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Abstract 

The need to decrease greenhouse gases emissions in the transport 

sector has resulted in the requirement for zero emission technologies 

in city centre bus fleets. Currently, battery electric buses are the most 

common choice, with both single deck and double deck vehicles in 

regular use. However, long-term operational capabilities are still 

largely unknown and unreported. Hydrogen fuel cell electric buses 

are an emerging zero emission technology that have the potential to 

complement a battery electric bus fleet where the duty cycle is 

challenging for current battery electric configurations. This paper 

compares the difference in energy consumption, for a given chassis 

configuration, passenger load, and heating requirement, of generic 

battery electric and hydrogen fuel cell electric buses operating in a 

typical UK city environment. A methodology was employed that will 

provide bus operators with a robust mechanism to inform buying 

decisions, based on their route characteristics, when transitioning to a 

zero-emission fleet. Simulations performed using battery electric and 

hydrogen fuel cell electric models showed that the hydrogen fuel cell 

electric bus has a much higher predicted range (435 km) and 

operating time (21.5 hours) than the battery electric equivalent (257 

km and 12.7 hours) when considering mixed city operation. While 

the hydrogen fuel cell vehicle showed limited variation in the range 

across all drive cycles considered, the battery electric bus showed a 

high percentage decrease (17.3%) in range when subjected to drive 

cycles with higher average road gradient. Meanwhile, when 

considering operation on a drive cycle with 0% average road 

gradient, the battery electric bus was predicted to have a percentage 

increase in range of 15.4%. This study shows that when considering a 

zero-emission vehicle technology mix, the characteristics of the 

service routes should be considered before deciding which powertrain 

configuration to utilise on each route. 

Introduction 

Countries across the globe are tackling the issue of climate change. 

The introduction of “net zero” targets and low and zero emission 

zones in cities, has increased interest and investment in renewable 

energy and zero emission projects worldwide.  

In the UK, the transport sector is responsible for approximately 30% 

of recorded equivalent CO2 emissions [1]. From 1990 to 2019, 50 - 

60% of these emissions were produced by passenger cars. However, 

while the number of passenger cars sold steadily increased from 2005 

to 2018 [2] the emissions produced by them decreased. This is 

because technological advances and the introduction of supportive 

policies have increased the number of electric cars worldwide from 

17,000 in 2010 to 7.2 million in 2019 [3]. This development in the 

road car industry has encouraged research and use of zero emission 

technology in other transport sectors including public transport [3]. 

Public Transport 

Public transport will play a large part in meeting net zero targets in 

the transport sector. However, there are several challenges which 

need to be overcome to establish fully zero emission public transport 

fleets, both within the UK and globally. 

The UK bus sector is responsible for an average of 4.6 million tonnes 

of CO2 annually [1]. Although, over the past twenty years, there have 

been significant shifts in the powertrain technologies commonly used 

in buses. Today, there are numerous low and ultra low emission 

powertrain technologies in operation on the roads globally, but for 

zero emission, the focus is primarily on two; battery electric and fuel 

cell (FC) electric powertrains. 

Given the advantages of electric powertrains—high efficiency, good 

start-stop ability, and quick power response [4]—the percentage of 

Battery Electric Buses (BEBs) in the European bus market is 

expected to rise from 19% in 2020 to 52% by 2030 [5]. However, 

widescale adoption of BEBs has been hindered by disadvantages and 

concerns regarding cost, range, slow recharge, and battery 

degradation over the vehicle lifespan [4], as well as infrastructure, 

and the challenging logistics of charging an electric bus fleet [6]. 

Doyle et al. [7] modelled and simulated a typical BEB with 230 km 

of range and a 2.3 hour charging time and showed that, although this 

is sufficient for many bus routes, if the vehicle is required to undergo 

long or heavy duty cycles it might struggle to complete without 

recharging. Opportunity charging can improve operational flexibility 

[8] but in scenarios where access to charging is limited, an alternative 

powertrain is required. 

Fuel cell vehicles have a quick refuel time and high range [9]. 

However, there are also disadvantages, including cost, poor start-stop 

ability, slow cold start and slow power response [10]. Although, 

recent publications have shown that through hybridization and the 

implementation of an Energy Management Strategy (EMS), these 

issues can be mitigated [11,12,13]. Therefore, fuel cell electric buses 

(FCEBs) are emerging as an alternative in scenarios where access to 

charging is limited or the vehicle is required to complete routes 

where BEBs might find it difficult to complete without recharging. 
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Zero Emission Fleet 

The surge in popularity and ability of zero emission bus technology 

has made the running of an entirely zero emission bus fleet seem 

increasingly possible. Given the contrasting advantages and 

disadvantages of battery electric buses (BEBs) and fuel cell electric 

buses (FCEBs), both technologies are well designed to fill the gaps 

left by the other and bus operators should be able to combine BEBs 

and FCEBs to meet the requirements of their bus fleets. With the 

operating context being unique for each operator the split between 

BEBs and FCEBs will be determined by the optimum alignment of 

powertrain technology and route characteristics. 

There have been a growing number of publications comparing the 

environmental and operational costs of BEBs and FCEBs 

[6,11,14,15] with some focus on the bus sector [7,12,16-18]. 

However, fleetwide analysis is significantly less common [19-22] 

with no publications on the distribution of BEBs and FCEBs within a 

fleet. 

To ensure that new zero-emission technology can meet the demands 

of the current transport network, a method for fleet planning, based 

on the operational capabilities of each technology, is required. 

Therefore, the objective of this paper is to develop a method for 

assigning either a BEB or FCEB to a route by modelling the 

operational requirements of an electric and fuel cell electric bus 

within a typical metropolitan city. Synthetic drive cycles representing 

city bus routes are clustered to show the typical daily operation and 

the fuel consumption and energy usage over the day are analysed. 

The structure of the paper is as follows. First, the methodology is 

discussed for the creation of synthetic drive cycles, BEB and FCEB 

vehicle models, and bus route clusters. Here, the method for 

clustering 147 representative drive cycles into only 6 clusters is 

described. The vehicle operating conditions and simulation process 

are also explained. The paper then goes on to compare the results of 

the BEB and FCEB simulations over route clusters with changing 

gradients, zero road gradient operation, and high road gradient 

conditions. Finally, conclusions from this research are presented. 

Methodology 

This study aims to determine and compare the energy requirements of 

a battery electric bus (BEB) and a hydrogen fuel cell electric bus 

(FCEB), for a given chassis configuration, passenger load, and 

heating requirement, using backwards facing powertrain models to 

simulate a range of synthetic drive cycles. This section discusses the 

methods for drive cycle creation and selection, as well as vehicle 

modelling and simulation. 

Synthetic Drive Cycle Creation 

A drive cycle is a set of data points of speed versus time, representing 

the real-world driving pattern of a vehicle on a specific route. Drive 

cycles are commonly used to assess the fuel consumption and 

emissions of vehicles when tested on a chassis dynamometer. 

However, they are also used in vehicle simulation, where drive cycles 

are used as inputs to vehicle models, to predict vehicle performance 

over a simulated journey. Drive cycles used for vehicle simulation 

can be obtained in two different ways: either by logging real-world 

vehicle data over a specific route; or by the creation of synthetic drive 

cycles. Real drive cycles require data loggers to be fitted to the 

vehicles, making it an expensive and time-consuming process to 

produce a large network of driving cycles. Also, with post-COVID 

traffic conditions being much lighter than before, any data collected 

now may still be unrepresentative of normal traffic conditions in the 

not-too-distant future. It is for these reasons that synthetic drive 

cycles were used in this study. In this section, the methodology used 

for the creation of synthetic drive cycles is discussed.  

To create a synthetic drive cycle, the first step is to produce a map of 

the route, with GPS coordinates plotted for all the locations where the 

bus is likely to stop. This includes designated passenger bus stops, 

road junctions, traffic lights, and pedestrian crossings. These stop 

coordinates are then extracted as Keyhole Markup Language (KML) 

files. The elevation profile of the route is also extracted from the 

mapping software. The second step in creating a synthetic drive cycle 

is to obtain the velocity profile. The velocity profile for the synthetic 

cycle is made up of micro-trip data that was logged on-board buses 

operating on the streets of London. The micro-trip data is velocity 

versus time data that is logged between two points of zero velocity 

(between two stops) and stored in a dataset within MATLAB. 

MATLAB script was produced to calculate the distance between bus 

stop coordinates, with a probability function used to predict the 

stopping locations based on the timetabled length of the journey. The 

script then searches for micro-trips that are equal in distance to each 

of the mapped segments between stops and stitches them together to 

form the synthetic drive cycle velocity profile. Figure 1 shows a 

typical drive cycle (time, velocity, and elevation profile) synthetically 

produced for a bus route in the city of Belfast, Northern Ireland. This 

procedure was repeated to create 147 synthetic drive cycles for 

timetabled bus routes around the city, on different operating corridors 

at different times of the day, in varying traffic conditions. 

 
Figure 1. Synthetic drive cycle for a typical city bus route in Belfast 

Battery Electric Vehicle Model 

To predict the energy consumption of a double deck battery electric 

bus operating on each of the synthetic drive cycles, a generic electric 

vehicle model was developed to perform the simulations. The 

modelling approach in this work is similar to that used by Murtagh et 

al. [17], Stevens et al. [23,24], and Zhang et al. [25] who all used 

fully validated vehicle models for bus applications. In this study, the 

vehicle was modelled using a quasi-static backwards facing 

powertrain model, developed within MATLAB/Simulink. As the 

modelling methodology neglects transients it cannot be used for 

detailed vehicle control and response. However, it provides a good 

prediction of macro quantities such as energy usage and change in 

battery state of charge (SOC) for a particular velocity/elevation drive 

cycle profile. The vehicle model is made up of three sub-models—

drive cycle, drivetrain, and battery—and was based on an idealised 

double-deck BEB. The electric bus considered in this study was 

assumed to be a 4x2 configuration (2 axle, 2-wheel drive), equipped 

with a medium duty electric motor and electric rear portal axle. The 

power source is assumed to be a 340 kWh lithium manganese cobalt 
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oxide (NMC) battery, which is towards the upper limit of NMC 

battery capacity currently seen in operation on electric buses [5]. The 

battery was assumed to operate within an 80% SOC window, which 

has been shown in literature to prolong battery life by reducing the 

depth of discharge [26,27] Therefore, a maximum of 272 kWh of the 

340 kWh is available on a single charge. 

The vehicle model architecture used in this study is derived from the 

same baseline vehicle model used in the research published by Doyle 

et al. [7]. In the absence of a physical BEB, the model developed by 

Doyle et al. [7] was validated against published data for Low 

Emission Bus accredited vehicles, certified on the LowCVP UK Bus 

(LUB) drive cycle [28]. For this work, the model has been updated to 

describe a BEB that is more realistic in the current marketplace. 

Fuel Cell Electric Vehicle Model  

The approach used in the battery electric model was also used to 

develop a model of a typical generic FCEB. Like the battery electric 

bus, the FCEB has a 4x2 configuration with a medium duty electric 

motor. The powertrain, similar to a series hybrid configuration, 

(Figure 2) consisted of a 65 kW fuel cell stack as the primary power 

source, and a 54 kWh battery designed to absorb energy from 

regenerative breaking. The EMS was a simple, rule-based, charge 

sustaining strategy [29] designed to maintain battery SOC around the 

chosen optimum of 55% and between 30 and 80% to improve 

efficiency [30]. Additionally, to reduce fuel consumption and fuel 

cell degradation, the EMS allowed the fuel cell to operate at its 

optimum, avoiding frequent load changes and high-power load 

conditions where possible [31]. 

 
Figure 2. FCEB Powertrain Configuration  

Vehicle Operating Conditions  

This study compares the energy requirements of a BEB and FCEB 

operating on the streets of Belfast, Northern Ireland. Although the 

vehicles offer different powertrain technologies, they are assumed to 

have the same chassis configuration, and operate under the same 

passenger loading conditions, with the same heating and auxiliary 

load requirements. Both vehicles are assumed to be double deck 

buses, with a gross vehicle weight (GVW) of 19,500 kg. Operating 

conditions were assumed to be the same as those used to certify 

vehicles under the Ultra-Low Emission Bus (ULEB) Scheme [32]. 

The ULEB test conditions stipulate a 50% seated capacity, therefore 

the buses considered in this study were assumed to have a mass of 

16,909 kg, calculated by subtracting 2,591 kg (37 seated passengers 

at 68 kg, and 1 driver at 75 kg) from the assumed gross vehicle 

weight of 19,500 kg. 

In the ULEB testing conditions, an ambient temperature of 10 °C is 

assumed, with a cabin set point temperature of 17 °C, and so these 

are the conditions that are assumed during all vehicle simulations 

conducted in this study. Heating loads were calculated based on these 

ambient and set-point temperatures with a passenger loading of 37 

passengers. The power draw from the battery, associated with heating 

the vehicles based on these parameters, was derived from an updated 

double deck version of the Recovery Heat Pump (RHP) model 

developed by Afrasiabian et al. [33]. The model combines a heat 

pump and a cabin sub-model and was developed using 

MATLAB/Simulink and Simscape. The cabin is modelled as a 

constant volume chamber with an allocated vent to the outside 

environment, with both sensible and latent thermal loads connected to 

the cabin and is coupled to the heat pump sub-model via the 

condenser. The model was used to predict the average power 

requirements for the heating delivered at 0 °C, and from 4-14 °C at 2 

°C intervals, for repeated runs of the UK Bus Cycle, which is the 

drive cycle used under the ULEB certification scheme. Above 14 °C 

the heating power requirement was assumed to be 0 kW, as metabolic 

heat from the passengers was found to bring the internal temperature 

to the set-point without the need for the heat pump. The RHP model 

does not account for the doors opening and closing throughout the 

duration of the duty cycle. However, the model did account for an 

increase in the fresh air ratio and minimum air flow rate required as 

the average ambient temperature increased. 

Table 1. Simulated heating loads and associated power draw predicted by the 
RHP model across various ambient temperatures over the UKBC duty cycle 

UKBC Duty Cycle Fresh Air Ratio 
Minimum Flow 

Rate 

Ambient 

Temp 

Heating 

Load 

Power 

Draw 

Upper 

Deck 

Lower 

Deck 

Upper 

Deck 

Lower 

Deck 

(°C) kW kW % % % % 

0 13.11 5.50 50 50 20 20 

4 10.00 4.24 50 50 20 20 

6 7.80 3.34 50 50 20 20 

8 5.62 2.43 50 50 20 20 

10 3.49 1.57 30 70 20 20 

12 2.43 1.14 30 70 40 40 

14 2.01 0.84 70 70 70 70 

 

Figure 3. Heating delivered and corresponding power requirements for a range 

of ambient temperatures 

Table 1 shows the average power, heat load, fresh air ratios and 

minimum flow rates calculated by the RHP model for a range of 

ambient temperatures to deliver a cabin set point temperature of 17 

°C. Figure 3 shows the average heating delivered and associated 

power demand for a range of ambient temperatures. It was calculated 
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from the RHP model that the average heating power draw for an 

ambient temperature of 10 °C is 1.57 kW. 

Table 2 shows the key inputs used for the vehicle model simulations. 

This includes assumed vehicle specifications, auxiliary loads, and 

constants that are common for both the BEB and FCEB.  

Table 2. Vehicle characteristics 

Vehicle Mass  16,909 kg 

Rolling Resistance  0.007  

Coefficient of Drag  0.6  

Vehicle Frontal Area  10.269 m2 

DC-DC Converter Load  0.5 kW 

Power Steering Load  0.2 kW 

Air Compressor Load  2 kW 

Battery A/C Load  2 kW 

Heating Load  1.57 kW 

 

Route Clustering 

City bus networks are made up of many different routes, and with 

traffic conditions changing throughout the day, this means hundreds 

of drive cycles. It can therefore be an intensive task for bus operators 

to determine the operational capabilities of potential zero emission 

vehicles operating across the entire bus network if all timetabled 

services are to be considered. In this study, K-means clustering 

analysis was used to describe the entire bus network in the city of 

Belfast with only 6 drive cycles. K-means clustering is a centroid 

based algorithm that aims to partition a dataset of n observations into 

K clusters. The algorithm allocates every data point to a cluster, 

whilst a centroid point is identified as the mean of each cluster. 

Therefore, each data point can be represented by its cluster centroid. 

K-means clustering allows underlying trends in the dataset to be 

identified. In this study, the kmeans function within MATLAB was 

used to conduct the K-means clustering analysis. The K-means 

clustering analysis conducted in this study was based on the BEB, as 

this is the technology that is currently most popular in zero emission 

bus fleets.  

The dataset used in this study was made up of 147 different synthetic 

drive cycles for buses operating on the streets of Belfast. For each 

drive cycle 24 characteristic parameters (CPs) of the route were 

extracted, a list of which are shown in Table 3. The BEB vehicle 

model was used to simulate the average energy consumed by the 

specified double deck vehicle for each individual drive cycle over ten 

repeated cycles. Each CP was then plotted against energy 

consumption for each drive cycle, and polynomial fit lines added. 

Average road gradient showed a third order polynomial fit with an R2 

value of 0.9089, as shown in Figure 4. The next CP with best fit to 

energy consumption was elevation change, which showed an R2 

value of 0.3371. Therefore, the average road gradient was used in this 

study to select the drive cycles. Figure 5 shows the average road 

gradient plotted against energy consumption for each of the drive 

cycles, with K-means analysis used to partition the drive cycles into 6 

clusters, which was a practical number for this study. Drive cycles A, 

B, C, D, E and F were then identified as the closest drive cycle to 

each centroid. These drive cycles were used in the remainder of the 

study and are assumed to represent the entire bus network of Belfast. 

 

Table 3. List of characteristic parameters extracted for each drive cycle 

Total Distance (m) Time Accelerating (s) 

Total Time (s) Time Decelerating (s) 

Average Speed (km/h) Average Positive Acceleration (m/s2) 

Average Drive Speed (km/h) Average Negative Acceleration (m/s2) 

Maximum Speed (km/h) Average Acceleration (m/s2) 

Average Road Gradient Average Acceleration (Threshold)(m/s2) 

Elevation Change (m) Accelerations per km 

Number of Stops Percentage Time Driving 

Number of Stops per km Percentage Time Cruising 

Time Stationary (s) Percentage Time Accelerating 

Time Driving (s) Percentage Time Decelerating 

Time Cruising (s) Percentage Time Stationary 

 

Figure 4. Polynomial fit for average road gradient plotted against energy 
consumption for the network of drive cycles 

Figure 5. K-means cluster analysis of average road gradient v energy 
consumption 

Simulation Process  

To compare the energy consumption of a BEB against a FCEB for 

the Belfast bus network, an operational duty cycle was created, which 

consisted of the 6 synthetic drive cycles identified through the K-

means clustering analysis. The duty cycle is a theoretical timetable 
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which aims to describe a vehicle operating across the Belfast bus 

network for an entire day. A summary of the drive cycles used to 

create the duty cycle is shown in Table 4, and Figure 6 shows the 

elevation profile of each drive cycle. The BEB and FCEB powertrain 

models were used to simulate the entire duty cycle for the BEB and 

FCEB vehicles respectively. For the BEB, the initial SOC of the 

vehicle was set to 100%, with 20% being the lowest SOC to which 

the battery could operate. For the FCEB the initial hydrogen on board 

the vehicle was assumed to be 100%. The average energy 

consumption in kWh/km was calculated for the duty cycle for the 

BEB, and kg/100 km for the FCEB. Based on the respective available 

energy storage capacities of each vehicle, the theoretical range of 

each vehicle was predicted for comparison. 

Table 4. Duty cycle for a vehicle operating across the Belfast bus network 

Drive Cycle Duration (mins) Distance (km) 
Average Road 

Gradient (%) 

A 19 5.32 -1.75% 

B 26 11.75 -0.38% 

C 20 6.97 0.00% 

D 30 9.44 0.17% 

E 35 8.70 0.50% 

F 19 7.63 2.01% 

 

Figure 6. Elevation profiles of the drive cycles used in this study 

Results  

In this section the results of the simulations for the generic BEB and 

FCEB are presented and discussed for three different operating 

scenarios. The first set of simulations are for operation over a duty 

cycle made up of repetitions of the six drive cycles identified from 

the cluster analysis. Simulations for this duty cycle are assumed to 

predict vehicle operation across the entire city network. To analyse 

and compare the operational capabilities of the BEB and FCEB 

further, a scenario was simulated with the vehicles operating over 

repetitions of a drive cycle with 0% average road gradient, followed 

by a scenario with the vehicles operating back and forward over drive 

cycles with high positive and high negative average road gradients. 

As the average road gradient was shown to have the best correlation 

with average vehicle energy consumption, analysis of how each zero 

emission bus technology operates over drive cycles with 

high/low/zero average road gradient may help operators to decide on 

which routes to deploy BEBs or FCEBs. 

Bus Network Duty Cycle 

Battery Electric Bus 

The simulated energy requirements of a typical double deck BEB 

operating on a daily duty cycle, representing the entire bus network 

of the city of Belfast, are shown in Table 5 (the data repeats after the 

first two duty cycles, so only the first two repetitions and the last 

repetition of the duty cycle are shown). The electrical energy usage is 

presented for each of the individual drive cycles in kWh and in 

kWh/km allowing each journey to be directly compared. The battery 

SOC can be seen to decrease throughout the duty cycle, from a fully 

charged state of 100%. The battery is assumed to operate within an 

80% SOC window (272 kWh available capacity), therefore the drive 

cycles which end with a battery SOC below 20% are assumed to be 

beyond the range of the vehicle. For this duty cycle, the simulation 

shows that the five final drive cycles cannot be completed and are 

coloured in red text in the table. The results in Table 5 show that as 

the average road gradient of the drive cycle increases, so too does the 

average energy consumption, which is to be expected. Considering 

drive cycle A to drive cycle F, the cycles with the lowest and highest 

average road gradients respectively, operation on cycle F (1.96 

kWh/km) is predicted to consume over eight times more energy per 

kilometre than operation on cycle A (0.24 kWh/km). 

Table 5. Energy consumed by the battery electric bus on the Belfast duty cycle 

Cycle 
Duration 

(min) 

Sim 

Distance 
(km) 

Av Road 

Gradient 
(%) 

Energy Usage 

kWh kWh/km 
SOC 

(%) 

A 19 5.32 -1.75% 2.25 0.42 99.4% 

B 26 11.75 -0.38% 8.42 0.72 97.2% 

C 20 6.97 0.00% 6.37 0.91 95.5% 

D 30 9.44 0.17% 10.30 1.09 92.8% 

E 35 8.70 0.50% 12.05 1.39 89.6% 

F 19 7.63 2.01% 14.92 1.96 85.5% 

A 19 5.32 -1.75% 1.28 0.24 85.2% 

B 26 11.75 -0.38% 8.35 0.71 82.9% 

C 20 6.97 0.00% 6.38 0.92 81.1% 

D 30 9.44 0.17% 10.31 1.09 78.3% 

E 35 8.70 0.50% 12.06 1.39 74.9% 

F 19 7.63 2.01% 14.94 1.96 70.7% 

Intervening data omitted to ease presentation 

A 19 5.32 -1.75% 1.29 0.24 22.0% 

B 26 11.75 -0.38% 8.39 0.71 19.4% 

C 20 6.97 0.00% 6.40 0.92 17.4% 

D 30 9.44 0.17% 10.35 1.10 14.1% 

E 35 8.70 0.50% 12.10 1.39 10.2% 

F 19 7.63 2.01% 15.01 1.97 5.4% 

 

The simulation shows that, for the duty cycle considered in Table 5, 

the BEB can complete a range of 254 km, over an operating time of 

12.7 hours, with 2% available battery charge remaining. The average 

energy consumption for the vehicle over the Belfast city drive cycles 

was calculated to be 1.06 kWh/km. Therefore, considering an 

available battery capacity of 272 kWh, the maximum theoretical 

range of the vehicle, under these operating conditions and for a single 

battery charge, is 257 km. 
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Hydrogen Fuel Cell Electric Bus 

Table 6 shows the simulated hydrogen consumption of a typical 

hydrogen FCEB on a duty cycle representing the bus network in the 

city of Belfast (as before, the data repeats after the first two duty 

cycles, so only the first two repetitions and the last repetition of the 

duty cycle are shown). The hydrogen consumption for each 

individual drive cycle is presented in both grams of hydrogen and 

kg/100 km. The percentage of hydrogen fuel remaining in the tank is 

also calculated and can be seen to be decreasing throughout the duty 

cycle. As the hydrogen FCEB is fuelled in a similar way to a 

conventional diesel bus, 100% of the tank capacity is assumed to be 

available for operation. The SOC of the battery on board the vehicle 

is also shown as a percentage. The duty cycle was continued with 

repetitions of drive cycles A-F until the fuel tank capacity reached 

0%. 

Table 6. Energy consumed by the fuel cell electric bus on the Belfast duty 
cycle 

Cycle 

Sim 

Distance 
(km) 

Av Road 

Gradient 
(%) 

SOC % 

Hydrogen 

Consumed 
(g) 

kg/100km 

Tank 

Capacity 
% 

A 5.32 -1.75% 56.97 222.14 4.18 99.45 

B 11.75 -0.38% 55.13 763.73 6.50 97.54 

C 6.97 0.00% 55.02 613.59 8.81 96.00 

D 9.44 0.17% 53.93 870.83 9.22 93.83 

E 8.7 0.50% 55.13 1028.60 11.83 91.25 

F 7.63 2.01% 49.21 703.37 9.22 89.50 

A 5.32 -1.75% 54.49 569.93 10.72 88.07 

B 11.75 -0.38% 55.00 864.57 7.36 85.91 

C 6.97 0.00% 55.02 618.54 8.88 84.36 

D 9.44 0.17% 53.93 871.05 9.23 82.19 

E 8.7 0.50% 55.13 1028.60 11.83 79.62 

F 7.63 2.01% 49.21 703.37 9.22 77.86 

Intervening data omitted to ease presentation 

A 5.32 -1.75% 54.49 569.93 10.72 6.60 

B 11.75 -0.38% 55.00 864.57 7.36 4.44 

C 6.97 0.00% 55.02 618.54 8.88 2.89 

D 9.44 0.17% 53.93 871.05 9.23 0.71 

E 8.7 0.50% 55.13 1028.60 11.83 -1.86 

F 7.63 2.01% 49.21 703.37 9.22 -3.62 

 

Results show that the battery SOC oscillated, with an overall average 

of 53.8%, as the EMS attempted to sustain the SOC around the 

chosen optimum of 55%. The EMS allows the fuel cell to operate at 

its most efficient, while the battery absorbs peaks and dips in power 

demand, either providing more power to meet the demand or storing 

excess power. This means that the energy consumption during a 

particular cycle, depends on the SOC of the battery after the previous 

cycle. The EMS will favour fuel cell efficiency over battery SOC 

while the SOC is around the optimum. However, in cases where the 

battery has insufficient opportunities to charge, during particularly 

demanding cycles, the EMS will request more power from the fuel 

cell to maintain battery SOC. Cycle F is a very demanding, high 

gradient cycle, which repeatedly requested power above the fuel 

cell’s most efficient operating point. The battery met these extra 

demands and therefore, by the end of the cycle, had been depleted 

below its optimal SOC. Therefore, during the next cycle A, the EMS 

requested more power from the fuel cell to regain the battery SOC, 

resulting in a high kg/100km value. The effects of this are seen again 

during cycle E, which starts with a SOC below 55%. Additionally, 

cycle E is the longest in duration (35 min) but only of average 

distance (8.69 km) because it contains frequent “start-stop” cycles. 

As was mentioned previously, fuel cell vehicles are ill-suited to start-

stop operation [9,31] and so, cycle E repeatedly shows the poorest 

fuel consumption for the FCEB. This is also the reason for cycle D’s 

high fuel consumption, though not as severe. 

For the duty cycle considered in Table 6, the simulation shows that 

the hydrogen FCEB can complete a range of 432 km, over an 

operating time of 21.5 hours, with 0.71% of the tank capacity 

remaining. The final battery SOC was 49%, which is an acceptable 

starting point for the next duty cycle the bus will complete. The 

average energy consumption for the vehicle over the Belfast city 

drive cycles was calculated to be 9.19 kg/100 km. Therefore, 

considering the entire 40 kg hydrogen is available, the maximum 

theoretical range of the vehicle under the operating conditions for a 

single refuel is 435 km. The hydrogen FCEB therefore has a 

predicted additional range of 178 km compared with the BEB 

operating across the same drive cycles. 

Zero Road Gradient Operation  

To compare the operation of the two vehicle types further, operation 

over flat terrain, with 0% average road gradient was considered. To 

do this, a duty cycle was created for repeated runs of drive cycle C. 

The results for the BEB and the FCEB are shown in Table 7 and 

Table 8 respectively. 

Table 7. Summary table for battery electric bus operation on repetitions of 
drive cycle C 

Drive Cycle  C 

Average Energy Consumption (kWh/km)  0.92 

Operating Time (hrs)  14.3 

Max Range (km)  296.6 

 
Table 8. Summary table for fuel cell electric bus operation on repetitions of 
drive cycle C 

Drive Cycle  C 

Total Hydrogen Consumed (kg)  39.93 

Average Hydrogen Consumed (kg/100 km)  8.821 

Operating Time (hrs)  21.6 

Max Range (km)  453.5 

 

For operation on flat terrain, as is simulated by performing repetitions 

of drive cycle C, the BEB shows energy consumption to 0.92 

kWh/km, a reduction on that seen for the overall city duty cycle. The 

maximum range was calculated to rise to almost 297 km, a 

percentage increase of around 15.4%. The battery electric bus was 

simulated to be capable of operating for 14.3 hours on a single 

charge. 

The FCEB was shown to have an average hydrogen consumption of 

8.82 kg/100 km over the flat duty cycle, resulting in a range of 453 

km, a percentage increase of 4.1% compared to operation over the 

full city duty cycle. The simulation predicted that the FCEB would be 

capable of 21.6 hours of continuous operation on a single refuel when 

operating on the 0% average road gradient drive cycle. 
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These results show the benefits of operating BEB on consistently flat 

terrain, with a larger percentage increase in range seen when 

compared to the hydrogen FCEB. With the BEB being predicted to 

be capable of operating for over 14 hours of driving on a single 

charge under these less intensive conditions, public transport 

operators could potentially utilise this vehicle type without the need 

to withdraw from service for opportunity charging. 

Positive/Negative Road Gradient Operation  

It is also important to consider the operation of the BEB and FCEB 

over more consistently intensive terrains, with greater elevation 

changes. To do so, a duty cycle was created with back-to-back runs 

of drive cycles A and F. Drive cycle F is mainly uphill, with an 

average road gradient of 2.01%. Drive cycle A is a shorter variation 

of drive cycle F, in the opposite direction, and has an average road 

gradient of -1.75%. A summary of the results of the simulations 

conducted for the BEB and FCEB are shown in Table 9 and Table 10 

respectively. 

 Table 9. Summary table for battery electric bus operation on repetitions of 
drive cycles A and F 

Drive Cycles A and F 

Average Energy Consumption (kWh/ km) 1.28 

Operating Time (hrs) 10.5 

Max Range (km) 212.5 

 
Table 10. Summary table for fuel cell electric bus operation on repetitions of 
drive cycles A and F 

Drive Cycles  A and F 

Hydrogen Consumed (kg)  39.9 

Average Hydrogen Consumed (kg/100 km)  10.1 

Operating Time (hrs)  18.7 

Max Range (km)  392.7 

 

For the BEB operating on drive cycles A and F, the average energy 

consumption was calculated to be 1.28 kWh/km, resulting in a 

maximum range of 212.5 km, a 17.3% reduction when compared to 

operation of the Belfast city duty cycle considered in Table 5. The 

operating time of the vehicle was predicted to have dropped to 

around 10.5 hours. Therefore, if a BEB was to be operating under 

these conditions for a full day of service, the vehicle may need to 

make use of opportunity charging. As was shown in Table 5, drive 

cycle F requires more than eight times the energy of drive cycle A, 

and so has a dominantly negative effect on the electrical energy 

consumption of the BEB. 

The FCEB was shown to have an average hydrogen consumption of 

10.19 kg/100 km over the more undulating terrain, resulting in a 

range of 392.7 km, a decrease of 9.7 % compared to operation over 

the full city duty cycle. Just like the transition from cycle F-A in 

Table 6, the SOC depleted during cycle F is being replenished in 

cycle A. Unlike Table 6, where the battery needs additional 

recharging in only 1 of the 6 cycles, here the fuel cell load is 

increasing above its optimal efficiency every other cycle. Therefore, 

the higher hydrogen consumption per 100 km is due to the more 

frequent changes in load on the fuel cell [31] as well as the higher 

average demand. The simulation predicted that the FCEB could 

operate continuously for 19.6 hours on a single refuel and would still 

be capable of uninterrupted daily service. 

Discussion 

In this study, the energy consumptions for a given chassis 

configuration, passenger load, and heating requirement, of generic 

battery electric and hydrogen fuel cell electric bus powertrain 

technologies were compared, for operation in a typical UK city 

environment. The drive cycles over which bus operation was 

simulated were selected by considering the average road gradient 

route parameter, which was shown to have good correlation with the 

energy consumption of a battery electric bus. By using cluster 

analysis, a small number of cycles could be extracted to represent the 

typical operating conditions around the entire city. All the drive 

cycles used in this study were synthetically produced, and so 

eliminated the cost and time that would be associated with data 

logging all the routes in a city bus network. 

Having determined six representative drive cycles, they were 

arranged into three duty cycles to evaluate the powertrain platforms 

over different operating conditions. The first duty cycle was 

comprised of all six drive cycles arranged sequentially and repeated 

until the depletion of the power source. This was taken as being 

representative of operation across the full range of route types in the 

city bus network. The second duty cycle involved the repeated 

completion of drive cycle C, which has zero average road gradient 

and was taken as being representative of operation across a network 

with very limited gradient change. Finally, the third duty cycle 

involved the repeated completion of drive cycles A and F, which had 

the most significant negative and positive gradient change. This was 

taken as being representative of back-and-forth operation along a 

route with more significant average road gradients. Having 

previously established that energy usage was most closely linked to 

the average road gradient, the selection of these three duty cycles 

permitted the assessment of the two powertrains across routes with 

low, moderate and high energy demands. 

Simulation of the battery electric and fuel cell electric buses across 

the three duty cycles highlighted much greater sensitivity to gradient 

change in the BEB than the FCEB. Taking the mixed-gradient 

(moderate) duty cycle as the datum, the zero gradient duty cycle 

showed a range increase in the BEB of 15.4%, increasing from 257 

km to 297 km. Whereas, over the same duty cycle the FCEB showed 

a much lower increase in range of 4.3%, increasing from 435 km to 

454 km. 

Making the same comparison between the mixed-gradient (moderate) 

and high-gradient duty cycles demonstrated a similar sensitivity. The 

BEB showed a decrease in range of 17.3%, decreasing from 257 km 

to 213 km. Whereas, over the same duty cycle the FCEB showed a 

lower decrease in range of 9.7%, decreasing from 435 km to 393 km. 

The relatively larger decrease in range for the FCEB over the high-

gradient duty cycle, when compared to the low-gradient duty cycle, 

has arisen due to the high power demand on the fuel cell pushing it 

outside its most efficient operating condition. This could be mitigated 

by a more sophisticated energy management strategy or more 

appropriate alignment of the fuel cell performance with the duty 

cycle requirements. 

The results of this study show the importance of considering the road 

elevation of drive cycles when planning for vehicle operation in 

particular regions, or zones within a city. For the duty cycles 

considered in this study, the modelled BEB shows a greater variation 

in range across the different operating conditions. When conducting 

drive cycles with low average road gradients and flat elevation 

profiles, the BEB was shown to be capable of a full day of service on 

a single battery charge. However, when operating on drive cycles 
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with larger changes in elevation, the energy consumption of the BEB 

increased significantly, which could result in interrupted service for 

battery recharge. It is clear from the simulations that the FCEB is 

capable of uninterrupted operation across even the most intensive 

drive cycles considered here and has a much greater range than the 

BEB. However, in situations where the bus is required to complete 

repeated start-stop cycles, the FCEB may not perform at its most 

efficient and a BEB should be considered, range permitting. 

Additionally, with the capital costs of BEBs being currently much 

less than that of FCEBs this study shows that bus operators may be 

required to consider a mixed approach to their fleets, with BEBs 

being utilised in terrain with a more consistent elevation profile, and 

FCEBs on more variable elevated terrains. Overall, operators will 

need to consider the trade-offs between range and operating time as 

governed by overall fuel consumption, as well as factors such as 

vehicle cost, infrastructure requirements and component degradation. 

The methodology employed in this study should allow fleet operators 

to make an efficient initial evaluation of the likely fleet makeup for 

operation in their city. Selecting drive cycles through clustering 

analysis allows for the entire bus network of a city to be simplified 

into a small number of clusters, with an individual drive cycle 

representing all the cycles within the cluster from which it was taken. 

Therefore, by simulating different vehicle types over a single drive 

cycle, the operator can decide as to which vehicle is most suitable for 

operation over an entire cluster of drive cycles. For a more detailed 

evaluation, there is also the scope to increase the fidelity of the 

clustering analysis to consider an increased number of routes and 

clusters, giving a more accurate representation of bus operation 

across a city bus network. This study shows the capabilities of 

conducting an energy consumption analysis and vehicle comparison 

in a relatively quick and inexpensive manner, using synthetic drive 

cycle production and vehicle powertrain simulation. 

Conclusions  

This study provides a methodology that could be used by bus 

operators to make informed decisions on the mix of powertrain 

technologies when transitioning to a zero-emission bus fleet, 

including: 

 Synthetic drive cycle creation using GPS coordinates and an 

archive of existing on-road micro-trip data. 

 MATLAB/Simulink battery electric bus (BEB) and fuel cell 

electric bus (FCEB) powertrain modelling. 

 Drive cycle characteristic parameter extraction. 

 Route clustering analysis. 

 Drive cycle simulation and vehicle comparison. 

The clustering analysis and drive cycle simulations conducted in this 

study showed that: 

 A city bus network can be simplified into a small number of 

clusters, with single drive cycles representing vehicle operation 

for the entire cluster. 

 The average road gradient of a route is the characteristic 

parameter with the greatest correlation to bus energy 

consumption. 

 Direct comparison shows that the FCEB has a much higher 

range and capable operating time than the BEB on a single 

charge/refuel. 

 The energy consumption of a BEB is predicted to more sensitive 

to changes in average road gradient. This vehicle type has been 

shown to be much more efficient on drive cycles with zero and 

negative average road gradient, with a full day of operation 

available on a single charge. Operation on drive cycles with high 

positive average road gradients would require the vehicle to be 

removed from service to be opportunity charged. 

 The energy consumption of a FCEB is predicted to be more 

consistent across all road gradients, capable of a full day of 

operation on a single refuel for all the drive cycles considered. 

However, frequent start-stop cycles, and drive cycles in which 

the battery does not have sufficient opportunity to recharge have 

an adverse effect on energy consumption. 

 FCEBs should be considered over BEB for drive cycles with 

high positive average road gradient, or on duty cycles where 

BEB range or operating time is insufficient. BEBs should be 

considered for drive cycles that mainly operate on roads with a 

low average gradient, or on duty cycles where range and 

operating time are less intensive. 
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Definitions, Acronyms, Abbreviations 

BEB Battery Electric Bus 

CP Characteristic Parameter 

EMS Energy Management System 

FC Fuel Cell 

FCEB Fuel Cell Electric Bus 

FCEV Fuel Cell Electric Vehicle 

GVW Gross Vehicle Weight 

KML Keyhole Markup Language 

LUB LowCVP UK Bus 

NMC Nickel Manganese Cobalt 

RHP Recovery Heat Pump 

SOC State of Charge 

UKBC UK Bus Cycle 

ULEB Ultra-Low Emission Bus 

 


