplus from the solar PV. So there is none ESS charging during the
daytime. Later between 16:00 and 21:00, the ESS responded to the
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Fig. 2. Charging scheduling for a FECS with a solar PV (175 kW) and an
ESS (300 kWh). EVs charging power demand follows a distribution
of vehicle on the commute trip.
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Fig.3. Charging scheduling for a FECS with a solar PV (175 kW) and an
ESS (300 kWh). EVs charging power demand follows a distribution
of vehicles on the errand trip.

TABLE 3
Profits for FECS with Only Main Grid (MG), MG and ESS,
MG and Solar PV, and MG, solar PV, and ESS
MG MG &ESS MG&PV MG, PV&ESS

Scenario

[$] [$] [$] [$]
Commute trips ~ 130.45 315.04 2122.75 2617.45
Errand trips 241.94 426.53 2604.63 2788.68

on-peak period by discharging its power.

TABLE 3 illustrates the total operational profit for FECS. There
are four cases to compare: MG, MG & ESS, MG & PV, and MG, PV &
ESS.

Baseline (MG) Case: In this case, we considered a FECS, which uses
solely the main grid power to supply the EVs charging demand. The
profit of the FECS comes from the revenue of providing charging
service to EVs. The FECS which serves EVs on errand distribution
trips earns more compared to a FECS which serves EVs on commute
distribution trips although the two FECSs have the same EV charging
demand. It is because a big part of the EVs demand in the errand trip
is supplied with the mid-peak priced power while a FECS with
commute trip has a peak demand during the highest-price period.

MG & ESS Case: In this case, we considered a FECS which have an
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Fig. 4. Sensitivity of PV solar and ESS on the FECS daily operational gain.

ESS. The profit gain resulting from the installation of an ESS is
highest for a FECS with commute trips than a FECS with errand trips
cases. Compared to the baseline case, the gain of using ESS for FECS
with commute trips is 141.5% while the gain of using ESS for a FECS
which serves EVs on errand trips is 76.3%. It is because the FECS
with commute trips uses the ESS twice per day while that with
errand trip uses only once.

MG & PV Case: In this case, FECS has a solar PV but does not have
ESS. Both the FECS with either commute trips or errand trips have
significantly increased their profit compared to their baseline case.
Because the errand trip exhibits a high-power demand during the
day time where there is the highest power from solar PV, it has more
profit than the FECS with commute trips. In commute trips case, the
surplus energy around noon is wasted. As a result, the profit of a
FECS with an errand trip is about $ 500 higher than that of a FECS
with a commute trip.

MG, PV, & ESS Case: This case shows the best results. Compared to
the MG & PV case, the profit with commute trip increases much since
it uses ESS twice. However, still, the gain with an errand trip is higher
because of the same reason as the baseline case.

D. Sensitivity Analysis

In this section, we investigate the sensitivity of solar PV by
changing the capacity of the solar PV generator between 35 kW to
525 kW. The gain in Fig. 4 is relative compared to a baseline that is a
FECS without both solar PV and ESS. We compare the performances
of FECSs with solar PV and with or without ESS. As depicted in Fig.
4, the profit of FECS increases as the capacity of solar PV increases,
and ESS further increases the FECS’s profit.

Initially, the gain increases linearly with the capacity of solar
PV. However, when the solar power surplus starts to occur, FECS’s
gain increases logarithmically with the capacity of solar PV. The
changing point between linear and logarithm of the commute trip
occurs at smaller solar PV capacity than that of an errand trip
because the commute trip has less charging demand when the solar
PV output is at peak. During the logarithmically increasing period,
the gain from ESS on a commute trip is higher than that of an errand
trip. It is because ESS charging and discharging happen twice due to
the surplus around noon for the case of commute trips. The profit
gain in the commute trip is higher compared to the gain on an errand
trip since the baseline cost of commute trips is smaller than that of
an errand trip as shown in TABLE 3.
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V. Conclusion

Sustainable and efficient facilities for fast EV charging are
important for the widespread adoption of EVs. In this paper, we
studied the operational power scheduling problem for a fast EV
charging station (FECS) with solar PV and ESS. The objective of this
work is to minimize the total operational cost using solar PV and ESS.
We simulate with two case studies that EV charging demand follows
the distributions of vehicles on commute or errand trips. Simulation
results demonstrated the effectiveness of solar PV and ESS for the
FECS. According to the EV traffic distribution, the effect of PV solar
and ESS is different. Therefore, each FECSs need to consider their
capacities of PV and ESS to maximize its gain. In our future work, we
will consider the stochastic characteristics of EV charging demand
and develop a more robust scheduling problem for a FECS.
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