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a b s t r a c t

This study presents paper presents an analysis of the potential CO2 savings that could be gained through
the introduction of hydrogen-powered fuel cells on a commuter-style railway route. Vehicle is modelled
as a fuel cell series hybrid. The analysis consists of power/energy flow models of a fuel cell stack, bat-
tery pack and hybrid drive controller. The models are implemented in a custom C# application and are
capable of providing key parametric information of the simulated journey and individual energy drive
eywords:
uel cell
ailway
ybrid
ydrogen

components. A typical commuter return journey between Stratford Upon Avon and Birmingham is inves-
tigated. The fuel cell stack and battery pack behaviour is assessed for different stack sizes, battery sizes
and control strategies to evaluate the performance of the overall system with the aim of understanding
the optimum component configuration. Finally, the fuel (H2) requirements are compared with typical
diesel and hybrid-diesel powered vehicles with the aim of understanding the potential energy savings

ell hy
upervisory controller
attery

gained from such a fuel c

. Introduction

Railway transport is arguably one of the least environmentally
amaging forms of transport [1]. Widely deployed electrification
eans that the majority of passenger kilometres generate zero

missions at the point of use. Railways also share in the CO2 benefits
hat occur through increasing de-carbonization of grid electricity.
n the other hand, the extremities of most railway networks con-

ain lightly-loaded routes that are uneconomic to electrify [2]. The
ehicles that operate on these routes are currently diesel powered,
nd therefore are exposed to future fuel supply issues and uncer-
ain future costs. In the short- to medium-term, these vehicles could
e replaced or re-engineered to utilize hybrid propulsion systems,
ith a view to replace eventually the diesel prime mover with a

uel cell when reliability can be proven and an economic case can
e made.

Hybrid devices produce near-zero emissions at the point of use.
oday, much research is taking place into the use of fuel cells, which
an range in output power from a few to several thousand kilowatts,

n transport applications such as automobiles, buses, locomotives,
hips, and submarines. Many different types of fuel cell are now
vailable and in transport sectors the most popular is the proton
xchange membrane (PEM) based technology. PEM fuel cells (PEM-

∗ Corresponding author.
E-mail address: s.hillmansen@bham.ac.uk (S. Hillmansen).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.02.025
brid vehicle.
© 2010 Elsevier B.V. All rights reserved.

FCs) offer a valid alternative for transportation vehicles [3] and the
literature contains some analysis of fuel cell locomotives in applica-
tions such as tunneling, mining [4] and hybrid shunt locomotives
[5]. The existing analysis [6,7] provides a suitable foundation on
which to develop this investigation.

As fuel cells run on hydrogen as opposed to fossil fuels such as
coal, petroleum, and natural gas they have the potential of being
a carbon-neutral source of energy. At present, the challenge is the
efficient extraction and delivery of hydrogen. There are many tech-
nologies available to obtain hydrogen, of which the most popular
is the steam reforming of natural gas. Currently, this is the most
energy-efficient and large-scale method of hydrogen production
[8–10], but CO2 is produced in this process:

CH4 + 2H2O + Energy → 4H2 + CO2 (1)

The simplest carbon-neutral method of obtaining H2 is by elec-
trolysis of water:

H2O + Energy → H2 + 1
2

O2 (2)

If the electrical energy for this process is obtained from renew-
able sources (i.e., hydropower, solar energy or wind energy) it is
possible to produce hydrogen with no impact on greenhouse gases

[11].

In this study, paper the effects of a hybrid energy propulsion
drive on a commuter rail vehicle are investigated. The behaviour
of the fuel cell stack and battery pack is assessed for different
stack sizes, battery sizes and control strategies to evaluate the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s.hillmansen@bham.ac.uk
dx.doi.org/10.1016/j.jpowsour.2010.02.025


7830 D. Meegahawatte et al. / Journal of Power Sources 195 (2010) 7829–7837

Table 1
Journey details (Stratford Upon Avon to Birmingham Moore Street).

Start location Stratford Upon Avon Station
End location Stratford Upon Avon Station (via Birmingham Moore

Street Station)
Stations 34
Station list Stratford Upon Avon, Wilmcote, Wootton Wawen,

Henley in Arden, Danzey, Wood End, The Lakes,
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Earlswood, Wythall, Whitlocks End, Shirley, Yardley
Wood, Hall Green, Spring Road, Tyseley, Small Heath,
Bordesley, Birmingham Moore Street (and back)

Journey length 78.58 km

erformance of the overall system with the aim of understand-
ng the optimum component configuration. Finally, the fuel (H2)
equirements are compared with a typical diesel and hybrid-diesel
owered vehicles with the aim of understanding the potential
nergy and CO2 savings gained from such a fuel cell hybrid vehicle.

. Journey details

All results reported in this investigation are centred around a
lass 150 Diesel Multiple Unit (DMU) railway vehicle running along
segment of the Birmingham Snow Hill Line in the United Kingdom
etween Stratford Upon Avon and Birmingham Moore Street Sta-
ion. Details of the selected journey and vehicle are given in Tables 1,
and Fig. 1(a) and (b).

. Railway vehicle simulation

The basic forces that govern the behaviour of a railway vehicle
re shown in Fig. 2. The vehicle response is achieved by solving the
quation of motion by using Lomonossoff’s equation [12]:

e
d2s

dt2
= F − R − Mg sin ˛ (3)

here M is the total mass of the vehicle; Me is the inertial mass of
he vehicle; g is the gravitational acceleration; R is the resistance to

otion the vehicle experiences while moving along the track; sin ˛
s the gradient of the track; F is the total tractive effort produced at
he powered wheels of the vehicle; s is the vehicle displacement.

The term R is the resistance to motion encountered by the vehi-
le (apart from gravity). This is made up of the sum of mechanical
riction, frictional losses due to the vehicle interacting with the
unning rails, and aerodynamic drag. With help from the following
avis Equation, the total resistance to motion (Rt) can be expressed
mpirically as:

ds
(

ds
)2 Mg
t = A + B
dt

+ C
dt

+ D
r

+ Mg˛ (4)

here ds/dt is the velocity of the vehicle; r is the radius of track
urvature; ˛ is the gradient angle of the track (sin ˛ ≈ ˛, where,
→ 0); A, B, C and D are constants.

able 2
ehicle characteristics for a Class 150 DMU.

Railway vehicle British Rail, Class 150 DMU
Mass 76.5 × 103 kg
Number of seats 124
Speed (max) 33.5 m s−1 (≈ 75 mph)
Tractive effort (max) ≈ 40.0 kN
Tractive power (max; at wheels) 374 kN
Base speed 8 m s−1 (≈ 18 mph)
Percentage of powered axles 50%
Acceleration mass coefficient (�) 0.08
Davis equation coefficients A = 2.09 × 103 N

B = 9.83 N m−1 s
C = 6.51 N m−2 s2

D = 0.00 kg−1
Fig. 1. (a and b) Details of simulated route between Stratford upon Avon to Birm-
ingham Moore Street.

The vehicle response can be calculated for a given track and
vehicle characteristic by solving the following equation:

Me
d2s = TE −

[
A + B

ds + C
(

ds
)2

+ D
Mg + Mg˛

]
(5)
dt2 dt dt r

where TE is the total tractive effort delivered by the powered
wheels; A, B, C and D can be determined by vehicle charac-
teristic data obtained by run-down tests or by the use of the

Fig. 2. Forces acting upon a typical railway vehicle.



D. Meegahawatte et al. / Journal of Power Sources 195 (2010) 7829–7837 7831

m
s

3

t

•
•
•

i
t
s

t
t
a
M
c
s

M
v

4

3
o
m

Fig. 3. Railway vehicle simulator function block.

ethods proposed by Armstrong and Swift [13] for UK rolling
tock.

.1. Vehicle simulator

The vehicle simulator implemented in this work consists of
hree fundamental components:

infrastructure model,
vehicle model,
physics model.

The Infrastructure Model provides all spatial and temporal
nformation about the simulated railway journey. This includes
he characteristics of the track, signalling information such as line
peeds, and station stops along the route (Fig. 3).

The function of the Vehicle Model is to control the behaviour of
he vehicle as it moves along the track. This is achieved by adjusting
he output tractive effort based on the vehicle traction effort curves
nd geographic and signalling information from the Infrastructure
odel. This is implemented by a combination of comparing the

urrent line speed, next line speed, and the distance to the next
tation (see Fig. 4).

Finally, the actual vehicle response is calculated by the Physics
odel with the aid of Eq. (5). The vehicle speed and displacement

alues are calculated by using numerical integration.

. Hybrid energy propulsion drive
The tractive power for the railway simulation outlined in Section
.1 is derived from a hybrid energy propulsion drive model based
n a series hybrid architecture (Fig. 5) and consists of the following
odels:

Fig. 4. Driving strategy evaluator function block.
Fig. 5. Hybrid energy drive.

• fuel cell stack,
• battery pack,
• rheostatic brake,
• hybrid controller.

The total power output from the hybrid energy propulsion drive
can be obtained from Eq. (6).

Ptotal(t) = PFC (t) + PBattery(t) + PEB(t) (6)

where Ptotal(t) is the total power output of the hybrid energy propul-
sion drive; PFC (t), PBattery(t) and PEB(t) are the power output from the
fuel cell, battery pack and rheostatic brake, respectively. It should
be noted that these values are dependent on the model parameters
and vary with the state of each model and vehicle behaviour over
the course of the simulation.

4.1. Fuel cell model

For the purpose of this work, a PEMFC was chosen to be mod-
eled. In order to operate the stack at its optimum efficiency, the
fuel flowing into the stack must change according to the output
power of the fuel cell stack. In practice, however, the response
of a fuel cell system is constrained by the response times of
the external pumps, compressors and control loops that govern
the overall system [14]. Therefore, the operational efficiency of a
typical fuel cell system is adversely effected by transient output
power demands. This is primarily due to the relationship between
stack power and the fuel flowing through the cells at any given
moment.

The properties of the modelled fuel cell stack are presented in
Table 3. It should be noted that the model is in essence a static
model of a fuel cell system. For the purpose of this work, to obtain
a better match between the response of the model and the applica-

tion, the following assumptions and constraints were enforced on
the model.

• The model output power relates to the total output power flowing
to the transmission (in the case of a series hybrid architecture, the

Table 3
Fuel cell model parameters.

Type Proton exchange membrane
Voltage at Pmax 0.41 V
ncells 800
UH2 1.0
MH 1.00794 g mol−1
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Table 4
Fuel cell power limits.

FC ID Power max (kW h) Positive gradient
(kW s−1)

Negative gradient
(kW s−1)

1 470 15.7 50.0
2 570 19.0 50.0
3 670 22.3 50.0
4 770 25.7 50.0
5 870 29.0 50.0

•

•

•

•

•

•

q

F
o

Table 5
Battery model configuration.

Type NiCd
Pack OC voltage 300 V
Capacity per pack 100 Ah
Initial SOC 50%
Fig. 6. Fuel cell voltage vs. current density.

d.c. link) of the hybrid energy propulsion drive (thus including the
d.c.–d.c. converter, fuel cell stack, and all its sub-systems).
The output power of the overall fuel cell model cannot be altered
instantaneously. Instead, an increase or decrease in output power
is limited by a predetermined rate of change of power (Table 4).
In all cases, the time taken for the fuel cell system to reach its
maximum output power is approximately 30 s.
The above-mentioned maximum power of the fuel cell stack is
obtained by varying the active area of the cells within the stack.
A voltage–current density curve (Fig. 6) is used to determine the
cell output voltage.
The output power of the fuel cell stack is determined by a power-
efficiency curve [15] (Fig. 7).

The fuel consumption (in this case H2) is obtained with the aid of
Eqs. (7) and (8) [16].

H2 = MH2 IFC

nF
(7)

ig. 7. Normalised output power vs. efficiency for fuel cell stack, power converter
f battery pack and transmission/motors.
SOCmin 20%
SOCmax 80%
SOCtopup 30%

FH2 = ncells

UH2

∫
qH2 · dt (8)

where qH2 is the hydrogen consumption rate; MH2 is the molar mass
of H2; n is the number of electrons involved; IFC is the current flow-
ing through the stack; F is the Faraday constant (96,450 C mol−1);
FH2 is the total hydrogen consumed; ncells is the total number of
cells in the stack; UH2 is the utilisation ratio of hydrogen.

4.2. Battery pack model

For the purpose of this work, a battery capacity model was
developed based on a 300 V, 100 Ah, nickel–cadmium battery pack
[17]. The properties of the simulated battery pack are presented in
Table 5. Furthermore, the following assumptions and constraints
are applied to the operation of the battery pack.

• The model output relates to the output power at the d.c. link of
the hybrid energy drive.

• The output power of the overall system cannot be altered instan-
taneously. Instead an increase or decrease in output power is
limited by a predetermined rate of change of power (Table 6).

• The state-of-charge (SOC) of the battery pack is calculated with
the aid of Eq. (11). The efficiency of the battery pack is affected
by the efficiency-power response curve of the d.c.–d.c. converter
(Fig. 7).

PBattery = Pout

��t
(9)

�SOC = �E�t

Etotal
= PBattery�t

VC
(10)

SOC = SOCinitial +
∫

�SOC · dt (11)

where �SOC is the change in SOC; �E�t is the change in energy in
unit time �t; Etotal is the total energy capacity of battery; PBattery

is the power flow; �t is the time step; V is the voltage of the pack
and C is the combined capacity (Ah) of the battery packs; Pout is
the output power of the complete battery system (including power
converters); ��t is efficiency.

4.3. Rheostatic brake model
For the purpose of this work, a rheostatic brake model was
developed. The function of the ‘Rheostatic Brake’ was to absorb
any excess energy that the battery pack model could not accept
(e.g., during fully-charged states). The relative amount of energy

Table 6
Battery power limits.

Providing power
(discharging)

Accepting power
(charging)

Positive gradient (MW s−1) 1.0 1.0
Negative gradient (MW s−1) 1.0 1.0
Maximum power (kW) 500.0 500.0
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Fig. 8. Vehicle speed, line speed vs. displacement (Stratford upon avon to Birming-
ham Moore Street).

Table 8
Diesel multiple unit results.

Fuel consumption 102 l

82 l (Table 9), with the SOC at the end of the journey being within
2% of the starting value. This relates to 224 kg of CO2 for the jour-
ney.

Table 9
heostatic brake model configuration.

Type Rheostatic brake
Maximum power 500.0 kW

bsorbed by the rheostatic brake model is therefore dependent on
he operational characteristics of the battery pack model.

The following assumptions and constraints have been made in
he modelling.

The brake can absorb any power demand up to a predetermined
limit (Table 7).
The brake can dissipate the accepted power with no performance
limitations for any period of time (i.e., the performance of brakes
does not degrade with prolonged use).

.4. Hybrid controller model

The dynamic behaviour of the components is achieved by means
f power flow modelling of the above sub-systems. Two control
trategies were implemented and simulated in this work [18]:

LL-CS is a Load Levelling Control Strategy where primary power
for propulsion is supplied by the fuel cell system, while the bat-
tery pack is used to supplement the peak power demand and
absorb braking energy.
TC-CS is a Trickle Charge Control Strategy where the battery pack
provides the primary power for the vehicle propulsion while
absorbing the braking energy. The fuel cell stack operates at its
optimum efficiency when the hybrid energy drive is accelerating,
maintaining vehicle speed or stationary (e.g., idling at station).
When vehicle deceleration is taking place, the stack is switched
off.

The above control strategies are used only while the state-of-
harge of the battery pack remains within its safe operating limits
f SOCmin and SOCmax (Table 5). Should the SOC drop below the pre-
et threshold, SOCtopup, the controller will attempt to top-up the
attery pack charge via the fuel cell stack with a charging power
qual to the battery pack capacity (i.e., 30 kW power charge for a
attery pack of 30 kWh capacity). In this state, the propulsion power

s sourced from the fuel cell stack. Once the battery pack reaches
0% SOC, the selected control strategy operation resumes.

In the event that the battery reaches the upper limit of the
llowed state-of-charge (SOCmax), the controller switches off the
uel cell stack and draws power for propulsion only from the battery
ack until its SOC reaches 50% at which point the selected control
trategy operation resumes. In any of the above cases, if the battery
ack is not capable of absorbing the required energy (i.e., while
egenerative braking) then the excess energy is dissipated via the
heostatic brake.

. Results and discussion

.1. Simulator validation

Fig. 8 is the vehicle speed vs. displacement plot of a class 150
MU travelling along half of the selected route. The three plots

epresent the measured results (dashed line) obtained via a hand-
eld Global Positioning System (GPS) receiver placed in the vehicle,

imulated data (solid line), and line speed (dotted line). It should
e noted that the measured journey differs slightly from the jour-
ey described in Section 2, due to the vehicle not stopping at all
he stations. This is due to some stations along the route being
equest stops. It should be noted that the mass of the vehicle has
Journey duration 5711 s
Powering energy 294.4 kWh
Braking energy 124.8 kWh

been assumed to be constant for each type of propulsion system,
and therefore the required power and performance of each vehi-
cle type are similar. It is estimated that the different mass of each
propulsion system would have negligible effect on the total vehicle
mass, and therefore is an important, but second-order effect. This
issue would merit further investigation in more depth.

5.2. Diesel multiple unit analysis

A vehicle powered by a 500 kW diesel engine for primary motive
power is simulated [19]. The engines of the vehicle are operated
along the traditional propeller curve, and give a total fuel consump-
tion of 102 l (Table 8). If the CO2 emissions for a diesel vehicle is
2.73 kg l−1[20], the total CO2 produced is 278.5 kg.

5.3. Diesel hybrid analysis

A vehicle based on the diesel vehicle described in Section 5.2
with an additional battery pack was used. The vehicle is oper-
ated in electric-only mode, i.e., with the diesel engines turned off
until the power demanded reaches a level where the engine can
operate efficiently. At higher speeds, the vehicle operates with
both electrical and diesel power, with the operation of the engine
being constrained around its optimum operating point. The vehi-
cle captures the kinetic energy and stores it in the battery under
braking. The total fuel consumption for this vehicle and journey is
Diesel hybrid results.

Fuel consumption 82 l
Journey duration 5711 s
Powering energy 294.4 kWh
Braking energy 124.8 kWh
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Table 10
Pure fuel cell results.

Hydrogen consumption 38.0 kg
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Table 12
Fuel cell hybrid results for trickle charge control strategy.

FC ID Pack count

x1 x2 x3 x4 x5

(a) Mean state of charge (%)
1 34.211 34.435 41.079 40.802 39.517
2 52.379 49.684 26.202 47.665 50.604
3 54.241 56.596 57.666 59.16 58.93
4 61.504 62.19 61.992 61.676 63.179
5 62.26 63.025 62.814 63.633 62.844

(b) Hydrogen consumption (kg)
1 29.087 31.23 28.11 27.642 27.645
2 28.645 28.719 28.307 27.059 27.040
3 28.852 28.291 27.216 28.194 27.443
4 30.092 30.152 27.436 28.358 26.388
5 32.033 30.807 28.787 27.805 28.991

(c) Total journey duration (s)
1 5971.8 5914.6 5814.4 5796.7 5795.7
2 5810.4 5785.1 5747.0 5729.4 5729.3
3 5800.3 5736.8 5729.6 5729.3 5729.3
4 5854.4 5738.0 5729.4 5729.3 5729.3
5 5895.4 5739.0 5729.3 5729.3 5729.3

(d) Total rheostatic braking energy (kWh)
1 1.238 2.442 2.315 2.787 3.217
2 2.986 1.523 0.994 0.753 0.747
Journey duration 6275.1 s
Powering energy 355.0 kWh
Braking energy 96.6 kWh

.4. Pure fuel cell analysis

A fuel cell vehicle with a 470 kW stack is used to provide motive
ower for the vehicle. The fuel cell only vehicle is found to take
pproximately 10 min longer (Table 10) than the diesel vehicle to
omplete the given journey. This is primarily due to the reduced
ate of change of power (dp/dt) in the fuel cell stack compared to
he modeled diesel vehicle. The lower acceleration caused by the
educed rate of change of power prevents the vehicle by reach-
ng the target line speed for a significant proportion of the journey
herefore reduces the available energy to be recovered via regen-
rative braking.

The total hydrogen consumption obtained by the simulation
rovides a means of benchmarking any fuel cell hybrid vehicle
onfigurations to determine any energy savings.

.5. Fuel cell hybrid analysis

To determine the optimum configuration of the control strat-
gy, fuel cell and battery to achieve the best possible performance
or a hybrid drivetrain a design method based on a simple trial
nd error was chosen. The method consists of evaluating different
ybrid drivetrain configurations and control strategies to obtain an
ptimum configuration capable of servicing the intended applica-
ion.

In this work, the five fuel cell stack configurations listed in

able 4 were evaluated with five battery packs that had capacities
anging from 100 to 500 Ah in 100 Ah steps. The resulting 25 hybrid
nergy drive combinations were used to power the railway vehicle
imulator described in Section 3. The control strategies described
n Section 4.4 were used to govern each hybrid power plant. The

able 11
uel cell hybrid results for load leveling control strategy.

FC ID Pack count

x1 x2 x3 x4 x5

(a) Mean state of charge (%)
1 31.862 31.143 34.781 35.521 34.117
2 38.083 30.950 33.011 43.847 47.188
3 45.766 49.326 53.431 55.683 55.555
4 54.289 57.994 57.683 60.673 61.276
5 59.585 58.122 59.801 60.288 62.133

(b) Hydrogen consumption (kg)
1 33.597 32.629 31.47 32.134 31.105
2 30.201 29.343 28.173 27.328 27.324
3 28.643 27.826 27.646 27.643 27.643
4 27.358 26.866 25.851 25.518 27.946
5 26.889 26.106 26.259 25.143 24.593

(c) Total journey duration (s)
1 6040.0 5948.3 5859.4 5831.2 5783.6
2 5882.1 5835.5 5765.3 5729.3 5729.2
3 5780.1 5733.5 5729.5 5729.2 5729.2
4 5771.1 5734.1 5729.3 5729.1 5729.2
5 5774.6 5736.1 5729.4 5729.0 5729.0

(d)Total rheostatic braking energy (kWh)
1 0.06 1.37 1.91 2.52 1.67
2 0.06 0.05 0.07 0.09 0.09
3 0.06 0.07 0.08 0.08 0.08
4 2.59 0.08 0.12 0.14 0.08
5 3.76 0.14 0.11 0.15 0.16
3 4.252 0.697 0.766 0.767 0.765
4 6.264 0.762 0.779 0.784 0.799
5 8.261 0.833 0.824 0.835 0.879

results from the simulations are presented in Figs. 9 and 10 and
Tables 11 and 12.

5.5.1. Load-levelling control strategy
All simulation runs start with a battery SOC of 50%, as shown

in Fig. 9(e). The final SOC varies significantly while the mean SOC
over the journey ranges from 31 to 62%, i.e., a variation of over 30%.
The highlighted SOC profiles correspond to the three main modes
in which the hybrid controller operates, i.e.,

• A – shows a configuration that requires the controller to intervene
because the battery SOC reaches the upper allowed limit (SOCmax).

• B – is when intervention is required due to the battery SOC reach-
ing a critically low (SOCtopup) level.

• C – outlines a profile in which the selected control strategy is
utilized for the duration of the journey with no intervention.

In a charge-sustaining hybrid power plant for stable and sus-
tainable operation, the mean SOC must ideally be close to the initial
value. Very small swings in SOC often correspond to a battery pack
that is over-sized, thereby adding unnecessary weight and cost to
the system. Conversely, large SOC swings, particularly ones that
reach the permitted upper or lower limits, correspond to a battery

pack that is too small for the hybrid configuration. Furthermore, in
these configurations the adopted control strategy becomes ineffec-
tive as the supervisory controller must intervene when the SOC of
the storage device is outside the safe operating limits.

Table 13
Comparion of CO2 emissions by power plant type.

Power plant type CO2 emissions

Total (kg) Grams per seat km kg per vehicle km

Diesel 278.5 27.9 3.54
Diesel hybrid 224.0 22.4 2.85
Fuel cell 209.0 20.9 2.69
FC hybrid 148.5 14.8 1.88
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Fig. 9. (a–f) Fuel cell hybrid res

It can be deduced that with this control strategy for config-
rations which utilize smaller fuel cell stacks, the battery often
eeds an top-up charge; whereas for the configurations with larger

uel cell stacks, the battery has a tendency to be over charged
nd requires continuous discharging to remain within the oper-
ting limits, as shown by Fig. 9(f). The selected control strategy

lays the most significant role for configurations that utilize a fuel
ell stack of 570 and 670 kW irrespective of battery pack capac-
ty.

A significant proportion of energy is lost via rheostatic brak-
ng instead of being captured by the battery pack in configurations
r load leveling control strategy.

with the smallest battery pack capacities, as illustrated by Fig. 9(c).
This is due mostly to the smaller packs not being able to absorb
large amounts of energy in the relatively short period of time dur-
ing which the vehicle is decelerating. Somewhat high amounts of
energy are lost for configurations that use the smallest fuel cell
stack (470 kWh). This is because the hybrid controller spends a

significant proportion of time topping up the battery charge due
to the battery SOC dropping below the lowest permissible limit
(Fig. 9(f)). During this charging period, hybrid operation is sus-
pended and therefore braking energy must be dissipated via the
rheostatic brake.
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Finally, the total journey duration does not change significantly
ver the different configurations (by approximately 5 min) but the
verall consumption of hydrogen varies between 24.5 and 33.5 kg,
.e., a variation of 9 kg.
.5.2. Trickle charge control strategy
The battery SOC is prone to drift significantly outside the safe

perating levels (Fig. 10(f)), due to the large proportion of time the
ybrid control strategy operation is suspended on account of the
OC reaching its limits and the supervisory controller intervening.
r trickle charge control strategy.

The rheostatic braking energy content plot shows that, in accord
with the load-levelling control strategy, a significant amount of
energy is lost for the smallest battery pack and smallest fuel cell
stack power configurations. The causes of these results are similar
in nature to the previous results.
The variation in overall journey duration is approximately 4 min
(Fig. 10(d)). This is most likely due to the significant intervention
by the hybrid controller to maintain the battery SOC, especially
with configurations that utilize larger battery packs and/or fuel cell
stacks.
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There is a 5 kg difference in hydrogen consumption between the
est and worst fuel economies, but the relatively low variation is

ikely to be due to the control strategy not being used for large
ortions of the journey in many of the configurations.

. Discussion and concluding remarks

The relationship between H2 generation and CO2 emissions
aries significantly and is largely based on the method by which
he hydrogen is produced. Currently, steam reforming of natural
as comprises almost 50% of the world production of hydrogen. If
ydrogen is obtained by means of stream reforming, approximately
.5 kg of CO2 is generated for every 1 kg of H2[8]. If hydrogen is
btained by electrolysis of water using electricity from traditional
ower plants, this figure will increase further, namely, 62 kWh of
nergy (currently from mostly non-renewable sources) is needed
o create 1 kg of hydrogen. This figure can be reduced to zero by
he de-carbonization of electricity grids via the use of renewable
nergy, such as solar or wind power, and carbon capture and stor-
ge programs. These technologies, however, are not yet feasible for
he large scale of production that would be necessary to power an
ntire fleet of fuel cell railway vehicles. Therefore, for the scope of
his work, it is assumed that hydrogen will be generated via the
team reforming of methane (Table 13).

Analysis of the above results shows that the most suitable con-
guration is a 670 kW fuel cell stack with 60–90 kWh of energy
torage and utilizing a load-levelling control strategy. This provides
hydrogen consumption of 27 kg for the simulated journey. This

mount translates to approximately 148.5 kg of CO2. It should be
oted that the emission will be higher in practice as the calculation
oes not take into account indirect CO2 contributors in the conver-
ion process such as electricity that is obtained by mostly fossil-fuel
owered power plants.

Compared with a pure fuel cell vehicle, a hybridized fuel cell
ehicle provides nearly a 30% reduction in fuel and emissions, while

ot significantly effecting the overall journey duration (increase
f less than 2%). Compared with a pure diesel vehicle, fuel cell
ybrid vehicles have the potential of reducing CO2 emissions by
p to 45%. Analysis of the two control strategies presented in this
ork show that the optimum performance of a hybrid drivetrain

[

[

r Sources 195 (2010) 7829–7837 7837

is significantly affected by the adopted hybrid control strategy. The
study has concentrated on a typical UK commuter railway journey,
and consideration should be made of adaptability of the optimum
architectures to other typical routes.
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