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Abstract

Fast-charging electric buses at bus end-stations can lead to high peak-demand charges for bus operators. A promising method to
reduce these peak-demand charges is combining the fast charging station (FCS) with a stationary energy storage unit (SES). This
work analyses the potential cost reduction for installing optimally-sized SES at bus FCS on a city scale for different levels of bus-
line electrification. Results show that the cost-reduction potential reduces with increasing levels of bus-line electrification. For a
case study based on the Singapore bus network, installing an SES at FCS can reduce the total costs by 1.8 % on average when 30 %
of the bus lines are electrified, while the average cost reduction in a fully electrified bus network is 0.4 %. A comparison of the
results with previous studies showed that the cost reduction potential is highly sensitive to the peak demand pricing method.
Keywords— stationary energy storage, peak shaving, electric public bus, city-scale simulation, optimal sizing

Nomenclature

CRF Cost-reduction factor.

Chat Annual discounted depreciation of the battery costs in
USD/year.

Cycac  Annual discounted depreciation of the DC/DC con-
verter costs in USD/year.

Cgemand  Annual demand cost in USD/year.

Cenergy  Annual energy cost in USD/year.

Ciot Annual discounted depreciation of all considered
costs in USD/year.

Ciu Annual discounted depreciation of the transformer
rectifier unit costs in USD/year.

Cr, Maximum C-rate for battery charging in 1/h.

Crq Maximum C-rate for battery discharging in 1/h.

Chat Battery specific costs in USD/kWh.

Cde/de Specific costs for the DC/DC converter in USD/kW.

Cdem Demand price in SGD/kW.

Cenergy  Electricity price in SGD/kWh.

Ctru Specific costs for the transformer rectifier unit in
USD/kVA.

Eva Storage capacity in kWh.

FECgy Number of full equivalent cycles of the battery in
cycle/day.

i Interest rate in %.

K Number of time intervals At in a month for the calcu-

lation of the demand charges.
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Mimax Maximum cycle life of the battery cell.

Pry Charging power of the SES in kW.

P Requested power from all the buses simultaneously
charging at a charging station in kW.

Pgriq Requested power from the grid at a charging station in
kW.

Piim Limit for the average power consumption in kW.

Pes.at Average power request at a charging station over a
fixed time interval At in kW.

Pgiga  Average power request from the grid over a fixed time
interval At in kW.

Aﬁfmh Maximum value of the average power consumption
within all time periods At in a month in kW.

q Capital recovery factor.

max Maximum shelf life of the battery cell.

Teol x Time in years until end of life from the component
x € {bat, tru, dc/dc} is reached.

At Time interval for the calculation of peak-power aver-
age in minutes.

Acronyms

BEB Battery electric bus.

BLEL Bus-line electrification level.

CRF  Cost-reduction factor.

FCS  Fast charging station.

FEL  Fleet electrification level.

SES  Stationary energy storage.

SOC  State of charge.

TRU  Transformer rectifier unit.
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1. Introduction

The transport sector faces numerous challenges including
fossil fuel dependency, emission of local pollutants and a low
energy efficiency. Electric vehicles offer a promising solution to
address these challenges [1]. Public transport buses are partic-
ularly well suited for electrification, due to their fixed operating
schedules and shared infrastructure [2]. Therefore, Singapore
has committed to replacing 100 % of its internal combustion
engine buses with electrified or hybrid buses by 2040 [3].

One major challenge for the electrification of the public bus
network arises from the necessary charging infrastructure. Pre-
vious studies have shown that charging buses at route end-
points, referred to as end-station charging, leads to lower op-
erating costs, since it enables a smaller vehicle battery to be
used compared with charging at the depot, and requires less
charging infrastructure compared with charging at individual
bus stops [4]. However, fast charging stations (FCS) at bus
termini cause a high intermittent power demand, which can
lead to high peak-demand electricity charges (also known as
demand charges or capacity charges), or may require expensive
grid reinforcements [5]. One study reported that the demand
charges for a 500 kW fast charger in Tallahassee, Florida made
up 75.2 £ 8.6 % of the total electricity bill [6]. Other studies
investigated the required grid reinforcement and found that the
impact is minor if only a small number of buses are electrified,
but may increase for higher electrification levels [7, 8].

One promising method to mitigate high peak-demand
charges and expensive grid reinforcements is to combine the
FCS with stationary energy storage (SES) [9, 10, 11]. This en-
ables the chargers to draw power from the SES instead of the
grid during high power demand phases in order to reduce the
peak load.

Numerous studies focused on optimising the configuration
and operation of SES for light passenger vehicle chargers
[12, 13, 14]. However, the dynamics of the charging demand of
light passenger vehicles are inherently different from the charg-
ing demand created by buses, since buses operate according to a
fixed schedule, resulting in a more regular charging load. More-
over, the heavy-duty operation of public buses results in higher
energy requirements per trip, while the available time and lo-
cations for recharging are limited. Consequently, the charging
load per charger is composed of sequences of high charging
power over short charging duration, leading to significant power
fluctuations when aggregated at the charging station level. Only
few publications focus on the use case of supporting fast charg-
ing electric buses at end-stations.

Ding et al. (2015) optimised the battery and transformer size
for an existing FCS with six 450 kW chargers in China, con-
cluding that installing an SES can reduce the total cost by
22.85 %. The implementation of a strategy that coordinates the
charging processes of the buses to reduce the total costs (coor-
dinated charging) had only a minor impact [15].

He et al. (2019) investigated the optimal deployment of FCS
for battery electric buses (BEB), minimising the total cost of ve-
hicle batteries, chargers, SES, and electricity demand charges.
The authors implemented their optimisation method for a bus

system with eight bus lines, and found that installing SES can
reduce the total system cost by 9.2 % [16].

Yan et al. (2018) studied the effect of implementing an SES
and coordinated charging for a single FCS in Beijing with
8 chargers. The authors used a prescient particle swarm opti-
misation to find the bus charging schedule that minimises the
peak power and optimally uses different electricity tariffs. The
battery size is optimised considering the cost for the battery,
the converter and the energy cost [17]. Results showed that in-
stalling an SES can reduce the system costs by 19.1 %. In a later
work, the authors investigate the optimal electric integration of
the SES in the charging station [18].

Wei et al. (2020) optimised the SES configuration for
catenary-free trams. Apart from a different energy-consump-
tion profile, the basic structure of the charging system does not
differ from that of a bus charging station. The authors analysed
the system cost of two different methods for integrating the SES
in the grid and three different SES technologies, concluding that
installing a battery-based SES (with a specific battery price of
1000 EUR/kWh) can reduce costs by 1.54 % compared to an
FCS without an SES [19].

Other studies investigated the feasibility of installing an
SES at bus charging stations or developed energy management
strategies for this use case, without optimising the size of the
SES [7, 20, 21, 22].

Although previous studies have shown the benefit of battery-
buffered end-station charging, the results are generally limited
to a single or small number of bus termini. Few studies (e.g.
[23, 24]) included the realistic modelling or analysis of the elec-
trification of a large-scale public bus network, including the
effects of sharing charging infrastructure between various bus
lines. These large-scale studies, however, did not include sta-
tionary storage considerations. Moreover, the electrification of
the public transport system of cities will be an ongoing process
happening in stages, yet different levels of bus line electrifica-
tion have not been considered in previous research.

This work evaluates the potential cost savings of installing
SES at bus charging stations for end-station charging buses. A
case study is conducted for the entire public bus network of
Singapore at different electrification levels using FCS power
demand data generated by a city-scale, agent-based simulation
[25]. To find the maximum attainable cost reduction, a pre-
scient algorithm decides when to charge and discharge the SES
and the SES configuration is optimised for each bus charging
station. The paper provides the following contributions:

e A novel approach to optimising configuration of an SES
supporting an FCS including the impact of battery ageing.

e An in-depth analysis of the impact of the system configu-
ration on the individual cost components, using a parame-
ter sensitivity analysis.

e A city-scale assessment of the economic potential of in-
stalling an SES at FCS for different bus line electrification
levels, based on a case study in Singapore.

The results can be used by transport planners as a ref-
erence for implementing end-station charging. The optimi-



sation algorithm and the charging demand profiles used for
the case study are available open-source and can be accessed
at the following repository: https://github.com/TUMFTM/
BatteryBufferedEndStationCharging.

2. Method

The economic potential of an FCS with SES is expressed by
a cost-reduction factor (CRF), given by Eq. (1), where Cyy de-
notes the annual discounted depreciation of all costs that are
affected by installing an SES in USD/year and Ey, denotes the
SES battery capacity. Cit(Evae = 0) therefore refers to the case
where no SES is installed.

CRF=1-— G 1)
Ciol(Epa = 0)

The SES supports all chargers of the charging station and is
integrated behind the distribution grid transformer, connected
to the direct current bus with a DC/DC converter as shown in
Fig. 1. This was found to be the optimal electric integration by
Yan et al. [18]. Only the cost components that are affected by
installing an SES are considered, given by Eq. (2), where Cpq
denotes the annual discounted depreciation of the battery, Cqc/dc
refers to the annual discounted depreciation of the additional
DC/DC converter for the SES, Cy, is the annual discounted de-
preciation of the transformer rectifier unit, Cepergy is the annual
energy cost and Cgemand the annual peak-demand cost.

Ctot = Cbal + Cdc/dc + Clru + Cenergy + Cdemand (2)

The battery cost is derived from the capacity of the SES mul-
tiplied by the specific battery cost at pack level as shown in
Eq. (3). To compare the investment cost with operating costs,
such as electricity cost, all investment costs are depreciated by
the annual capital recovery factor g. This factor takes the life-
time of the component #., and the rate of interest i for the in-
vestment into account, as given in Eq. 4.

Chat = Ebat Coat Gbat 3)

/ 1+'[scl,x
g = LD

= U1 iy 1 x € {bat,tru,dc/dc} (4)
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The time until the end of life of the battery 7o, b 1S calcu-
lated with a linear ageing model that superimposes calendar and
cyclic ageing, similar to [26]. First, the number of full equiva-
lent cycles occurring on a single day is calculated using Eq. (5),
where Py, (f) denotes the SES power. Subsequently, based on
the maximum shelf life #,,x and the maximum cycle life r,x
of the cell, the battery life is calculated using Eq. (6). The life-
time of the TRU and the DC/DC converter are assumed to be
independent of the SES operation and are therefore modelled
as constants.
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Figure 1: Integration of the SES, transformer rectifier unit, DC/DC converter
and the charger in the charging station.

Nmax fmax (6)

teol, bat =
Nmax + FECday Tmax

For the calculation of the yearly DC/DC converter cost, the
converters of the chargers are not considered, because they
are not influenced by installing an SES. It is assumed that the
DC/DC converter for the SES will be sized according to the
maximal power of the battery, calculated with the size Ey, and
the maximal C-rate. The cost for the DC/DC converter is calcu-
lated by Eq. (7), where Crq denotes the maximum C-rate during
discharge, Cr. is the maximum C-rate during charging, cdc/dc 1S
the specific cost in USD/kW and gqc/qc the capital recovery fac-
tor.

Cycac = max (Cry, Cre) Epa Cacide qdeyde @)

Eq. (8) gives the cost for the transformer rectifier unit, which
consists of a transformer and an AC/DC converter. The cost
depends on the maximum power Py that the components are
designed for, the specific price ¢, in USD/kVA and the capital
recovery factor gy,.

Ciu = Pyu Ciu Guru (8)

The energy cost is calculated based on the total energy taken
from the grid in one year (calculated as the integral of the power
drawn from the grid Pg;q(#)), multiplied by the energy price
Cenergy as given in Eq. (9).

lyear
Cenergy = cenergy]v Pgrid(t) dt (&)
0

In addition to the electricity consumption cost, industrial
consumers are charged with a peak-demand charge Cgemand-
The peak-demand charge is calculated based on the maximum
average power demand in a prescribed measurement period of
duration At within a month. The duration of the time period
is set by the distribution grid operator. Pgigac(k) is defined in
Eq. (10) as the average power demand for the k-th time period

of duration At in a month. The monthly peak demand P,An‘gmh is



defined in Eq. (11) as the maximum value of Pgg ai(k) among
the K time intervals in the month. Finally, in Eq. (12) the annual
peak-demand charge is calculated by multiplying the specific
demand cost cge, With the monthly peak demand pM

month*
1 kAt

Pgria.alk) = o Pgriq(t) dt (10)

t Jk-1at
P =, max (Paria (b)) (11)

12
Cdemand = Z Cdem Pﬁtﬂmh (12)
month=1

The power drawn from the grid Pg;4(#) depends on the charg-
ing station power demand P.s(¢) and the SES power Pp(?) as
shown in Eq. (13). By convention, Py,(?) is positive when the
battery charges, and negative when it discharges. For an FCS
without SES Py (1) = 0 and Pgia(t) = Pes(2).

Pgrid(t) = Pes(f) + Ppue(2) (13)

Given a power demand profile for the charging station P.(?),
the charging algorithm described in Fig. 2 calculates Ppy(?) by
deciding whether to charge or discharge the SES at every time
period. Different algorithms can be used for this purpose, rang-
ing from heuristic algorithms to stochastic algorithms that take
into account the probability of more buses arriving in the cur-
rent peak-shaving time period. This study uses a prescient al-
gorithm, which assumes that the charging algorithm has full
knowledge of the average charging demand of future incoming
buses for each interval At. The algorithm therefore represents a
best case scenario and gives an upper bound to the cost reduc-
tion that could be achieved by installing an SES with an FCS
for any SES control algorithm.

The algorithm uses a power limit Py, as a decision vari-
able in order to cap the average grid power demand Pgig
and thus reduce the peak-demand cost. For each time period
k, the average power demand requested by the charging sta-
tion P (k) is compared with Pyip,. If Pega(k) > Piim, the
SES supports the grid by discharging, in order to provide ad-
ditional power. When the average requested power drops be-
low the limit (Pesac(k) < Puim), the entire power requested by
the charging station is provided from the grid and the remain-
ing available power under the limit can be used to recharge the
SES. If the energy of the SES reaches the minimum State Of
Charge (SOC) level while P a(k) > Piim, the SES cannot
discharge further and the requested power is instead taken from
the grid. Furthermore, the battery power is limited by the max-
imum C-rate of the battery cells. If the power requested by the
charging algorithm cannot be provided by the SES due to these
constraint, the power difference is taken from the grid, resulting
in an increase of f’i‘omh and therefore higher demand charges.

Given the described input parameters, Epy, Plim and Peg(?),
the charging algorithm calculates Ppy(?), Pgria(f) and the SOC

Next time
period k

Discharge SES Charge SES

Ppat = -min(
Pcs,at = Plim »
Epat.Crg)

Ppat = min(
Plim - Pcs,at
Ebat-Cre)

Y

Figure 2: Flowchart of the charging algorithm.

curve as shown in Fig. 3. These curves are used to calculate
Ciot based on Eq. (3)-(12). The optimal cost Cy;, of installing
an SES at a charging station is obtained by minimising Cy, for

the two decision variables Eyy and Pjip, as given in Eq. (14).

C:ot = bn}n} Ctol (Ebat, Plim’ Pcs(t)) (14)
Using the Nelder-Mead optimisation method, new values of
Ey. and Py, are determined for each iteration until a conver-
gence criterion is reached. If the installation of an SES at a
charging station increases the total costs of the charging sta-
tion, Ep, converges to zero and Py, to the maximum of P(7).
In this case, no SES is installed at the respective charging sta-
tion and the CRF gives a value of zero.

3. Case study

To determine the economic potential of FCS with SES on a
city-scale level, the methodology presented in Sec. 2 is applied
in a case study of the public bus network in Singapore with the
parametrisation shown in Table 1. In Singapore, the demand
charge is calculated based on a contracted and an uncontracted
price. The latter applies if the requested demand exceeds the
contracted capacity and is calculated based on the averaging
time interval At= 30 minutes [27]. At charging stations with-
out an SES, the monthly peak demand Isfnlomh is considered as
contracted and priced with the contracted capacity charge. For
a charging station with SES, however, the contracted capacity
is set to the power limit determined by the optimisation, Pjip,.
When pﬁfmth exceeds the power limit, the uncontracted demand
charge is applied to the power demand above the contracted
capacity. The energy price for the electricity is based on the
annual average wholesale market price from 2019 [28].

The power demand profiles of bus charging stations are gen-
erated from city-scale simulations of the public bus system of
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Table 1: Constant parameters for the implementation of the case study

Parameter Value Unit Source
Interest rate 5 % [19]
Battery price (pack level) 112 USD/kWh [29]
TRU price 11.89 USD/kVA [18]
DC/DC converter price 74.29 USD/kW [18]
Lifetime TRU 20 year [18]
Lifetime DC/DC converter 8 year [18]

0.0983 SGD/kWh [28]
Contracted demand charge 8.90 SGD/kW [27]
Uncontracted dem. charge  13.35 SGD/kW [27]
Currency exchange rate 1.375 SGD/USD [29]

Electricity price

C-rate charge 2 C [30]
C-rate discharge 3 C [30]
Efficiency of the SES 90 % [31]
Min. SOC of the SES 10 % [18]
Max. SOC of the SES 90 % [18]
Max. calendaric life SES 15 year [26]

Max. cycle life SES 10,000 cycle [26]

Table 2: Bus-line electrification levels with corresponding fleet electrification
level

BLEL | 30% | 50% | 70% | 80% | 90% | 100 %
FEL 10% | 17% | 40% | 55% | 75% | 100 %
Singapore. Six scenarios are defined, whereby the percent-

age of bus lines that are fully electrified varies from 30 % to
100 %. In each scenario, the bus lines with a lower average
energy demand per trip are electrified first. This leads to a non-
linear relationship between the percentage of bus lines that are
electrified and the percentage of the bus fleet that needs to be
composed of BEB. Table 2 shows the fleet electrification levels
(FEL) used in this study for the different bus-line electrification
levels (BLEL).

Under the Land Transport Master Plan 2040, Singapore has
committed to having a bus fleet fully powered by cleaner en-
ergy sources, consisting of electric and hybrid vehicles, by the
year 2040 [3]. Therefore, the above mentioned electrification
scenarios will happen within the next 20 years. As 20 years is
within the lifetime of the transformer rectifier unit, this element
has to be designed for the highest power within the period. For
the case study in this work, the value of Py, for all scenarios is
therefore set independently of the electrification level by using
the highest peak power determined at BLEL 100.

The power demand curves for each FCS, were generated us-
ing the City Mobility Simulator (CityMoS), an agent-based,
discrete-event, traffic simulation platform under development
by research teams at TUMCREATE [32, 33]. This platform is
able to simulate sub-microscopic traffic with high performance
on large-scale road networks. A CityMoS extension models the
operation and charging behaviour of a fleet of public electric
buses [25].

Bus routes in the simulation are modelled as sequences of
road links between consecutive bus stops located on the road
network. For service trips, bus agents follow the bus route,
slowing down and stopping at each bus stop. The start or end
point of each bus route is defined as a bus terminus. At the
end of each service trip, the bus is parked in the terminus until
the next departure. Due to the limited parking capacity in bus
termini, buses are parked in bus depots while they are not in ser-
vice. Off-service trips arise from bus trips between termini and
depots without passengers and without following a bus route
nor stopping at bus stops. When termini have a low number
of available buses and upcoming departures require more buses
to be dispatched (for example, before and at the beginning of
peak hours), depots send buses to termini (pull-out trips). Con-
versely, when the number of buses inside termini is high (for
example, at the end of peak hours) and the parking capacity of
the terminus is insufficient, then buses will be put off service
and drive back to depots (pull-in trips).

The simulated bus scenarios are based on schedules from bus
lines in Singapore collected in February 2019 from the Land
Transport Authority’s open data portal [34]. After removing a
small number of special bus lines, the remaining count of trunk
and feeder bus lines is 450. Trip departure scheduling for each
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Figure 4: Map of Singapore with the location of fast-charging stations at bus
termini and their respective number of chargers for each electrification scenario.

bus route is based on the average headway between two consec-
utive departures derived from the collected bus route data. This
headway is expressed in minutes, and varies for each bus line
and for different time periods of the day (before AM peak; AM
peak; after AM peak; PM peak; after PM peak). The first and
last departure time of each bus route is also taken from the real
data set. In the simulated scenarios, the total bus fleet size was
set to 6681 buses. There are 43 termini and for each scenario,
five consecutive weekdays of bus operation were simulated.

The energy consumption of BEB is calculated using a lon-
gitudinal dynamics model, where the traction force to achieve
a desired acceleration and speed is computed at each time step
as a function of the air drag, rolling resistance, road inclina-
tion and inertial force. The mechanical power for the traction
force is provided by an electric powertrain chain, including ef-
ficiencies of the transmission gearbox, the electric motor and
the inverter drawing power from the bus battery. The tractive
force can be negative, for example while braking or driving on
a downward slope. In that case, some of the energy can be recu-
perated and used to recharge the battery. In addition, the energy
demand for air-conditioning is computed based on the time of
day and passenger occupancy.

After a trip, electric buses opportunistically recharge at
charging stations located in the bus termini and depots. In the
studied scenarios, these charging stations are equipped with fast
chargers with a nominal power per charging point of 450kW.
For each electrification scenario, the number of chargers in-
stalled at each charging station was set such that each charger
has a minimum utilisation factor of 10 % and each charging sta-
tion has at least two chargers. Fig. 4 shows how the number of
chargers increases with the BLEL at the FCS locations.

If a BEB has less than 80 % SOC after a trip, it attempts
to recharge immediately provided that a charger is available.
Otherwise it is placed in a waiting queue for charging. Once
the bus is sufficiently recharged, it leaves the charger and parks
in the bus terminus or depot until the next trip departure. After a
charger becomes available again, a bus from the waiting queue
(if any) is selected for charging. To model the time needed for

Table 3: Comparison of the yearly cost from the charging station at Kent Ridge
Terminal for BLEL = 50 %, with and without optimal SES

Charging station  Charging station Unit
without SES with opt. SES

Piim - 238 kW
Eva - 98 kWh
Tcol, bat - 10.9 year
Chat - 1338 USD/year
Cdc/dc - 3409 USD/year
Ciru 2524 2470 USD/year
Cenergy 69,443 69,622 USD/year
Clemand 25,150 18,507 USD/year
Ciot 97,117 95,346 USD/year

the previous bus to vacate the charging point and for the next
bus to take its place, the simulation imposes a delay of 2 min
between consecutive charging events at the same charger.

The total power demand of each charging station is computed
by summing up the instantaneous charging power of each of its
chargers, and is stored every 10 seconds. This results in 6 charg-
ing curves (one for each scenario) for each charging station at
a terminus over five consecutive days of bus operation. These
power curves are used as input for the power demand Ps(¢) de-
fined in Sec. 2.

4. Results

To illustrate the charging algorithm and the cost calculations,
the details for a single bus terminus and scenario are shown first
in Sec. 4.1. Subsequently in Sec. 4.2, the trade-offs involved in
the optimisation are shown with a parameter sensitivity study.
Finally, the potential cost reduction of installing an SES at an
FCS for all charging stations in each scenario is presented in
Sec. 4.3.

4.1. Peak shaving and cost reduction for a single charging sta-
tion

To illustrate the SES optimisation, the detailed results of the
charging station located at the Kent Ridge Terminal are pre-
sented for the electrification scenario BLEL = 50 %. The costs
of an FCS with an optimal-sized SES and without an SES are
compared in Table 3.

The total annual costs of the charging station can be reduced
from 97,117 USD/year to 95,346 USD/year (CRF = 1.8 %) with
an optimal-sized SES. The energy costs in both configurations
account for more than 71 % of the total costs. For the charging
station without SES, the demand costs make up 25.9 % of the
total costs, while installing an SES reduces the share of demand
costs to 19.4 % of the total costs. The battery cost increases the
total costs by 1.4 %.

Fig. 5 shows the operation of the fast charger and the SES
over the simulated period of five days. The top graph displays
the power demand curve along with the 30-minute average. The
resulting power curves for the grid and battery along with the
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Figure 5: Power curves and SOC of the SES of the charging station at Kent Ridge Terminal for BLEL = 50 %

30-minute average of the grid power are shown in the middle
graph. A negative value for the battery power indicates that
the SES is discharged to mitigate the peaks in the power de-
mand curve. The SES successfully lowers the peak-demand
charge by supporting the grid at times when the 30-minutes av-
erage power demand would exceed the power limit. The bot-
tom graph shows the corresponding SOC curve of the SES.
The daily differences in the minimum SOC stem from the daily
differences in the charging power curve P.(f). These differ-
ences are caused by the road traffic simulation, which considers
stochastic delays that affect the trip duration and arrival time of
buses at end-stations.

4.2. Parameter sensitivity analysis

A sensitivity analysis is conducted to assess the impact of
the SES capacity and the power limit on the different costs as
shown in Fig. 6. The orange dot marks the optimum configura-
tion of the SES. The orange line divides the plot between con-
figurations that exceed the power limit (bottom left) and con-
figurations that do not exceed it (upper right). All costs are
normalised to the total cost at the optimal configuration, C*.

The demand costs, Cgemand, decrease with the reduction of the
power limit, if the latter is not exceeded, as shown in Fig. 6a.
For low power limits with small SES, the minimum SOC is
reached and Py, is exceeded. The requested power P is
charged from the grid and thus the demand costs below the line
increase. Decreasing the battery size and power limit further
causes the power limit to be exceeded more frequently, thereby
increasing costs.

The energy cost increases for lower power limits, as shown
in Fig. 6b. A lower power limit leads to a higher utilisation of
the SES and, due to the efficiency losses while charging and
discharging the SES, leads to a higher energy consumption.

The cost for the SES increases with the capacity of the SES,
as shown in Fig. 6¢. Additionally, the implications of battery
ageing, calculated by eq. 3-6, can be seen. When the power
limit is lowered for a given SES capacity, the energy throughput
increases, increasing the number of full equivalent cycles. The
increase in full equivalent cycles reduces the battery life and
therefore increases the annual depreciation of the battery costs.
This relationship holds true for configurations where the SES is
not fully discharged, i.e. above the orange line in Fig. 6¢. For
fully discharged configurations the energy throughput does not
uniformly increase further for lower power limits.

Fig. 6d shows the total costs, depending on the capacity of the
SES and the power limit, for the selected charging station and
scenario. The dot lies above the line, indicating that the limit is
not exceeded at this terminus with the optimal configuration of
the SES.

4.3. Cost reduction of all charging stations under different sce-
narios

The economic potential of installing an FCS with SES was
analysed for 43 charging stations at bus termini under six elec-
trification levels. An Analysis of Variance (ANOVA) was con-
ducted and showed that the BLEL has a significant impact on
the CRF (F < p; F=9x107% p =0.05).

Fig. 7 shows the distribution of the CRF for all charging sta-
tions grouped by the different BLEL. The horizontal line inside
the boxes refers to the median, the cross (X) sign shows the
mean and the whiskers are set at the Sth and the 95th percentile.
The figure shows that the mean and median CRF decrease with
increasing BLEL. At BLEL 30, The CRF ranges from 0.1 % to
11.7 % with a mean of 1.8 %, while for a fully electrified bus
network (BLEL 100), the CRF ranges from 0 % to 1.6 % with a
mean of 0.4 %.
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Figure 6: Contour plots of (a) demand costs, (b) energy costs, (c) battery costs
and (d) total costs with the optimal configuration of the SES at Kent Ridge
Terminal for BLEL = 50 %
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Figure 7: Distributions of the CRF of 43 charging stations for 6 electrification
scenarios. (Box plot whiskers set at 5th and 95th percentile)
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Figure 8: Distribution of the CRF depending on the number of chargers per
charging station for all charging stations and electrification scenarios

To explain the variation of the CRF within BLEL scenarios,
Fig. 8 shows the CRF for all charging stations in all scenarios
as a function of the number of chargers at an FCS. The number
of chargers at an FCS for a given BLEL is determined by the
charger placement method and varies among termini, as shown
in Fig. 4. The highest CRF values occur at termini with few
chargers, since fewer bus lines end at these termini, leading to
a more sporadic charging demand and higher share of demand
costs in the total costs.

The effectiveness of reducing the peak-demand charges by
installing an SES is illustrated in Fig. 9. For charging stations
without SES, it can be seen that the share of demand costs de-
creases with increasing BLEL. This is explained by the increase
in total energy consumption of the bus fleet, which causes the
energy costs, Cenergy, 0 increase at a greater rate than the de-
mand costs, Cgemand, thus reducing the share of the latter in the
total costs. Consequently, the potential to reduce demand costs
is more limited at higher electrification levels, which explains
the lower CRF at higher BLEL seen in Fig. 7. At the lowest
BLEL considered in this work, the demand costs account for
16.1 % to 47.2 % of the total costs. With optimal sized SES,
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Figure 9: Distributions of the share of the demand costs within the total costs
with and without optimal SES for each electrification scenario. (Box plot
whiskers set at 5th and 95th percentile)

they decrease to less than 27.3 % for all charging stations. In
the fully electrified bus network of Singapore, the demand costs
account between 15.6 % and 20.0 % of the total costs without
SES and can be reduced to less than 17.9 % by installing SES.

5. Discussion

Previous studies that investigated the installation of SES
at bus FCS reported CRF values of 1.58 % [19], 9.2 % [16],
19.1 % [17] and 22.85 % [15] in case studies with few charg-
ers per charging station, which corresponds to low BLEL. The
low CRF of 1.58 % reported by Wei et al. can be explained by
the use of a battery specific cost of 1000 EUR/kWh, which is
an order of magnitude larger than the battery specific cost used
in this study, see Table 1. The CRF of the remaining studies
are higher than those obtained in this study at BLEL 30, which
range from 0.1 % to 11.7 %.

One factor that contributes to the difference in results is the
time interval used for calculating the average peak power de-
mand. While utilities in Singapore use a 30-minute time win-
dow to calculate peak-demand charges, previous literature in-
vestigated bus networks where peak-demand charges were ei-
ther based on a 15-minute time window, resulting in a CRF of
9.2 % [16], or on the maximum instantaneous power demand,
resulting in a CRF of 19.1 % and 22.85 % [15, 17].

To highlight the impact of At on the CRF, the optimisation
presented in this work is repeated for all FCS and BLEL using a
At of 15 minutes. The resulting CRF values are compared with
the previous results in Figure 10. For every BLEL scenario, the
CREF distributions calculated with the shorter time window are
higher. At BLEL 30 and At = 15 minutes the CRF ranges from
0.8 % to 14.4 %, which is in line with the value found by [16]
for the same time window.

With a reduction of the averaging time window, the impact of
short-term power peaks on the peak-demand charge increases,
leading to higher demand costs when no SES is installed at the
charging station. This increases the potential cost reduction that
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Figure 10: Distributions of the CRF of 43 charging stations for 6 electrification
scenarios, for At = 30 minutes and 15 minutes. (Box plot whiskers set at 5th
and 95th percentile)

can be achieved with an SES, resulting in higher CRF. Cal-
culating peak demand charges based on the maximum instan-
taneous power consequently results in the highest cost saving
potential. This shows that the pricing scheme used for peak-
demand charges has a large impact on the economic potential
of installing an SES with FCS.

The methodologies and the open-sourced code of this study
can be used to plan and calculate the economic potential of
FCS with SES in other settings. However, the following lim-
itations of the method should be considered. First, the current
implementation of the method does not limit the battery size
to discrete values. This means that the cost-optimal configu-
ration of the SES might not be available on the market, and a
customisation of the size might lead to increased battery costs.
Furthermore, the method evaluated the cost-reduction potential
for each BLEL separately (except for the dimensioning of the
transformer and AC/DC converter). When planning the con-
struction of FCS with SES, the potential increase of the electri-
fication level over the lifetime of the SES should be taken into
account. While a change in the SES size during the lifetime
introduces new costs, the power limit of the charging algorithm
can be adjusted as a software parameter to reflect new operating
conditions.

The presented method provides a range of opportunities for
future work. First, the method can be extended to investigate
the use of different storage technologies (e.g. supercapacitors),
bus networks (e.g. from other cities), energy sources (e.g. pho-
tovoltaic) and other charging strategies (e.g. overnight charg-
ing). Second, the method may be used to analyse the benefit
of more advanced charging algorithms for the SES, that for ex-
ample take the electricity price at the time of use into account.
Finally, when assuming flexible timing of the bus charging pro-
cess, the use of coordinated charging to reduce or extend the
opportunities of an SES could be investigated.



6. Conclusion

This work evaluated the economic benefits of combining
fast-charging stations at bus termini with an SES. A methodol-
ogy to minimise the costs of an SES for FCS was developed and
implemented for a city-scale case study, analysing 43 charging
stations at bus termini under 6 electrification level scenarios,
modelling the gradual electrification of 450 Singapore bus lines.

The case study showed that the share of demand charges in
the total costs of an FCS without an SES decreases with an in-
crease in bus-line electrification. As a result, the potential cost
reduction that can be achieved by installing an SES is higher for
low levels of bus-line electrification. The share of the demand
charges in the total cost of an FCS without SES may serve trans-
port operators as an indicator to decide if and where to install
SES.

Furthermore, a comparison with results from previous stud-
ies showed that the economic potential of installing an SES at
FCS is highly sensitive to the averaging duration At used for
calculating the monthly peak power demand. Therefore, the at-
tractiveness of installing SES with FCS depends on the billing
method used by the local grid operator to calculate demand
charges.
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