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Nomenclature

BEB Battery Electric Bus
APTA  American Public Transportation Association
HVAC Heating Ventilating and Air Conditioning

EV Electric Vehicle
SOC State of Charge
HP Heat Pump

COP Coefficient of Performance
EM Electric Machine

TCS Torque Control Strategy
RWD Rear Wheel Drive

BER Brake Energy Recovery

Abstract

With the announced plans to ban diesel in major European cities from 2025, battery-powered
electric buses (BEB) are attracting attention to replace diesel fleets, given their zero tailpipe
emissions. However, their large-scale deployment faces several challenges, namely the limited
driving range (DR) and the need for adequate charging infrastructure. The limited DR is due to
the lower battery specific energy compared to oil-based fuels. Also, the use of electric auxiliaries,
especially, air conditioning, reduces the DR further. The DR problem could be resolved either by
increasing the battery capacity, which increases the bus cost or by rightsizing the battery
alongside an adequate charging strategy to avoid schedule disruption. Therefore, this paper
presents a comprehensive energy modeling of a BEB using Dymola, encompassing the different
energy systems encountered in BEB. The proposed model serves as a platform to evaluate the bus
energy needs during its service to properly size the battery. A powertrain model is presented to
emulate the propulsion load. Then, a cabin model alongside a heating ventilating and air
conditioning system are developed emulating the thermal load. Finally, auxiliaries necessary for
the bus operation are modeled. The energy consumption of each system is assessed under several
operating conditions.

1. Introduction

The transport sector contributes almost to a quarter of the global Green House Gas (GHG)
emissions and is considered among the most polluting sectors in cities. The contribution of public
transportation is around 6%, and the global emissions resulting from heavy-duty vehicles (buses
and trucks combined) is expected to increase in the future, despite all improvements in fuel
consumption efficiency [1,2]. To that end, several countries are implementing measures for
adopting cleaner bus technologies to operate more environmentally-friendly, namely in urban
areas [3]. BEB technologies present a promising solution to improve air quality as well as reduce
GHG emissions [4]. Their potential CO2 emissions reduction could reach 75%, depending on the
electricity generation mix [5-7].

Many challenges are preventing the massive deployment of BEB globally, namely the high
capital cost, mainly driven by the cost of the batteries and the cost of the needed electrical



infrastructure. For instance, oversizing the battery capacity to increase the driving range incurs an
expensive and unattractive solution for bus operators, especially when compared to diesel buses
or other alternative bus technologies [8], not to mention the additional weight carried over by the
bus which limits the ridership capacity. On the counterpart, reducing the battery size to limit the
bus cost has a direct impact on the charging strategy. It incurs an increase in the charging
frequency and power to avoid any schedule disruption at the fleet level, and therefore, increases
the cost of the charging infrastructure given the need to install fast-charging technologies and to
upgrade in some cases the electrical distribution grid [7,8]. Thus, rightsizing the battery capacity
to match the needs of the BEB over the planned daily schedule, along with developing an
adequate charging strategy are essential to alleviate the charging load on the electrical grid and to
optimize the cost of the bus and the electrical infrastructure.

Rightsizing the battery requires a comprehensive understanding of the BEB energy consumption
under the different bus operating conditions, namely the driving patterns, weather conditions, and
the variation of the passengers' load during the bus operation. The battery must cover the energy
and power needs of the different systems encountered in BEB, being the sole energy and power
source on the bus. Those systems include the bus powertrain, the heating ventilating and air-
conditioning (HAVC) system required to ensure the passengers’ thermal comfort, and other
auxiliary systems essential to the bus operation, such as the hydraulic steering system, the
pneumatic brakes, the electric lights, and the battery-thermal management system. All these
systems present variable but considerable energy consumption during the bus operation;
therefore, optimizing the battery size requires a detailed energy assessment of these systems
under the different bus operating conditions, such as the weather conditions, driving patterns, and
passenger occupancy.

To that end, a detailed and comprehensive energy assessment of BEB is needed considering the
different energy systems in BEB.

Several studies have been published over the past decade in the academic literature on assessing
the performance of BEB in terms of driving range and energy consumption, as will be reviewed
here. Most of these studies focus on quantifying the energy consumption of bus propulsion
systems on specific driving cycles, or on evaluating the energy consumption of the HVAC system
to maintain thermal comfort inside the bus cabin for given external temperatures.

The majority of the studies focused on improving the driving range of BEB, either by optimizing
the consumption of the powertrain at the system level [11] or by enhancing the technology of the
powertrain components. These studies presented several approaches to model the powertrain and
the components, such as multi-physical models [12] or mathematical models [13,14]. They
assessed the propulsion consumption performance under different driving cycles, road
topographies, and passengers’ load [15,16].

Few studies evaluated the energy consumption derived from operating the HVAC system in
electric buses. These studies considered static thermal models to estimate the cabin load [18] and
simplified HVAC system models, with no mention of the adopted control strategy, which
compromises the consumption accuracy of the model. Besides these studies, some tackled the
HVAC system energy consumption for electric passenger vehicles rather than electric buses



[19,20]. Few of them present detailed cabin models, intended to estimate the thermal passenger
load [21,22] while others are used to improve the COP of the HVAC system [23,24] or to
compare the performance of HVAC to other heating technologies [25].

None of the studies in the literature considered a detailed evaluation of the energy consumption
resulting from the use of the auxiliaries of buses. Most of the time, this consumption is
considered negligible compared to that of the propulsion system. Among the studies considering
these auxiliaries in the model, the load was either assumed constant during the vehicle operation
[26] or following a predefined trend [30]. This simplification is mainly observed in studies
focusing on the cost assessment of buses [31,32]. Such assumptions could be acceptable for
estimating the consumption of passenger vehicles; however, it underestimates the consumption of
buses and heavy-duty vehicles, as these auxiliaries are high-energy consumers, namely the
battery thermal management system [22]. Therefore, the resulting energy consumption is
significant [30, 35], which consequently reduces the BEB driving range.

Based on the above, the following gaps and limitations are identified in the literature:

* None of the studies presents a comprehensive BEB energy model that considers all energy
systems encountered in BEB (propulsion, HVAC, and auxiliaries) to assess the resulting
cumulative energy consumption.

* Simple cabin and HVAC models were considered in the studies, underestimating the
significant consumption of the HVAC system and its impact on reducing the driving
range of BEB, in particular, under severe cold and hot weather conditions.

* Similarly, the auxiliaries present considerable energy consumption in buses. Therefore,
detailed models of the pneumatic, electric, hydraulic auxiliaries in addition to the battery
thermal management system should be considered, taking into account the dynamic load
of these auxiliaries under the various bus operating conditions.

* There is no comprehensive assessment of the consumption of each energy system under
the different operating conditions of the bus (driving patterns, weather conditions, and bus
occupancy).

Therefore, this paper tackles these four identified gaps and limitations in the literature by
presenting a comprehensive energy modeling methodology for the different energy systems of an
electric bus. Each of the energy systems encountered in BEB and showing a significant impact on
the driving range is modeled thoroughly to assess its energy consumption under the different bus
operating conditions.

This paper is original in three ways: first, to the authors’ best knowledge, it is the only
documentation in the literature of a comprehensive methodology to model the BEB energy
performance considering all its energy systems as they significantly impact the BEB energy
consumption. Second, this paper provides a detailed energy assessment on the impact of driving
and weather conditions, and passengers load on the BEB energy consumption and driving range.
Finally, the paper presents a tool for bus operators to consider the proper battery sizing and the
required charging infrastructure by precisely assessing the BEB energy needs. The methodology
is presented in section 2, and the simulation results are illustrated in section 3.



2. Methodology

This section presents the modeling methodology considered in this study. BEB technology is first
explained, then the modeling of the bus energy systems is presented: the powertrain, the cabin
and HVAC system, and finally, the auxiliaries.

2.1  Bus Configuration and Specifications

A typical BEB configuration is presented in Figure 1.
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Figure 1: BEB components configuration

The bus powertrain architecture consists of a traction unit, a transmission unit, and a braking
system. The traction unit consists of an electric machine, powered by a Lithium-ion battery, and
controlled by a torque control strategy (TCS) to ensure traction as well as to recover part of the
braking energy. The transmission unit consists of a single reduction gear (RG) and a differential
given the high torque capability of the electric machine, and the braking system consists of
pneumatic brakes used to dissipate the unrecovered braking energy by the electric machine.

A heat pump (HP) is used to meet the thermal comfort needs of the bus cabin. A dedicated
electric motor drives the HP compressor in BEB, which allows more flexibility to control the
compressor speed, in contrast to the uncontrolled speed of mechanical compressors in diesel
buses, powered by the engine.

The auxiliaries are essential features for the bus operation and consume a significant amount of
energy to operate. The technology of these auxiliaries differs depending on bus technology. In
BEB, most of these features are electrically operated. These are more energy-efficient compared
to hydraulic or pneumatic auxiliaries on diesel buses, as they are decoupled from the engine and



can be controlled separately; however, they require more frequent maintenance [27]. One
important auxiliary that is exclusively found in BEB is the battery thermal management system
(BTMS). This system is essential at extreme weather conditions to ensure the efficient and safe
operation of the battery pack [28].

For illustrative purposes, a single deck 12-m bus is considered in the modeling methodology. The
bus has 3 doors and equipped with a 300-kWh battery pack. The bus maximum capacity is 55
passengers weighing 68 kg each on average. The bus maximum allowable passengers capacity is
driven by the weight of the battery pack as the EU regulations set the maximum bus payload
(battery pack and passengers) at 7.5 tons for 12-m long buses [29]. The BEB characteristics
needed for the simulation are summarized in Table 1 [28] [17].

Table 1: Bus chassis parameters

Parameter Variable Value  Unit
Chassis Glider Mass Mgiliger 11600
Battery pack Mpate 4200 k
Passenger mass - 3740 9
Gross Vehicle Weight Myotal 19540
Frontal Area As 82 m?
Drag Coefficient Cp 055 -
Rolling Resistance Coefficient fr 0.008 -
Wheels Wheel Radius Ryheet 048 m
Wheel Inertia Jwheet 2052 kg.m?
Number of Wheels Ny heels 4 -

2.2  Powertrain Model

The powertrain is modeled using the Dymola simulation tool, based on Modelica language [30].
Different libraries are used and modified to model the multi-physical complexity of the
powertrain system, mainly the rotational mechanics, translational mechanics, and electrical
library. The powertrain model consists of modeling the energy needs of the battery, electric
machine, wheels, brakes, and torque control strategy, as detailed below.

2.2.1 Battery Model
The battery model is composed of 2 sub-models: (1) Electrical Model and (2) Thermal Model.

Battery Electrical Model

The Lithium-ion battery performance is assessed using the quasi-static Rint equivalent-circuit
model, which consists of a voltage source alongside an internal resistance, set in series [31]. The
model considers the battery empirical data, such as the voltage and internal resistance of each cell
as a function of the battery state of charge (SOC), which are illustrated in Figure 2 [32]. The
battery pack configuration consists of 108 parallel modules, with 190 cells placed in series per
module. The battery cell parameters are summarized in Table 2 [33]. The resulting battery total



energy is 300 kWh with a 465 Ah total charge capacity and an open circuit voltage range
between 600-800 V, which is the current state of the art for electric buses [34]. The battery can
operate between 30% and 80% SOC to avoid deep discharge that degrade the battery health and
reduce voltage drop at low SOC.
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Figure 2: Battery empirical data
Table 2: Battery cell parameters
Parameter Variable Value Unit
Energy Capacity per Cell Ecenr 14.6 Wh
Charge Capacity per Cell Ccenr 4.3 Ah
Mass of a Battery Cell Meen 205 g
Number of Parallel Modules N 108 -
Number of Series Sets M 190 -

Equation set (1) determines the battery pack parameters for the given configuration, such as the
open-circuit voltage (Ugcy), total internal resistance (R,,), maximum charge capacity (Cyqx).
maximum energy capacity (Ey,,), and total mass (Mg, ) of the battery pack.

(Uocv = M .Upcv,ceu

M
Req = RCell 'N (1)
Cyvax = N .Ccen
Evax = N .M. Ceey
Mgpaee = N.M.mcey

Equation set (2) determines the battery terminal voltage (Ur), electric current (Igq¢¢), and SOC.
This simplified battery model presents an adequate trade-off between complexity and accuracy
[35], which made it widely used in modeling electrified powertrains [12,17,36,37].
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PBatt
Ipate = U
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S0C () = Co — fo Igaee (t) . dt
CMax

\ Ppart = Z P; V energy system i

Battery Thermal Model

A battery thermal model is developed with its cooling unit to assess the additional energy
consumption resulting from the battery thermal management system. A two-state model is used
to capture the lumped thermal dynamics of a cylindrical battery in a similar approach to [38,39].
In Figure 3, a scheme of the battery pack thermal model is presented.
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Figure 3: Schematic of the battery pack

The cross-section view shows the two thermal nodes considered in this modeling approach: (1)
cell core at temperature (T.) where heat (Q) is generated internally in the cell and (2) cell surface
at temperature (Ts) which is in contact with the coolant at temperature (T,). The coolant
temperature varies from one cell to another as it gets heated after cooling a certain cell. Thus, this
approach considers the difference in temperatures among the different battery cells. R, is the
conductive thermal resistance between the cell core and surface, and R, is the convective thermal
resistance between the cell surface and the coolant. Equation set (3) describes the governing



equations of T, and Tg, where C, and Cs are the heat capacities of the core and the surface,
respectively.

c. dT, -0+ T, — T,
dt Ry (3)
dTs  To—Ts T;—T
Sdt R, R,

The internal heat generation Q is a byproduct of the chemical reactions taking place in the
electrode assembly during battery operation [40]. The internal heat generation is governed by
equation (4), which accounts for both resistive and entropic heat generation (0U/dT) but
neglecting the chemical reaction heat [41].

ou A
Q = Igaee (Ur — Upcy) + Ipate- Tc-ﬁ )

The value of R, is obtained experimentally, and it ranges between 3.2 — 3.3 K /W [40].

Equation set (5) determines the value of R, depending on the coolant flow characteristics where
A, is the cell surface area, hg;, is the heat transfer coefficient, D is the diameter of the cell, K,;,-
is air thermal conductivity, v,;;- and py;,- are air kinematic and dynamic viscosities respectively,
Cp,ir 1s air specific heat capacity at constant pressure, Re is Reynold’s number, Pr is Prandtl’s
number, Pr; is Prandtl’s number evaluated at the surface of the cell, N, is Nusselt’s number and
finally m and c are geometric parameters and V' is the maximum air speed near the cells.

( R. = 1
2 As-hair
Nu.K,;
hair > air
) 1 &)
N, = 0.97.c.Re}'. Pro3¢ bt
u 9/.c. . .
Prs
V= m;ur . ST
\ Pair-Ac St —D

Battery Thermal Management System

The Battery Thermal Management System (BTMS) is composed of 2 components: (1) the
cooling unit and (2) the cooling unit controller.

Applications with very high energy density, such as Lithium-ion batteries, require active air
cooling as it is capable of achieving a good compromise between adequate cooling and system
complexity [42]. In this study, the fan model FB020-2E is used which can supply air to cool the
battery cells from three different air sources: (1) ambient air, (2) bus cabin air, (3) cooled air



using an evaporator that is connected to the main HVAC unit. The used fan can supply up to
1000 CFM and 100 Pa static pressure. The resulting air speed around the cylinder is between 6-8
m/s. The fan’s flow rate, static pressure and power consumption data are given in [43]. The
cooling unit consumes electric energy directly from the battery.

The cooling unit controller should ensure that the battery cell core temperature is within the
desired operating range of 20 — 35 °C [44]. This is achieved through active cooling with three
operating modes depending on the ambient conditions. Cabin air cooling is activated for ambient
temperatures between 20-35 °C or temperatures less than 10 °C while ambient air cooling is
activated between 10-20 °C and refrigerant cooling for temperatures above 35 °C. The total
power demand of the battery cooling unit is modeled with the HVAC unit.

2.2.2  Electric Machine Model

The electric machine (EM) is modeled using the static efficiency map, including the efficiency of
the inverter, as a function of the torque (Tg,) and speed (wgy,) illustrated in Figure 4, and inertial
components to capture the machine’s dynamic performance during both propulsion and brake
energy recovery. Note that this brake power recovery is limited by the maximum power of the
machine and the battery maximum charging power. The EM torque is controlled by the TCS.
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Figure 4: Electric Machine efficiency map

Equation set (6) determines the EM performance parameters, namely the electric current (Ig;,)
and the mechanical (Pgpy mecn) and electrical power (Pgp eec) Of the machine. Note that nky is
the EM efficiency where k takes the value of -1 during traction and 1 during braking.

(P EMmech = Wgm-1Tgm

— k
PEM,elec - PEM,mech' NEMm (6)
PEM,elec

Loy, = —2CteC
EM Uy



2.2.3  Wheels and Braking System Model

A rear-wheel-drive (RWD) bus is considered with two front wheels and two rear wheels. During
traction, the transmission system transmits the traction torque from the EM to the rear wheels.

Two modes of braking are used, mechanical braking and regenerative braking through brake
energy recovery. The choice of the braking mode is controlled by the TCS discussed in the next
section

To simplify the equations, the two front wheels are combined into one (Ty grone) and the two rear
wheels are combined into one as well (Ty reqr). Equation set (7) shows the wheels’ torque
equations with ig; the reduction gear ratio, ipp the final drive ratio, Treq, g, the rear wheels
mechanical braking torque, and Tg,, the regenerative braking torque.

T, =0
{ w.Front Traction

Tw rear = Tem-lrG-lFD

T =T
{ W,Front Front,Br. Braking (7)

TW,Rear = TRear.Br. + TReg

TW,Rear

Total Force

Fyheer =
\ RWheel

2.2.4 Torque Control Strategy

The TCS in electric powertrains must ensure that the driver torque demand, communicated
through the acceleration and brakes pedal, is always met. The driver is modeled using a
proportional integral derivative controller (PID) that follows a reference velocity profile defined
by the driving cycle. The PID outputs the required torque to follow the reference speed. The TCS
receives the driver torque to control the EM propulsion and braking torques accordingly. During
traction, the TCS controls the EM torque to be equal to the driver torque demand respecting its
maximum torque limitation. However, during braking, the TCS controls the mechanical braking
torque depending on the regenerative braking torque imposed by the EM and the driver torque
demand, while respecting the EM maximum regenerative torque capacity and the battery
maximum SOC.

Finally, the power unit and the powertrain components are sized to meet public transit
performance specifications set by the American Public Transportation Association (APTA), as in
[45]. The sizing of the components is summarized in Table 3.

Table 3: Summary of the components sizing

BEB Battery Maximum Capacity 300 kWh

Electric Machine ~ Rated Power 135 kW
Maximum Continuous Torque (Rated Torque) 650 N.m
Maximum Transient Torque (Peak Torque) 1000 N.m



Transmission Reduction Gear Ratio 5.5
Final Drive Ratio 5

2.3 Cabin - HVAC System Model
2.3.1 Cabin Model

The thermal load for heating/cooling the cabin in a BEB should be assessed to better understand
its impact on the BEB driving range, given the significant incurred energy consumption. A
vehicle cabin thermal model is developed by the current co-author in [21] for an electric vehicle
(EV). The cabin model consists of four main sub-models: (1) cabin interior, (2) cabin walls, (3)
passengers, and (4) cabin internal materials. This model estimates the temperature of the cabin.

The cabin interior is modeled as a single thermal node using a mono-zonal approach that
considers both the transient and steady-state phases, which is a convenient energy assessment
methodology for the thermal load in EV [26].

The wall sub-model is an array of walls representing the bus body (Top, bottom, two sides, front,
and back). The walls are either opaque or glazing, and the bus geometry determines the total
areas of these two wall types. Each wall has two sides, an outer side facing the environment and
an inner side facing the cabin interior. Through the walls, six modes of heat exchange are
considered in this model: (1) convection with the exterior, (2) conduction through the wall, (3)
convection with the cabin interior, (4) incident radiation, (5) transmitted and (6) absorbed
radiation through glazing.

As for the passengers’ sub-model, each passenger is modeled as a constant source of heat
rejection (70 W per person). Finally, the cabin internal material sub-model is a thermal node with
specific heat capacity and geometry that interacts with the cabin interior through convection and
radiation.

Besides, during a daily bus operation, doors opening has a considerable influence on the interior
temperature due to the frequent opening of the doors. These energy losses are considered in the
modeling by adding a variable heat flow rate in/out of the cabin, which depends on the ambient
temperature, bus cabin temperature, and the duration of open-doors [46]. A more detailed
description of the cabin model is presented in [21].

2.3.2 HVAC Model

The complete HVAC unit consists of 2 reversible heat pumps, an air circulation system, and the
battery thermal management system. Figure 5 introduces the HVAC unit scheme.
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Figure 6: HVAC Unit Scheme
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* Reversible Heat Pump

Thermal load calculations for a bus of similar specifications show that the maximum required
heating capacity is around 35 kW [18]. In BEB, the use of multiple HPs is common as there are
many buses equipped with more than 1 HP. 2 reversible HPs are considered in this study, each
rated at 20 kW, and placed at the middle and the back of the bus. A more detailed description of
the heat pump model is presented in a previous study [47].

e Air Circulation System (ACS)

The air circulation system (ACS) is mainly composed of a set of fans, dampers, and mixers. As
shown in Figure 5, two air supply fans provide heated/cooled air to the cabin, one exhaust air fan
that discharges air from the cabin and two fans (masked inside the HP block) to draw fresh air
from the exterior. Also, a set of dampers is used to regulate the airflow. Part of the exhaust air
flows through an air-air heat exchanger where the fresh air flow recuperates part of the remaining
exhaust air energy. Air properties are calculated as shown in equation (8), where T refers to
temperature, w refers to absolute humidity and rec refers to the air recirculation rate.

mix _ fresh cabin
{ T =1 —rec).T,, — +rec.Tgy (8)
mix _ fresh cabin
wair = (1 —rec).wy; " +rec.wyi,

* Battery Thermal Management System



The final component of the HVAC system is the battery thermal management system (BTMS). It
is composed of a fan, an evaporator, and air dampers to determine the air source (cabin, exterior,
or conditioned exterior/cabin air). An electric resistance heater is also used to heat the freezing air
during winter.

Finally, the total power consumption of the HVAC unit is the sum of power needed to operate the
two HP, the ACS and the BTMS, as shown in equation (9) with Pyy4c as the total HVAC unit
power demand, W,y the compressor work, Prgns the ventilation fans power consumption,

Py esistance the electric resistance heater power consumption and 7., the efficiency of the EM
driving the HVAC unit.

p — m/comp. + E Pfans P (9)
HVAC n resistance
em

¢ Control Scheme

The default HVAC controllers in buses are known by the ON-OFF controllers. The control
strategy aims at maintaining the cabin temperature at the desired value within certain low and
high limits by controlling the compressor speed. In this study, an ON-OFF controller is used to
attain thermal comfort conditions inside the bus cabin between 19-23 °C. Maximum blown air
temperature and minimum fresh air flow rate are determined considering passengers' comfort
inside the bus, as shown in [45]. The required amount of fresh air is dependent on the number of
passengers inside the BEB. Four levels of passenger occupancy are defined in the HVAC unit
controller (very low: < 10 passengers, low: < 25, medium: < 40 and high: > 40).

2.4  Auxiliaries’ Model

2.4.1 Electric Auxiliaries

The electric auxiliaries in BEBs are modeled as a power demand directly from the battery
whenever actuated. The model receives the driver’s commands to actuate these auxiliaries. These
power demands are quantified as in [48] and shown in Table 4. The total electric AUX power
consumption is shown in equation (10) where 1,,, is efficiency of the auxiliary electric motor.

PEle:PDoors+PPB+PL+PW (10)

nem

Table 4: Electric Auxiliaries Power Demand

Variable Value Unit Process Duration [sec]
A pair of Doors opening and closure  Pp, s 90 w 3
Parking Brakes Activation Ppp 560 w 1
Lighting System Py 500 w -
Wipers Py, 110 w -




2.4.2  Hydraulic Auxiliaries

The main hydraulic AUX in a bus are the steering pump and the suspension system. The steering
pump must always provide the required hydraulic pressure in the bus steering system. The power
consumption of the steering pump can be characterized function of the bus speed as in [48].

The suspension system is responsible for kneeling and lifting the bus front at the stops. This
feature aims at easing passengers’ entrance and exit to/from the bus. A hydrostatic system is used
to lift the bus using pressurized liquid. The height of the bus floor changes by (Ah = 65 mm) for
the considered bus. Equation (11) describes the suspension system power consumption. Mg,.op,¢ 18
the bus front weight which corresponds to the mass of the front axle and the mass of the chassis
supported by the front axle. In addition, it is assumed that the weight of 1/3 of the passengers is
supported by the front axle based on the bus geometry. The suspension system efficiency 7,y 18

considered constant and equals to 70% and At represents the duration of the lifting process taken
to be 3 seconds [48].

P — MFront' 9- Ah
Susp- 77Su$p.- At (1 1)

PHyd = Ppump + PSusp.

2.4.3 Pneumatic Auxiliaries

The pneumatic system mainly operates the service brakes of the BEBs. Pneumatic brakes (Air
Brakes) are friction brakes that use the energy stored in compressed air at 10 bars approximately
to press the pistons, so they apply the needed pressure on the brake pads to decelerate the bus.
The pneumatic system in BEB is formed of a compressor, air tank to store compressed air, an
electric machine to drive the compressor, and a foot valve that regulates the airflow.

Equation (12) describes this flow rate (I‘/fl-?) function of the driver’s braking torque (Tp, g, ), the
maximum braking torque (T, pqx) and the maximum airflow rate through the valve (V(ﬁ;;max).
The valve can supply up to 4 L/s of compressed air at 10 bars.

As the most essential safety feature, the pneumatic system should always be capable of supplying
enough compressed airflow to operate the service brakes as required. For this sake, it is essential

to monitor the level of compressed air inside the air tank as shown in equation (12) where

L comp.
(Vair

) is the compressor volumetric flow rate to the air tank.

An ON-OFF buffer controller controls the compressor to ensure that the air tank volume is
always maintaining a minimum level of compressed air at 10 bars. This minimum threshold is set
to be 50% of the maximum air tank volume. When the air tank volume drops below 50% of its
maximum volume, the compressor is turned ON at maximum speed until the air tank is full where
it can provide 240 L/min of compressed air consuming 2.7 kW. The electric motor driving the
compressor operates at a fixed speed and constant efficiency of 80%. The pneumatic AUX power

consumption is expressed in equation (12) as well.
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3. Simulation Results and Discussion

This section utilizes the proposed model to simulate the bus energy consumption at different
operating conditions. These operating conditions are the driving conditions, weather conditions,
and passengers’ load. Driving conditions are the bus velocity profile, driving behavior, trip
distance and duration, road topography, and the number of stops along the route. These driving
conditions affect the energy behavior of the BEB. On the other hand, weather conditions such as
temperature impacts the bus thermal needs only and thus affect the HVAC unit energy
consumption. Moreover, the passengers’ load influences the energy consumption of the bus due
to the additional weight on-board and the varying thermal comfort conditions depending on the
number of passengers occupying the bus.

3.1 Impact of Driving Conditions

The BEB model is simulated at all drive cycles presented in Table 5 each representing specific
driving conditions in terms of traffic levels, driver’s behavior, and route type (urban or intercity
route depending on the number of stops per km). Weather conditions and passengers’ load are
held constant across the different simulations at this stage where external temperature is set to
20°C, and the passengers’ load is 30 passengers (60% occupancy rate).

Table 5: Drive cycles specifications

Cycle Name Cycle Duration Distance  Average Average Idle Number

ID [sec] [km] Speed Deceleration  Time of Stops
[km/h] [m/s°] [s]

New York Bus NYB 600 1.113 5.93 0.163 404 12

Manhattan Bus MB 1089 3.32 10.98 0.188 395 21

New York NYC 1029 4.5 14.1 0.19 341 19

Composite

Orange County OCTA 1909 11.845 19.84 0.237 407 31

Transit Authority

Central Business CBD 569 3.64 20.43 0.2478 122 14

District

City Suburban CSHV 1780 12.1 21.86 0.167 385 19

Heavy Vehicle

Braunschweig BRAU 1740 12.23 22.4 0.241 442 29




Urban UDDS 1369 13.48 31.51 0.2248 259 17

Dynamometer
Arterial ART 291 3.6 39.71 0.276 48 4
Commuter COM 329 7.248 70.28 0.82 40 1

Figure 6 illustrates the propulsion system energy consumption at the different simulated driving
conditions for the bus configuration presented in section 2.1 and the battery size of 300 kWh. The
figure shows the energy consumed during the bus acceleration mode, BER mode, and the
resulting total propulsion energy consumption, which is the sum of the 2 mentioned energy
entities. The data labels shown in the figure correspond to the total propulsion energy
consumption.

The propulsion system energy consumption witnesses high variations at the different simulated
driving conditions. The highest energy consumption is recorded during the NYB drive cycle at
2.62 kWh/km, whereas the lowest value is recorded during the CSHV drive cycle at 1.7 kWh/km,
which represents a 35% reduced energy consumption.

The main reason behind this variation is related to the drive cycle average speed. In Figure 6, the
drive cycles are sorted by ascending order of their average velocities. At higher average speeds,
the energy consumption decreases. This indicates that with more substantial traffic, resulting in
lower average speeds, the propulsion system energy consumption increases. When more frequent
starts and stops are encountered, the EM does not operate at steady-state conditions resulting in
additional consumption due to frequent accelerations reducing its efficiency.
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Figure 6: Propulsion system energy consumption at different driving conditions

The presented analysis shows the impact of traffic conditions and route specification on the
propulsion system energy consumption. Buses consume more energy along routes that encounter
high levels of traffic such as urban buses or city center buses. In contrast, buses operating along
routes with fewer traffic levels benefit from reduced energy consumption, which is the case for
intercity buses for example.

Similar to the propulsion system, the auxiliaries’ energy consumption is varying under the
different driving cycles. The energy consumption partitions among the different auxiliaries are
illustrated in Figure 7. The air compressor and the steering pump are the main energy consumers,
followed by the suspension system and finally, the doors and the parking brakes representing the
electric system. BTMS energy consumption is negligible as this simulation is conducted at 20 °C
and it does not show any variation with the varying driving conditions; thus, it is not presented in
the figure.
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Figure 7: Auxiliaries' energy consumption at different driving conditions

The auxiliaries’ energy consumption is highly affected by the different driving conditions,
especially the air compressor and the steering pump. The total auxiliaries’ energy consumption
can represent up to 6% (NYB and MB) of the total BEB energy consumption.

The steering pump power consumption is directly related to the bus speed. The higher the driving
cycle average speed is, the lower is the steering pump energy consumption. Once again, heavy
traffic conditions increase another auxiliary feature energy consumption up to 3 times compared
to lighter traffic conditions.

The main pneumatic auxiliary in a BEB is the service brakes, powered by the air compressor. The
latter is directly affected by the frequency and power of braking encountered during the trip. The
higher the driving cycle average deceleration, the higher is the air compressor energy
consumption. In other words, heavy traffic conditions associated with high decelerations can
increase the pneumatic system energy consumption in a BEB by 50% when compared to bus
standard traffic conditions (considered in this study to be the MB and NYC driving cycles). With
more deceleration, more compressed air is needed to actuate the service brakes, and thus, the air
compressor is turned on more frequently, resulting in increased energy consumption. Driving
conditions with high levels of traffic and deceleration are mainly encountered in urban areas and
inside city centers resulting in this additional energy consumption.

The main electric auxiliaries in BEB are the doors and the parking brakes. In addition to the
suspension system, these auxiliaries are only actuated when the bus stops, and it is noteworthy to



mention that the number of stops differs from one driving cycle to another. The higher the
number of bus stops per km, the higher is the energy consumption. The cycle with the highest
number of stops per km (NYB) records the highest energy consumption with a 100% increase
when compared to bus standard traffic conditions (MB and NYC cycles). The number of bus
stops per km is related to the route specifications as the number of stops will increase in urban
areas and inside city centers resulting in additional energy consumption.

3.2 Impact of Weather Conditions

The BEB model is simulated at a variety of weather conditions. The external temperature ranges
between -10 °C and 40 °C as they represent the extreme temperatures encountered in the city of
Paris throughout the year. Driving conditions and passengers’ load are held constant across the
different simulations where the MB drive cycle is used, and the passengers’ load is fixed at 30
passengers (60% occupancy rate).

Figure 8 shows the HP compressor average electric power consumption at different external
temperatures.
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Figure 8: HVAC unit average electric power consumption at different external temperatures

The HVAC unit average power demand is the highest at extreme weather conditions due to the
high thermal load at these conditions. In addition, the HVAC system COP at extreme conditions
is very low, which further deteriorates the HVAC unit performance at these conditions. The
average power demand decreases gradually as external temperatures approach room temperature.
Between 15 — 20 °C, neither heating nor cooling is required, and the slight power consumption
(around 1 kW) is due to the ventilation fans. At extreme weather conditions, the HVAC unit
energy consumption is equal to the propulsion system energy consumption.

In addition to the HVAC unit power demand, the variation in external temperatures affects the
BTMS power demand. Figure 9 shows the BTMS average electric power demand at different
external temperatures.



At extreme weather conditions, the BTMS average power demand is the highest as the air used to
cool down the battery cells requires cooling during extremely hot conditions and heating during
extremely cold conditions. The BTMS average power demand can reach 6 kW at extreme hot
conditions, which constitutes one-third of the total HVAC unit power demand.
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Figure 10: BTMS average electric power demand at different external temperatures
3.3 Impact of Passengers’ Load

In this section, the impact of the bus passenger occupancy on energy consumption is presented.
The BEB model is simulated under four levels of bus occupancy as presented in section 2.3.2 and
summarized here (very low: < 10 passengers, low: < 25, medium: < 40 and high: > 40). The
simulations are carried out under the same driving conditions, represented by the MB driving
cycle, and under two weather condition cases, illustrated by two external temperatures (0 °C to
emulate a cabin heating scenario and 30 °C to emulate a cabin cooling scenario).

Figure 10 shows the HVAC unit average electric power demand during transient and steady
states for different levels of passengers' occupancy. Under the heating scenario at 0 °C, the
average power demand slightly increased from 10.5 kW to 11.1 kW between the minimum and
the maximum passengers’ loads, which represents a 5 % increase in the power demand. On the
other hand, when considering the cooling scenario at 30 °C, the average power demand
drastically increased from 2.9 kW to 6 kW, which represents a 100 % increase in the power
demand. The results show that the change in the average power demand is less sensitive to the
increase of bus occupancy under the heating scenario as compared to the cooling scenario. This is
because with higher passengers’ load, more heat is rejected into the bus cabin from the
passengers, and thus, it helps in heating the cabin and reducing the heating needs, unlike cooling
where this factor contributes adversely and increases the cooling needs.

It is noteworthy to mention that the illustrated average power demand of the HVAC system
increases by steps as a function of the passengers’ occupancy. This is due to the adopted control
strategy of the HVAC system, which adjusts the control variables of the system according to the
four defined levels of passengers’ occupancy.
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Figure 10: HVAC unit average electric power demand at different passengers' load

In addition to its impact on the HVAC power demand, increasing the passengers’ load presents
an impact on the propulsion system energy consumption. This consumption could increase by
more than 15% with a full bus occupancy when compared to an empty bus.

The energy consumption/power demand at varying operating conditions of each energy system
encountered in a BEB is summarized in Figure 11. Panel (a) shows the propulsion system energy
consumption as function of the BEB average speed and the number of passengers occupying the
bus. The propulsion system energy consumption is the highest at low average speeds and high
passengers’ occupancy exceeding 2.4 kWh/km. This value gradually decreases at higher average
speeds and lower passengers’ occupancy reaching 1.7 kWh/km representing a 35% reduction in
propulsion system energy consumption.

Panel (b) shows the HVAC unit average power demand at different external temperatures and
passengers’ occupancy. The HVAC power demand is the highest at extreme weather conditions
(-10 °C and 40 °C). For extreme cold conditions (-10 °C), at low passengers’ occupancy, the
HVAC power demand exceeds 30 kW, however, as a higher number of passengers occupy the
bus, this value slightly decreases reaching 25 kW for the highest BEB passengers’ occupancy.
This is due to the relatively lower heating needs at higher passengers’ occupancy resulted from
the higher heat rejection by passengers. On the contrary, the HVAC power demand at extreme
hot conditions (40 °C) increases with higher passengers’ occupancy as the heat rejected by the
passengers increases the BEB cabin required thermal load.

In panel (c), the AUX average power demand is presented at different average speeds and
average deceleration. Lower average speeds increase the AUX power demand mainly due to
deterioration in the hydraulic pump efficiency at low speeds. Furthermore, higher decelerations
during the BEB trip increase the pneumatic system energy consumption and thus increasing the
total AUX power demand.
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Figure 11: Energy consumption/power demand of each energy system at the varying operating
conditions

Finally, the BEB energy consumption is summarized in Figure 12, summing-up the energy
consumed by each of the energy systems under the assessed operating conditions, for three levels
of bus occupancy (full occupancy, 50% occupancy, and 10% occupancy). The driving patterns
are represented in the figure by the bus average speed, and the weather conditions are represented
by the external temperature. The energy consumption data presented in Figure 12 are checked
against typical real-world working conditions for bus line number 21 in the city of Paris. The
obtained energy consumption results are comparable.
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Figure 12: Variation of BEB energy consumption at different operating conditions, (a) maximum
occupancy, (b) 50% occupancy, (c) 10% occupancy.

The total BEB energy consumption under standard driving patterns of 15-25 km/h and moderate
weather conditions with temperatures between 15-25 °C ranges between 2-3 kWh/km for the case
of maximum passenger occupancy. Under these conditions, the propulsion system contributes to
approximately 80% of the total energy consumption, followed by the HVAC system with 14%
and 6% for the auxiliaries, including the BTMS.

This total energy consumption increases when the bus average speed decreases or when external
temperatures deviate from the thermal comfort temperature range of the bus cabin (estimated at
19-23°C during winter and 23-27°C during summer). For example, the total energy consumption
of a BEB drastically increases to 8 kWh/km at extreme external temperatures (-10 °C, 40 °C) and



low average speeds (5-10 km/h). Under these conditions, the consumption share of the HVAC
system increases to 58% out of the total BEB energy consumption, followed by 29% for the
propulsion system and 13% for the auxiliaries and the BTMS.

This observed high energy consumption is the result of 2 factors, (1) the high power demand of
the HVAC system for heating/cooling under these extreme temperatures, and (2) the low bus
average speed which leads to prolonged trip durations, with the HVAC system operating at high
power.

Figure 12 (b) and (c) illustrate the total energy consumption for 50% and 10% of passenger
occupancy, respectively. The figure shows similar behavior to the high energy consumption
under extreme cold and hot temperatures and low bus average speed. However, the magnitude of
the total energy consumption decreases with fewer passenger occupancy, mainly due to the
decrease in the BEB total weight, which reduces the propulsion system energy consumption.
Also, the HVAC energy consumption decreases in this case, as the ventilation requirements are
reduced for lower levels of passenger occupancy; therefore, less energy is consumed to heat/cool
the fresh ventilated air.

The significant increase in BEB energy consumption at extreme operating conditions reduces the
BEB driving range drastically. For instance, city buses that operate with average speeds below 10
km/h and in extremely cold/hot climate conditions are subjected to a severe reduction in their
driving range. This may affect their operation during the day by creating schedule disturbances
due to the limited battery energy capacity.

4. Conclusion and Future Work

This paper provides a detailed energy modeling methodology to assess the energy consumption
of BEB. The proposed model considers the different energy systems encountered in BEB, such
as the propulsion system, HVAC system, and auxiliaries. The model integrates all these energy
systems into a single platform to better assess the total bus energy consumption. A detailed
powertrain propulsion model is introduced to assess the energy consumption due to propulsion.
An electric vehicle cabin model is adapted to fit a bus application, and an HVAC unit model is
presented to assess the heating and cooling needs of the bus. Moreover, a dynamic model that
introduces the different auxiliaries in BEB, such as the pneumatic, hydraulic, electric, and battery
thermal auxiliaries is presented as well.

Different simulations are conducted using the proposed models to study the behavior of the
different energy systems across the different operating conditions. The impact of driving
conditions on the bus’s energy consumption is presented. Heavy traffic conditions can increase
the propulsion system energy consumption by up to 35% and could triple the auxiliary’s energy
consumption when compared to standard traffic conditions. Moreover, the impact of weather
conditions on BEB energy consumption is evaluated. Extreme weather conditions can double the
bus energy consumption when compared to moderate weather conditions, which, therefore,
reduces its driving range significantly.



The presented comprehensive energy analysis helps in determining the battery size of a BEB
based on the energy needs of its energy-systems for the given bus operating conditions and the
estimated traveled distance before the batteries are being recharged. Therefore, this study gives
insights on the interdependency between the battery size and the charging strategy for avoiding
schedule disruptions and for minimizing the size of the battery. For example, BEBs presenting
high energy consumption during the operation may require either a large battery capacity with a
slow-charge strategy overnight in the bus depot or a reduced battery capacity with frequent and
rapid charging during the day to cope with the defined bus schedule.

The presented model could be easily replicated and adapted for any BEB configuration, therefore,
allowing the assessment of its total energy consumption under the operating conditions. The
multi-physical presented model can be used to simulate the BEB energy consumption in real-time
operation, over the entire defined bus schedule for example. Real-time simulations are useful to
precisely monitor the battery SOC over the bus schedule, which affects its charging strategy as it
considers real and dynamic operating conditions. In addition, real-time simulations of BEBs are
extremely useful when the system under study is an entire BEB line composed of many buses
interacting with each other in terms of sharing chargers and charging stations. The authors will
present in future work the interdependencies between the battery size and the charging strategy
and their impact on the cost and operation of BEBs. In addition, the authors will introduce a BEB
line model based on the proposed BEB energy model that allows the real-time simulation of the
BEBs under real and dynamic operating conditions.
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6. Figures Caption Text:

Figure Number and Caption Figure Size
(Image Width)
Figure 1: BEB components configuration 2 Columns
Figure 2: Battery empirical data 1 Column




Figure 3: Schematic of the battery pack 2 Columns
Figure 4: Electric Machine efficiency map 1 Column
Figure 5: HVAC Unit Scheme 2 Columns

Figure 6: Propulsion system energy consumption at different driving
conditions

1.5 Columns

Figure 7: Auxiliaries' energy consumption at different driving
conditions

1.5 Columns

Figure 8: HVAC unit average electric power consumption at different | 1 Column
external temperatures

Figure 9: BTMS average electric power demand at different external 1 Column
temperatures

Figure 10: HVAC unit average electric power demand at different 1 Column
passengers' load

Figure 11: Energy consumption/power demand of each energy system | 2 Columns
at the varying operating

Figure 12: Variation of BEB energy consumption at different operating | 2 Columns

conditions, (a) maximum occupancy, (b) 50% occupancy, (c) 10%
occupancy
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