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Abstract

Lithium-sulfur (Li-S) battery is a promising technology that can be
considered as an alternative energy storage system in automotive and
aerospace applications due to its higher energy density, safety and
potential lower price in mass production compared to the existing battery
technologies in the market. This paper investigates application of a new
prototype Li-S cell in an electric city bus using computer simulations.
For this purpose, MATLAB/Simulink software has been employed and
a vehicle model is built and simulated according to the specifications of
available electric buses in London city. An equivalent circuit model is
parameterized for the new Li-S cell based on experimental data. Battery
pack sizing is then performed by considering the maximum required
power and also the desirable energy stored in the pack based on the
Millbrook London Transport Bus (MLTB) driving cycle. Furthermore,
impact of the battery pack’s mass on the vehicle’s range is studied and
Li-S technology is compared with two commercial Li-ion batteries used
in existing electric buses in London city. The results demonstrate that
the proposed Li-S battery pack can fulfil the requirements of an electric
city bus in terms of power while achieving a considerable increase in
vehicle’s range with same weight of battery pack. However, Li-S cell
prototypes still suffer from limited cycling life that prevents this
technology to be commercialized for such an application at the time
being.

Keywords— lithium-sulfur cell; modelling; battery pack sizing;
simulation; electric bus
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Nomenclature
Ar Vehicle frontal equivalent area
a Vehicle acceleration
Cp Aerodynamic drag coefficient
Cp Battery/Cell polarization capacitance
Epatt Battery pack energy
Fp Aerodynamic drag force
Frr Road friction force
Frror Road total resistance force
Fe Road grade force
Fr Vehicle tractive force
f Rolling friction coefficient
Gpip Driver model transfer function
lamax_cett Maximum discharge current of cell
I Batter/Cell load current
Kp Differential control gain
K; Integral control gain
Kp Proportional control gain
m

MNmotor, max

Vehicle mass

Electric motor maximum speed

e

r_max

SOC
Vypehicle

Vyehiclemax
VO c

Vn_cell

Vp

Vi

Vwind

nr

Number of series cells

Number of parallel cells
Maximum required power
Vehicle tractive power

Vehicle wheel radius
Battery/Cell ohmic resistance
Battery/Cell polarization resistance
State of charge

Vehicle speed

Vehicle maximum speed
Battery/Cell open circuit voltage
Nominal voltage of cell
Battery/Cell polarization voltage
Battery/Cell terminal voltage
Wind speed

Transmission system efficiency
Road grade

Equivalent inertia coefficient

Air density



1 - Introduction

Vehicle electrification technologies have been intensively considered in automotive industry in the
past decades. Apart from the development needed in electric vehicle (EV) charging infrastructures,
most of the challenges in development of EVs are currently related to the battery technology. High
cost of batteries (Ehsani et al., 2018) which is expected to decrease in mass production in the
coming years (Nykvist and Nilsson, 2015) is an example of such challenges. Other concerns
regarding existing battery technologies, are vehicle range per one time battery charging, batteries’

lifetime, charging time, battery safety, and operational temperature (Fotouhi et al., 2016b).

Electrochemical batteries are currently the most advanced energy storage technology in the EV
market (Tie and Tan, 2013; Budde-Meiwes et al., 2013). Among different types of battery,
Lithium-ion (Li-ion) is the dominant technology due to its desirable characteristics such as high
energy and power densities, lack of memory effect, and low self-discharge (Budde-Meiwes et al.,
2013). Depending on their constituent materials, Li-ion batteries fall into various categories with
different performance characteristics (Fotouhi et al., 2016b; Battery University 2017). Although
Li-ion batteries offer good features for EV application (Itani et al., 2017), their energy density is
still limited to 200-250 Wh/kg (Fotouhi et al., 2016b). Figure 1 compares the energy density per
mass and volumetric energy density of the Lithium battery with those of other available battery

technologies.
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Figure 1: Energy density of various battery technologies (Stan et al., 2014)



To tackle this problem, other battery technologies are also under development such as lithium-air
(Budde-Meiwes et al., 2013) and Lithium-Sulfur (Li-S). Li-S battery technology is promising
mainly because of its superior energy density which can theoretically reach up to 500-600 Wh/kg
(Budde-Meiwes et al., 2013; Wild et al., 2015). Furthermore, the price of Li-S cell, due to
availability of sulfur and its low cost, would be potentially lower than that of Li-ion in mass
production. Currently, Li-S cell prototypes have reached a specific energy of 400 Wh/kg (Wild at
al., 2015) and volumetric energy density of 400-500 Wh/l (OXIS Energy, 2019:
https://oxisenergy.com/technology/). However, self-discharge and low cycle life are still two
undesirable features of this battery technology which arise as a result of capacity fade and cell

degradation (Wild at al., 2015).

Useful reviews on Li-S cells technology readiness and their applications are discussed by Fotouhi
at al. (2016b and 2017a) and Chen and Shaw (2014). The literature can be considered as two main
areas: (i) studies that are focused on Li-S cell material development (Hagen et al., 2014; Li et al.,
2016; Piwko et al., 2017) and electrochemical modelling (Hofmann et al., 2014; Ghaznavi and
Chen, 2014) and (i1) researches in which the applications of Li-S battery technology are
investigated (Propp et al., 2016 and 2017; Fotouhi et al., 2017b,c). Li-S battery has unique features
(positive and negative) that need to be addressed in further studies. For example, one of the issues
in the Li-S cell material optimization is related to the complex electrochemical reactions related to
the conversion of elemental sulfur (Sg) to the final reduction product that is lithium sulfide (Li,S)
as explained in (Wild et al., 2015; Walus et al., 2013). The charging reactions have also same level
of complexity where Li,S, and Li,S are converted to elemental sulfur (Walus et al., 2015) at the
end. On the other hand, Li-S cell is not easy to handle for battery management system (BMS)
because its states are not observable (due to the flat voltage curve) in a wide range of state-of-
charge (SOC) as investigated by Fotouhi et al. (2017c). However, the first versions of Li-S cell
SOC estimators are now available in the literature (Propp et al., 2017; Fotouhi et al., 2017c).

Looking at the literature, most of the researches around Li-S are focused on material development
and electrochemical modelling of the cell rather than the application side. There is a research gap
in the literature around investigation of Li-S cell’s performance under real working conditions.
Such studies can help electrochemist to develop more suitable cells which are tailored for each
application. In this study, application of a new prototype Li-S cell in an electric city bus is studied.

For this purpose, an electric bus with similar characteristics to an existing London city bus is



modelled and simulated under realistic driving conditions. Special attention is paid to the energy
storage system used in the existing buses (i.e. Li-ion battery pack) and investigation of replacing
them with a Li-S battery pack. For this purpose, design and sizing of the Li-S battery pack is
performed based on the maximum power demand and the desired stored energy (desired range).
As part of the EV modelling, a Li-S cell model is developed based on experimental laboratory tests

as presented in Section 3. The cell model is then used to size the battery pack in Section 4.

2 - Vehicle Model

In order to evaluate performance of a Li-S cell under real working condition in an electric city bus,
a vehicle simulation model is developed in this study. Three existing single decker London electric
bus models including Irizar 12e (Irizar 2015), BYD 10.8M (BYD Europe 2015), and Optare
Metrocity Bus (Optare Group 2017) have been considered. Due to the restrictions of having access
to the full set of data of the commercial electric buses from the manufacturers, a generic
vehicle model has been developed with similar features to current London electric buses (Gerald,
2016). The proposed model is built mainly based on the Irizar electric bus with specifications

presented in Table 1.

Table 1: Electric urban bus model parameters

Model Parameter Parameter Value Model Parameter Parameter Value
Air Density (p) 1.23 kg/m3 Aerodynamic Drag coefficient (Cp) O.68a(lG(;\())v;kéa;m ot
Frontal Equivalent Area (Af) 7.6 m2 Wind speed (Vying) 0 m/s
0.007 (European
Tyre & Rubber
Rolling Friction Coefficient (f) Manufacturers' Vehicle mass without battery (m) 13,000 kg
Association,
2012)

Equivalent Inertia Coefficient () 1.075 Transmission Efficiency (17) 0.97 2((1)31(4)1§CH
Vehicle Length 10,800 mm Vehicle Width 2,500 mm
Vehicle Height 3200 mm Vehicle Wheelbase 4,645 mm

. . C 36.6% / 63.4%
Vehicle Weight Distribution (Schoemaker, Wheel Diameter (275/70 R22.5) 944 mm
(Front/Rear)
2007)
Wheels Front Axle 2 Wheels Rear Axle 4
Road Gradient (6) 0




MATLAB/Simulink software is employed to model the vehicle’s powertrain system that is a two-
axle electric bus. Figure 2 illustrates schematic of the simulation model including battery, electric
motor and a constant-ratio gearbox. The model’s inputs are throttle and brake pedal signals (from
the driver model) and the model’s output is vehicle’s speed. More details of the proposed model

are explained in the following sections.
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Figure 2: Electric bus simulation model’s components

2.1 Driving Cycle and Driver Model

In order to simulate performance of the electric bus model with Li-S battery pack under real traffic
conditions, the concept of driving cycle has been employed. The Millbrook London Transport Bus
(MLTB) cycle (Barlow et al., 2009; Low Carbon Vehicle Partnership, 2018) is used in this study
because it represents the driving conditions in central London quite well. In the simulations, MLTB
cycle is used as the reference velocity profile. Furthermore, a driver model is designed to achieve
the desired speed profile during the simulations. The driver model is a closed-loop proportional
Integral Differential (PID) controller that works based on the error between the reference velocity
and the vehicle’s velocity as shown in Figure 3. The PID controller has the following transfer

function:

Gpip(s) = Kp +%+KDS "

where Kp, K; and Kp are controller’s gains which are tuned in a way to fulfil both maximum
overshoot and settling time criteria. Figure 4 illustrates the controller’s performance in response to
a step velocity input. As shown in the figure, the maximum 5% overshoot has been achieved within
around 1 second that is an acceptable settling time for this application since the drive cycle
frequency is 1 Hz. The controller’s gain values are presented in Table 2. Figure 5 compares the
reference and achieved velocity profiles using the proposed driver model over MLTB driving cycle
simulation case study. As shown in the figure, the driver model is able to effectively follow the

reference speed profile (i.e. drive cycle).
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Figure 3 : Reference velocity tracking using PID controller

Table 2: Driver PID model’s parameters

PID gain Value
K, 30
K 65
Kp 0

—Achieved Velocity
—Refference Velocity

0.5 1 1.5 2 25
Time (s)

Figure 4: Step response of the driver model
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Figure 5: Desired and achieved speeds comparison at MLTB driving cycle

2.2 Vehicle’s Longitudinal Dynamics

Vehicle’s longitudinal dynamics is modelled by considering the following resistance forces
presented in equations (2)-(5), where equation (2) describes the aerodynamic drag force and
equations (3) and (4) show the friction and road grade forces respectively. The parameter, V vehicle,
is the vehicle’s speed and the other parameters are as previously introduced in Table 1. The road

total resistance force is then given by equation (5).

1
Fp = EPCDAf(vvehicle + vwind)z (2)
Frr = fmg cos(6) (3)
Fg = mg sin(0) (4)
Frror = Fp + Frgp + Fp (5)

Considering the vehicle’s tractive force (Fr) and the road total resistant force, vehicle’s acceleration
is calculated as follows:

Fr — Frror (6)

Fr—F =(m+my,)a=édma ; a=
T rror = ( e) sm

where m and m,, are vehicle mass and rotating inertia equivalent mass respectively. The vehicle’s tractive

force is also obtained using equations (7) and (8) in which P; is the tractive power or the brake



regenerative power, 7r is the transmission system’s efficiency, and Pgp/gen 18 the electric

motor/Generator’s output power.

P
Fp=—T (7)
VUyehicle
Pr/reg = N1 PEm/Gen (8)

2.3 Electric Motor and Transmission System

The transmission system provides a constant gear ratio between the electric motor and the driven
axle. The gear ratio selection depends on the electric motor’s specifications and the vehicle’s speed
range. The electric motor that is used in this application is REMY’s HVH410-150-DOM, offered
by the company REMY International which is acquired by BorgWarner company in 2015
(BorgWarner, 2016). Specifications of the motor are presented in Table 3 along with the motor
efficiency map that is shown in Figure 6 and the torque-speed motor curve displayed in Figure 7.
Since the electric bus is expected to be used in urban traffic condition, the maximum vehicle’s
required speed is assumed to be 98.6 km/h according to the MLTB driving cycle. Consequently,

the transmission ratio is calculated to be 10.8 using Equation (9).

m) _ Nimotor,max * 2-m- RW Lo Niotor,max * 2-m- RW (9)

- B ]
60 -1 60 - VUyehicle,max

vvehicle,max ( S

Table 3: Electric motor REMY HVH410-150-DOM main parameters (Remy International — BorgWarner, 2012)

Motor Parameter Value Motor Parameter Value
Peak Power 295 kW Peak Motor Torque 1,700 Nm
Motor Speed Range (n) 0-6,000 min-! DC Voltage Input Range 200-700 V
Motor Mass 148 kg Motor Rotational Inertia 1.09 kgm™
Peak Motor Current 480 Arms Transmission Gear Ratio (i) 10.8
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Figure 6: Electric motor REMY HVH410-150-DOM efficiency map (Remy International 2012)
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Figure 7: Electric motor REMY HVH410-150-DOM motor torque and speed curves (Remy International 2012)

Regenerative braking strategy is a serial type with the blending control scheme as presented in
(Chen, 2018). According to this braking strategy, for low torque demands, the braking torque is

entirely provided by the electric motor (generator) and the regenerated energy is limited by the

11



battery maximum charge current. For higher torque demands, the friction brake is also activated in

conjunction with the regenerative brake system (Chen, 2018; Varocky, 2011).

3 - Li-S Cell Modelling

As mentioned before, feasibility of employing a new Li-S prototype cell in an electric bus is
investigated in this study. Specifications of the prototype cell, provided by OXIS Energy (2018),
is presented in Table 4. For Li-S cell model parameterization, a formal ‘system identification’
technique is used including three main parts: 1) model structure selection, 2) experimental test, and

3) Fitting the model into test data.

An equivalent circuit network (ECN) model, called Thevenin model, is employed as the model
structure shown in Figure 8. ECN modelling technique is a common approach to simulate cell’s
performance in the literature. With less complexity comparing to electrochemical models, ECN
cell models have been used in a wide range of applications (Fotouhi et al., 2016a). In the model
shown in Figure 8, V; is terminal voltage, Vg 1s open circuit voltage, Ry is ohmic resistance, Rp
and Cp are equivalent polarization resistance and capacitance respectively. Differential equations
of such a model are presented in equation (10):

Vt = VOC _RO'IL - VP

dVp 1 1 (10)
— = Vp+—1
dt RpCp © * Cp t

Table 4: Specifications of prototype Li-S pouch cell

Parameter Value
Capacity 19 (Ah)
Nominal voltage 2.15 (V)
Cell mass 141 (g)
Maximum voltage 2.6 (V)
Minimum voltage 1.9 (V)
Maximum discharge rate 3C ~ 57 (A)
Maximum charge rate 0.25C ~4.75 (A)
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Figure 8: Equivalent circuit cell model (Thevenin model)

After choosing the model structure, the second part of the model identification process is
experimental test design. The experimental test setup used in this study is shown in Figure 9
including: (i) a power source/sink that applies a desirable current profile to the cell and measures
its terminal voltage, (i1) a thermal chamber to control the temperature during the test, and (iii)

wiring and the cell’s fixture that is an aluminium box.

Figure 10-(a) shows a mixed pulse discharge test which was used for Li-S cell model
parameterization in this study. Pulse tests are common in the literature to be used for cell
characterization. The pulse tests used in this study were designed based on the cell’s specifications
(i.e. maximum discharge current) and were intended to give data sets that allow the dynamics of
interest to be clearly seen. The test process contains consecutive discharge pulses applied to the Li-
S cell. Various discharge rates (i.e. 0.05C, 0.25C and 0.5C) are considered. Duration of each pulse
is 30 seconds and there is 120 seconds relaxation between each two consecutive pulses. The test
started at fully-charged state (2.6 V) and continued until the cell’s terminal voltage dropped below
the cut-off voltage (1.9 V) that means depleted state (0% SOC). Actually, this is an agreement to
consider 0% SOC when the open circuit voltage reaches to a minimum value called ‘cut-off
voltage’. This number is determined by the cell manufacturer to avoid cell damage during
discharging. In our test, because the discharge current is not high and we have considered enough
relaxation between pulses, the assumption of 0% SOC when the voltage hits to the cut-off voltage
can be true. However, it should be noted that there might still be a bit of energy inside the cell even

after reaching to that limit.

In addition to the pulse test, MLTB test is also performed on a single cell by scaling the current
demand to match to the single cell capabilities. Figure 10-(b) demonstrates current and terminal
voltage of the cell during that test. The result is showing that the prototype cell is performing quite

well under real operating condition too. In both tests, measurement data were collected at sampling

13



rate of 1 Hz. The measurements included time, current and the cell’s terminal voltage while

temperature was monitored to ensure that it is being kept constant at 20°C during the test.
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Figure 10 : Current profile and cell’s terminal voltage during (a) mixed pulse discharge test, (b) MLTB test

After model structure selection and experimental test design, the third part of the system
identification approach is to fit the model into the test data. For this purpose, the well-known
Prediction-Error Minimization (PEM) algorithm is used for cell model parameterization. The
identification algorithm minimizes the error between the ECN model’s prediction and the
measurement (experimental data). For this specific application where the cell’s parameters are
changing slowly with regard to SOC, the PEM algorithm is fast enough to identify this time-varying
model as discussed by Fotouhi et al. (2016a). Using the PEM algorithm and experimental data, the
parameters of the Thevenin model are obtained for the new Li-S prototype cell as shown in Figure
11. The cell model’s parameters are imported into MATLAB/Simulink simulation platform as
look-up tables to build a battery model for vehicle simulation case-studies in the following section.
In the simulation model, battery SOC is updated at each time step by using the coulomb-counting

technique that is the integration of current over time.
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Figure 11: Equivalent Circuit Network Li-S model parameters

4 - Li-S Battery Pack Sizing and Performance Analysis

The cell model developed in previous section, is used here to develop a battery pack simulation
model. A battery pack design process generally includes many different aspects such as designing
the cooling system, BMS, structure of the pack, connectors and wiring, etc. Here, the whole process
of battery pack design is not covered since it contains lots of discussions that are out of the
framework of this study. This work is only focused on battery pack sizing which means
determination of number of cells and their configuration in series or parallel connections. There
are assumptions used in the proposed battery pack model such as: (i) all cells are assumed to be
identical and they are fresh cells without any degradation, (ii) the effect of temperature gradient
inside the pack is neglected and all cells are assumed to work at a constant temperature controlled
by the BMS, (iii) the internal resistance of the connectors and wirings inside the pack is not

considered in the simulations. Using these assumptions, performance of the battery pack is quite
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similar to the individual cell but in a larger scale. This is an ‘ideal” scenario however, the authors

believe that those assumptions don’t affect the overall conclusion of this study.

Two separate approaches have been employed for sizing of the Li-S battery pack in electric bus
application. In the first approach, called ‘power-based sizing’, the battery pack size is determined
based on the maximum required power to run the EV over MLTB cycle. This approach is explained
in Section 4.1. In the second approach, called ‘energy-based sizing’, the battery pack size is
calculated based on the maximum stored energy in the battery that directly determines the range of
EV. In order to size the Li-S pack in this approach, the range of a couple of existing operational
electric buses in London city is considered as benchmark. The second approach is explained in

Section 4.2.

4.1 Power-based battery pack sizing

The reason for sizing based on power is to ensure achievement of the required maximum power
with minimum number of battery cells. At the same time, estimation of the vehicle range based on
this approach is the second goal. In order to size the Li-S battery pack based on the maximum
required power, called ‘power-based sizing’, EV model is simulated over the MLTB driving cycle.
Such a simulation case-study would give us the power demand signal that is expected to be
provided by the vehicle’s powertrain system. The battery pack can then be sized properly to provide

the required power by considering all the efficiencies, etc.

Although 140 kW seems to be sufficient for MLTB cycle, the real electric buses in the market are
a bit more powerful than that. For example, the Irizar 12e electric bus (Irizar, 2015), that is
operational in London city, has two 90 kW electric motors (180 kW in total). For this reason, the
Li-S battery pack is also sized based on 180 kW to meet the requirements of the existing Li-ion

battery packs used in the market.

In order to determine the number of cells in series, the battery voltage constraint is considered to
be below 700 V according to the electric motor and converter safety instructions (Remy
International — BorgWarner, 2012). Therefore, 269 Li-S cells are connected in series in the pack
by assuming 2.6 V as the maximum cell’s voltage. Having 269 cells in each circuit, the number of

parallel circuits (N,) is obtained as follows:
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Py max (11)

Ns . Vn,cell . Idmax,cell

Ny

where P, 4, 18 the maximum required power, N is the number of cells in series (i.e. 269), V}, o
is the single cell’s nominal voltage and I gy cens 1S the single cell’s maximum discharge current.
Table 5 presents the power-based Li-S battery pack sizing results. The result is showing that 5
parallel circuits (i.e. 1345 cells in total) would be sufficient to provide the maximum power of 180
kW in an electric city bus. Figure 13 illustrates the proposed battery pack’s SOC, current and
terminal voltage over repeating MLTB simulation case-study. The simulation is started from fully
charged state (SOC=100%) and it is continued until depleting the battery (zero SOC). There are
two different regions (plateaus) in Li-S voltage curve which are caused by different electrochemical
reactions taking place inside the cells: (i) high plateau from 100% charge to approximately 70%
(can change depending on temperature and discharge rate), and (i1) low plateau starting from the
break point around 70% until zero SOC. The Li-S battery pack’s voltage is quite stable over the
low plateau region which is a good feature in terms of easier matching of the other components
such as power electronics and electric motor. More discussions around the reasons of this unique

behaviour of the Li-S cell can be found in (Wild et al., 2015).

Table 5. Power-based Li-S battery pack sizing results

Parameter Value Parameter Value
Number of cells in series 269 Nominal Voltage 578V
Number of parallel circuits 5 Maximum Discharge Current 285 A
Battery pack’s energy 55 kWh Maximum Charge Current 24 A
Cells’ total mass in the pack 190 kg

Figure 12 demonstrates battery power demand in the electric bus model that is simulated over
MLTB driving cycle. As shown in the figure, the maximum required power in such a driving
scenario is under 140 kW which is well below the maximum power of the electric motor. On the
other hand, the negative power (that is limited to 14 kW) is due to energy regeneration during

braking. The limitation of negative power is due to battery capability to accept high charge current
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as mentioned in Table 4 (for a single cell) and by considering the battery configuration (269 cells

in series and 5 parallel strings).
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Figure 12: Battery power demand in electric bus model over MLTB driving cycle
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4.2 Energy-based battery pack sizing

In the second sizing approach, called energy-based sizing, the Li-S battery pack is expected to have
a certain amount of energy in kWh. According to the specifications of the Irizar electric bus (Irizar,
2015), the Li-ion battery pack that is used in that vehicle has 282 kWh energy on board when it is
fully charged. Assuming that the proposed Li-S battery pack should also have same amount of
energy to guarantee attaining the desired range, the number of parallel circuits (N,) is calculated
using equation (12).

_ Epate (12)
Ns -Vn,cell -Ccell

Ny

where E} ;¢ 1 the expected total energy (Wh) of the battery pack, N; is the number of cells in series
(calculated as explained in Section 4.1), C..y; 1s the capacity of each cell in Ah, and V,, .¢; 1s the
nominal voltage of a single cell. Table 6 contains the battery pack sizing results based on the
required stored energy criterion. The result is showing that 26 parallel circuits (i.e. 6994 cells in
total) would be sufficient to provide the required energy on board. An obvious outcome is that
sizing the pack based on required energy also guarantees the maximum power demand discussed
in Section 4.1. So in the following parts of this study, this energy-based sizing result is used. Figure
14 shows the proposed battery pack’s SOC, current and terminal voltage under the repeating MLTB
simulation case-study. The simulation is started from fully charged state (SOC=100%) and it is

continued until depleting the battery (zero SOC).

Table 6. Energy-based Li-S battery pack sizing results based on expected stored energy

Parameter Value Parameter Value
Number of cells in series 269 Nominal Voltage 578V
Number of parallel circuits 26 Maximum Discharge Current 1482 A

Battery pack’s energy 286 kWh Maximum Charge Current 124 A
Cells’ total mass in the pack 986 kg
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Figure 14: Battery response variables for the energy-based sizing

4.3 Comparative analysis

In Section 4.2, Li-S battery pack was sized to have same amount of energy comparing to an existing
Li-ion battery pack used in an electric bus. The simulation results demonstrated that the proposed
Li-S battery pack can provide sufficient power and energy for electric city bus application. Now
the question is what are the advantages/disadvantages of this new technology comparing to the
existing Li-ion technology? For this comparison, different features of the Li-S cell should be
considered such as energy density, power density, cycle life, cost, safety, etc. However, a
comprehensive investigation of all these features is out of the scope of this study. Our model-based
analysis can help us to investigate energy and power but not the other features. Li-S cell’s cycle

life, cost and safety will be briefly mentioned later based on the literature.

Cell’s energy density directly affects the total mass of the battery pack that is a key factor in EV
design. It can affect not only the vehicle longitudinal dynamics and range, but also the vehicle’s
ride quality and stability (Crolla and Cao, 2012). In this study, impact of the battery pack’s mass
on EV range is investigated using the proposed simulation model. For this purpose, a sensitivity
analysis is conducted and the vehicle’s range is calculated as a function of the battery pack’s mass.

Two existing Li-ion battery types including Lithium Iron Phosphate (LiFePO4) and Lithium Nickel

21



Manganese Cobalt Oxide (LiNiMnCoO2 or NMC) have been considered as benchmarks to be
compared with Li-S. The reason of choosing those Li-ion batteries is that both of them are currently
used in electric buses in London city (BYD Europe, 2015; Optare Group Ltd., 2017). Specifications

of these two Li-ion cells are presented in Table 7.

Table 7: Li-ion cells’ specifications (AA Portable Power Corp, 2012)

) AA Portable Power Corp
Cell Feature Headway LiFePO4 10Ah Cell .
LiNiMnCoO: 10Ah Cell
Nominal Voltage 32V 37V
Minimum /Maximum 20V/36V 275V 42V
Voltage
Capacity 10 Ah 10 Ah
38 mm (diameter), 170 x 60 x 11 mm
Geometry . .
132 mm (length) (length x width x thickness)
Mass 330 g 200 g
Energy Density 105 Wh/kg 185 Wh/kg
Maximum Discharge 100 A (Peak 150 A) 100 A
Current
Maximum Charge Current 30 A 10 A
Cycle Life 1500 cycles 500 cycles

Figure 15 illustrates sensitivity of the electric bus range to battery pack’s mass over repeating
MLTB cycle. In this comparative study, all battery packs have same amount of energy (kWh) but
they are different in weight due to the difference in cell’s energy densities. The weight of BMS
components, connectors and wirings, battery pack’s case, etc., is also considered by multiplying a
modification factor of 1.75 to convert cells” weight to battery pack’s weight. It should be noted that
this modification factor can change from a pack manufacturer to another, or from cell to cell. For
example, a bit higher value is reported for Nissan LEAF (Qnovo, 2015). In this study, we have
considered a fixed number for fair comparison. According to Figure 15, the vehicle’s range has
increased 8% and 21% using Li-S battery pack in comparison with LiNiMnCoO> and LiFeOq
batteries respectively. This range augmentation has been achieved just as a result of the vehicle’s

mass reduction due to the battery pack lightweighting.

In another analysis, the vehicle’s range is investigated when the Li-ion battery pack is replaced by

a same-weight Li-S battery pack. In this analysis, Li-S battery pack is sized to have the same weight
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as LiNiMnCoO:> and LiFeOq battery packs. This means that we can now have a bigger Li-S battery
pack comparing to the previous analysis where the energy (kWh) of the packs were same. Same-
weight battery pack sizing is a correct assumption when there is no volume limitation. This is not
definitely possible in a compact car however, might be possible in an electric bus or truck where
we have more space. Figure 16 compares the vehicle’s range using three different battery packs:
(i) original Li-S pack that guarantees the minimum range by providing 286 kWh energy as
explained in Section 4.2, (ii) a modified Li-S pack that is sized to have same weight as the existing
LiNiMnCoO: battery pack, and (iii) a modified Li-S pack that is sized to have same weight as the
existing LiFeO4 battery pack. As shown in the figure, the vehicle’s range increases drastically when

the Li-ion battery packs are replaced by their mass-equivalent Li-S packs.
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Figure 15: Sensitivity of the electric bus range to battery pack’s mass over repeating MLTB cycle — all battery
packs have same amount of energy (kWh) but they are different in weight
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Figure 16: Electric bus range over repeating MLTB cycle — all battery packs are built from Li-S cell but they are
different in size and energy (kWh)

Although our model-based investigations demonstrate a significant improvement in vehicle’s range
when using Li-S technology in an electric city bus, other aspects of this technology should be also
considered. Energy density, as one of the main advantages of Li-S battery technology, is quite
promising. Battery lightweighting can bring lots of benefit in energy conservation. On the other
hand, Li-S is not as good as Li-ion in terms of power density. As an example for comparison, power
density of the carbon coated LiFePO4 (C-LFP) is around 3.3 kW/kg at 30°C (Hwang et al. 2017)
whereas it is around 800 W/kg for the Li-S prototype cell that is used in this study. However, our
simulation results demonstrate that providing the maximum power demand in an electric city bus
application wouldn’t be an issue for the Li-S battery pack. In terms of the cost, an exact number is
not available since the existing Li-S cells are all hand-made prototypes however, Li-S cell’s price
is expected to be less than the existing Li-ion cells in mass production due to availability of sulfur
(Fotouhi et al., 2017a; Hagen et al., 2015; Hunt et al., 2015). Safety is also an advantage of Li-S
battery technology in comparison to other competitors (Hagen et al., 2015; Hunt et al., 2015). On
the other hand, one of the disadvantages of Li-S cell is its limited charging rate in comparison with
Li-ion technologies in the market. This can affect the charging time and also regenerative braking.
However, this limitation is more important for constant charging rather than instantaneous charge
pulse due to regenerative braking (0.25C charge rate is currently suggested by the cell manufacturer

for constant charging but the limit is higher for short-time pulses). Slow EV overnight charging is
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the best way of charging even for Li-ion batteries by considering the cell degradation. Li-S would
be more sensitive to the charging pattern and the existing prototype cells can only accept this type
of charging. It should be also noted that the cells are under development and better specifications
are expected in the next generation of cells. Another main disadvantage of Li-S cell is its limited
cycle life in comparison to Li-ion cells. At the time being, Li-S prototype cells can reach to
hundreds of cycles whereas for Li-ion cells, this number is around 1000 to 2000 cycles (this number
is less for LiMn204). This might be manageable for space applications where the weight is quite
critical and less cycle life is needed. However, for automotive application, Li-S cells are still far

from the market’s requirements mainly because of the limited cycle life.

5 - Conclusions

In this study, suitability of a new Li-S cell for electric city bus application was investigated. A
vehicle powertrain system model was developed based on the specifications of existing electric
buses in London city. In order to build a Li-S battery pack model, experimental tests were
conducted on a single cell and an ECN cell model was parameterized. The Li-S battery pack was
then sized for the electric city bus application based on the single Li-S cell’s characteristics and
also powertrain system’s requirements. Two approaches were employed for battery pack sizing
based on the maximum required power and required energy (range) on MLTB driving cycle.
Simulation results demonstrated that the proposed Li-S battery pack can fulfil both the power and
energy requirements in an electric city bus. Furthermore, performance of the proposed electric bus
model that was equipped with Li-S battery was compared with two existing electric buses with
LiNiCoO:> and LiFeOs battery packs. According to the results, the vehicle’s range has increased
8% and 21% using Li-S battery pack in comparison with LiNiCoO2 and LiFeOs batteries
respectively just as a result of battery pack lightweighting. In our second analysis, modified Li-S
packs were sized to have same weight as the existing Li-ion battery packs. Those results
demonstrated that the vehicle’s range increases drastically when the Li-ion battery packs are
replaced by their mass-equivalent Li-S packs due to the high energy density of Li-S battery. On the
other hand, power density of Li-S is not as good as that for Li-ion. However, our results showed
that this limitation wouldn’t cause any issue in this particular application (i.e. electric city bus).
Regarding the other features of Li-S cell such as cost, safety and cycle life, the last one seems to

be the bottleneck at the time being. The existing Li-S prototype cells can reach to hundreds of
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cycles whereas for Li-ion cells, the cycle number is higher. This might be manageable for space
applications where the weight is quite critical and less cycle life is needed. However, for automotive
application, Li-S cells are still far from the market’s requirements mainly because of the limited

cycle life.

This paper had some novelties that we believe they can contribute to the existing literature. The
first novelty is about the stat-of-the-art Li-S cell that was used here. It is one of the latest versions
of Li-S cell that was received from one of the largest Li-S cell manufacturers in the world. So, the
results of this study can contribute to the literature by providing new test results. The second main
contribution of this study is the application that is an electric city bus. Such an application doesn’t
exist in the literature. We believe it would be useful for researches in this area to see how such a
new technology behaves under real driving condition; for example, how many of these cells are
necessary for that application, etc. We appreciate all the existing materials available in the literature
and we hope this study can contribute to those by presenting new results and outcomes. Of course,
this study will not be the last one in this area and more research studies are needed until making
Li-S technology ready for the market. It should also be mentioned that different Li-S cell prototypes
are under development and it is a promising technology with remarkable progress during last

decade.
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