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EXECUTIVE SUMMARY
1. Synopsis of the project;
In order to meet ever tightening environmental targets, further research is required
into ways of minimising emissions from, and energy consumption of, urban public
transport vehicles, as well as increasing their attractiveness. This project, therefore,
aimed to research into emerging technologies to identify those most appropriate to
meeting this requirement.
The project was in two parts. In Part 1, a test facility was constructed comprising a
vehicle chassis, drive motors and a length of test track. The facility was used to
prove the operation of the hybrid power train and its capacity for brake energy
recovery. The test programme yielded data by which the power and energy storage
requirements of the powertrain, in particular, the size of prime mover required, could
be specified.
Part 2 of the project involved prime mover specification and evaluation, energy
storage specification and evaluation, a feasibility study into the use of hydrogen fuel
and refuelling infrastructure and a forecast of hydrogen availability and cost, and,
finally a forecast of the expected CO2 emission savings due to the application of this
technology.
2. Whether the project is on track;
The project was completed and has set out a roadmap for cost effective
implementation.
3. The milestones completed in the final phase;
Task 2.3 Hydrogen fuel study
Task 2.4 Hydrogen supply study
Task 2.5 Forecast of CO2 emission savings.
4. The progress made on the milestone;
In order to carry out the fuel study BER directors visited the Fraunhofer Institut
Verkehrs und Infrastruktursysteme, Dresden, (IVI) where development work is
underway on a fuel cell flywheel hybrid bus. There we were shown safe, practical
and functional arrangements for hydrogen refuelling and on board storage by means
of pressurised cylinders, similar to that used on the CUTE demonstration fuel cell
buses, which we also visited. At IVI we were also shown the stationary application of
ultracapacitor energy storage.
Regarding hydrogen supply and CO2 emission savings, BER visited the Centre for
Process Industries, Teesside, where a large hydrogen supply infrastructure is
proposed. BER directors were shown round the site and were given helpful
information on potential hydrogen availability, cost and CO2 emission savings.
The Energy Management Unit of Bristol City Council supplied information on
proposed renewable energy schemes at Avonmouth, from which potential CO2
emission savings could be estimated...
5. General issues experienced during the completion of the milestone.
The main issue was that, by extending the timescale of the studies, the quality of the
analysis could be improved, often because of being able to keep up to date ongoing
developments outside the project. This involved more travel than anticipated.

Report on the project
Objective
This project aimed to research into emerging technologies to identify those most
appropriate to meeting CO2 emission reduction targets for urban transport. The main
technical objectives of Part 1 were to construct, validate and calibrate a computer
model for vehicle performance analysis using data from the test facility, and to
investigate the power and energy storage requirements of hybrid passenger transit
vehicles by use of the model.
Those of Part 2 were to investigate the feasibility of cost effective zero emission and
carbon neutral power sources, including solar PV arrays and the hydrogen fuel cell,
able to supply the power as specified in Part 1, to investigate the relative merits of
batteries, flywheels and ultracapacitors in meeting the vehicle's energy storage
requirements as specified in Part 1, and to assess the benefit in terms of overall
reduction in CO2 emissions.

Report on Part 1

The tasks leading to Milestone 2 included the preparation of the chassis of the ultra
light rail vehicle EROS 1 for use as a test vehicle. The constructional work was
undertaken under contract by Clayton Equipment Ltd. A drawing of the chassis is
shown in figure 1. This shows the chassis layout including the two flywheels. Figure
2 shows the chassis under test at Clayton’s works.

Figure 1 Test vehicle

Figure 2 The vehicle under test at Clayton’s works.

Introduction
The ULRV, or Railbus, is a small, lightweight, flywheel powered, double ended, two
axle tram with a capacity of 35 passengers. The railbus concept is a small vehicle
using flywheel energy storage, which is recharged continuously by an on-board
electrical generator. The vehicle (known as EROS1) has been under development
for approximately 2 years with the involvement of various parties. The traction drive
has been designed by the University of East London (UEL), with the body and
chassis being the responsibility of Severn Lamb Ltd. The present status of the
vehicle is that the construction of the chassis and the installation of the flywheel and
drives is complete and has was as the test vehicle in task 1.2, as shown in figure 1,
at Clayton’s works, Hatton, Derbyshire.

Description of the drive
The drive consists of 2 flywheels, four permanent magnet, brushless-dc servo motors
and their four inverter drives. The motors and inverters were supplied by Control
Techniques Ltd. The flywheel motors are of type 190UMD rated to 3000 rpm and the
traction motors are of type 190 UMC, also rated to 3000 rpm. The inverters are 3404
Unidrives.
Each flywheel is connected to its motor through a reduction belt drive and a 1:1 spiral
bevel gearbox. The other 2 motors are for traction purposes, one per axle. The
motors drive the axles through prop shafts and 5.57:1 spiral bevel gearboxes and the
wheel diameter is 520mm. The inverters are connected by a 600v dc link. The two
flywheel drives are presently supplied with 3-phase 415v mains in order to charge the
flywheels.
The flywheel units consist of a 330 kg rotor and a casing of roughly similar weight.
The moment of inertia is 18.5 kgm2. The maximum flywheel speed is currently set at
3800 rpm though they can operate safely up to 5000 rpm.

Drive Operation
Presently, the flywheels are charged up from a stationary mains supply via their
respective drives at a controlled rate to their rated speed. The drives then hold them
at this speed until the mains is disconnected. All four drives continue to be energised
from the flywheels. The operator then selects the ‘travel’ mode. In travel mode, the
flywheel drives continue to act as act as generators, and are programmed to maintain
the DC link voltage at 600V which can thus supply the traction drives with their
demand power, which is set by the operator at the required level to accelerate the
vehicle. The drive is also used to brake the vehicle by using the traction motors as
generators to power the flywheel drives, i.e. by reversing the power flow, so
accelerating up the flywheels. This is the basis of brake energy recovery under test
in this task.
The control system relied upon the inverters communicating via the CT Net to
balance the power flow between the flywheels and the traction drives.

EROS 1 Performance Specification
The specification for the prototype passenger vehicle is as follows:
Maximum speed:
Commercial speed:
Average Acceleration:
Service brake:
Emergency brake:
Average gradient:
Tare weight:
Maximum gross weight:
Wheel diameter

50km/hr
20km/hr
0.45 m/s2
1.3m/s2 (may require use of disc brakes)
3.0m/s2
1%
6.8 tonnes
9.3 tonnes
520mm

The rolling resistance of the vehicle has been estimated by use of the following
formula:
Frr = 32.2m + 5.6v + 0.027v2
Where:
Frr = Rolling resistance (in Newtons)
m = mass of vehicle (in tonnes)
v = vehicle velocity (in km/hr)
The required performance is defined by the need to achieve a commercial speed (i.e.
including stop times) of 20 km/hr over a specified route. The route chosen for this
specification is located in Bristol and the desired velocity/time profile is attached.
Assuming constant acceleration, a rate of 0.45 m/s2 and a deceleration of 0.6m/s2 will
give the required commercial speed over this route.

EROS 1 test vehicle details
Weight of chassis:

5.1 t

Traction motors:

Control Techniques 190 UMC
3000 rpm
8 pole, permanent magnet
Stall torque 58.7 Nm

Flywheel motors:

Control Techniques 190 UMC
3000 rpm
8 pole, permanent magnet
Stall torque 78 Nm

Flywheel maximum speed :
Flywheel moment of inertia:
No of flywheels:
Maximum kinetic energy:

3800 rpm
18.375 mN
2
1453 kJ

Motor drives:

Control Techniques 3404 Unidrives

DC link :

600V nominal

AC supply:

415 V, 3phase mains
(flywheel charge up when stationary)

Electrical drive configuration
3 , 415V
mains

Unidrive
F1

Unidrive
F2
Flywheel
motor

Flywheel
motor

Unidrive
T1

Unidrive
T2

Traction
motor

Traction
motor
Figure 3 Electrical drive configuration

The CT net
The four drives are connected in a network so as to operate on common control
signals. The flywheel drive F1 is programmed as the master and F2 is sslaved to it.
F1 is programmed to operate in one of two modes.
1. Charge mode
When enabled, the flywheels are run up at rated torque to their maximum speed
(3800 rpm) and then run at that speed.

2. Travel mode
Drive F1 is programmed to monitor the DC link volts and control it to a set point of
600V. Voltage error forms an input to a PID control loop which sets the torque input
on drives F1 and F2. The two traction drives then act as normal under a common
torque control signal set by the driver, subject to a speed limit. The driver can thus
control the vehicle acceleration to demand

Regenerative braking
The torque demand on T1 and T2 is reversible. Applying a negative signal reverses
the power flow and decelerates the vehicle. The driver can thus slow the vehicle
down to demand. Because of the DC link voltage feedback control of the flywheel
drives, regenerated power is automatically fed back into the flywheels, thus allowing
brake energy recovery. This is an important energy saving feature of the
arrangement.

Task 1.2 Testing and data analysis
The flywheels were run up at rated motor torque to their rated speed, under mains
power. The speed and power transients are shown in Figures 4 and 5. Figure 6
shows the results of the flywheel no-load rundown test. From of the moment of
inertia of the flywheel the characteristic of power loss due to friction against speed
was obtained. This is shown in figure 7. Based on this a power audit was obtained
for the run up as shown in figure 5. The input power was measured and the
acceleration power derived from the speed profile. The difference is assumed to be
the flywheel loss power (from figure 7) and the motor and transmission loss power.
The input energy storage efficiency was ascertained as follows:
Energy stored after 120 sec
Energy supplied
Energy loss in flywheels
Energy loss in motors and transmission
Overall input efficiency
Storage (input-output) efficiency

1453
2122
226
442
68.5%
46.9%

kJ
kJ
kJ
kJ

The storage efficiency was taken as the square of the input efficiency grounds that
the % losses on output would be similar to those on input. The motor efficiency
(including the drives) peaks at nearly 90% giving little scope for improvement.
However, the transmission losses include those in the bevel gears and pullies where
most of the losses occur. There is scope for improvement in the efficiency of the
flywheel drive system.
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Figure 5 Flywheel power audit on runup
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Figure 6 Flywheel speed and energy on no load rundown
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Figure 7 Flywheel no-load loss vs speed
There is scope for improvement in the efficiency of the flywheel drive system.
Flywheel energy loss could be reduced by evacuating the containment of filling with
helium.

A simulation model has been developed in order to predict the performance of a
hybrid electric one operating with a given duty cycle. The hybrid electric vehicle
model is shown in figure 11.

!

Figure 8 Hybrid Vehicle Transmission System
The model is based on standard equation of motion.
f = m.a – r t
Where:
f = is the demand force to move the vehicle (kN);
m = mass of the vehicle (t);
a = acceleration (m/s2);
r t = force due to total resistance (kN).
The force due to total resistance is defined as a variety of forces that are present in
vehicle operation, which oppose its movement and speed, which must be overcome
by the tractive effort of the engine or motor. A general formula could be written as
below:
R t = fr + fg + fc
where:

fr = force due to rolling resistance (kN);
fg = force due to grade resistance (kN);
fc = force due to curve resistance (kN).

The rolling resistance can be calculated by the general formula:
fr = a + bv + cAv2
Where:
For EROS 1

a, b and c are constants characteristics of particular vehicle
A = frontal area of the vehicle (m2);
v = speed (m/s2).

a = wheel resistance = 0.225kN
b=0
c = 0.5*air density*drag coefficient = 0.5*1.228*0.8 = 0.491 kg/m3
A = 7.18 m2
Parameters stored within the model include:
mass (t);
maximum speed (m/s);
maximum acceleration and deceleration (m/s2);
distance between stops (m);
power rating of components (kW);
energy storage capacity (kJ);
component efficiencies (%).
Within the model, the driver subsystem generates demand accelerations and
decelerations appropriate to the point in the drive cycle. The resultant demand torque
can thus be calculated accounting for the resistances and transmission
characteristics. If the demand torque exceeds physical limits of the system, the
maximum allowable torque prevails. Acceleration is calculated accordingly.
The flywheel energy storage is modelled by assuming a uniform transmission
efficiency and mechanical power loss using data obtained from tests.
Because of the high degree of control over the energy storage power, the prime
mover power can be controlled to a set point for its optimal operation, whatever its
type. Some variation must be allowed over time to allow for changing average
vehicle operating conditions (e.g. changes in average speed or gradient). Short term
changes are absorbed by the energy storage. This control strategy is particularly
suitable for prime movers such as the fuel cell or the gas turbine, since near optimum
efficiency is maintained and rapid cycling avoided. In the hybrid configuration, the
prime mover is thus used to produce constant or slowly varying power within a
narrow range at near optimal efficiency. Because of its configuration, the prime
mover operation is compatible with a wide range of fuel and engines, including the
gas turbine and fuel cell. In this simulation, the prime mover power output set point is
constant at a prior specified value (15kW). Auxiliary power demand (including air
conditioning) is excluded and this must be added to the prime mover power
specification.

Data for simulation
Traction power limit
Vehicle mass
Distance
Maximum speed
Gradient
Supply power
Initial stored energy
Storage no load power loss
Storage transmission efficiency
Traction transmission efficiency
Supply efficiency

32kW
7 tonnes
400m
30kph
zero
15kW (excluding auxiliaries)
1000kJ
6*stored energy/max. stored energy kW
70%
70%
90%

Results
Figure 9 shows the variation of vehicle speed, traction power and stored energy over
the 400m distance. Figure 10 shows the variation of wheel and aerodynamic
resistance. Figures 11 and 12 show the energy flow distribution over the same
distance.

Energy Audit
Energy supplied
Energy recuperated
Wheel losses
Windage losses
Flywheel energy gain
Transmission losses
Flywheel no-load loss

1311.3
45.5
90.0
79.7
20.3
652.3
423.5

kJ
kJ
kJ
kJ
kJ
kJ
kJ

Conclusion
The tests and simulation show that the vehicle prime mover needs to deliver an
average uniform power of 15 kW to the powertrain in order to maintain a maximum
speed of 30 kph over a stopping distance of 400m with a stop time of 24 s.
Assuming an average auxiliary power of 5kW, the prime mover power needs to be
rated at 20 kW mean.
Zero gradient is assumed. Performance on gradients over short distances can be
maintained by installing sufficient stored energy capacity.
On routes involving
extended climbs a higher rating for the prime mover would need to be specified.
The main reasons for the low energy consumption are the low wheel losses due to
steel on steel and the low windage losses due to low operating speed. If higher
operating speeds are specified then so would the prime mover rating.
Energy efficiency could be increased by increasing that of the flywheel and traction
motor transmission systems. 70% has been demonstratedon t he test vehicle but
there is scope for considerable improvement. Flywheel losses could be considerably
reduced by evacuating the containment or by use of hydrogen or helium to displace
the air.
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Simulated performance over 400m distance

0.5

0.45

0.4

0.35

0.3

Aero drag kN
Total drag kN

0.25

0.2

0.15

0.1

0.05

78

75

72

69

66

63

60

57

54

51

48

45

42

39

36

33

30

27

24

21

18

15

9

12

6

3

0

0
sec

Figure 10

Drag vs time (Total = Aero + Wheel)

A uniform power of 20kW could be generated by a hydrogen fuel cell whose cost
could be absorbed within the overall vehicle cost rather than being a substantial
proportion of it as on a rubber tyred vehicle. Because of the steady demand power
the vehicle power train presents a managable load to the fuel cell making the
application virtually equivalent to stationary. This is because the flywheel energy
storage is able to supply the transient power demand of the traction motors and also
absorb brake energy.
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Figure 11 Energy flows
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Figure 12 Energy flows (stacked)

Task 2.1 Fuel cell specification and evaluation
Feasibility study into fuel cell power
In the development of zero emission electric vehicles, fuel-cells are considered as
the eventual replacement for batteries, which have a severe disadvantage over
conventional energy sources in terms of weight, lifetime, recharge rate and energy
capacity. Fuel-cells run continuously on hydrogen so that the range of the vehicle is
limited only by the capacity for storage or generation of hydrogen. Though
considerable development is underway, fuel-cells currently have the disadvantage of
low power density and high cost. They are currently being developed as a power
source for electric buses, for which a peak power of around 250kW is required at a
cost possibly exceeding the cost of the bus itself. A more feasible application is as
prime mover in a hybrid configuration incorporating an energy storage facility of the
type tested in task 1.1. In order to test the feasibility of this application, it is proposed
to investigate the use of a fuel cell as prime mover on a hybrid light rail vehicle. The
vehicle under consideration is an ultra light vehicle of 8 tonnes tare, in which the
motive power is provided from a flywheel energy store, which can be recharged from
an electrical source. Preliminary analysis in task 1.3, using a dynamic vehicle model,
indicated that, while the peak demand on the flywheel is about 32kW, the average
demand, which only needs to cover losses in urban operation, is below 15kW, so that
a modestly sized fuel-cell, say 20kW to allow for auxiliaries, should suffice.
The basic series hybrid arrangement is shown in figure 12 and draws largely on the
electric vehicle concept.
Prime
Mover

Energy
storage

interface
Figure 12

interface

Vehicle drive

Series hybrid arrangement

In this arrangement, the energy storage is normally a battery but can take other
forms including electromechanical, hydraulic or pneumatic. In any case power
conversion is required at each interface and there is no direct mechanical coupling
between the engine and the vehicle drive (transmission). A simple example of this
would be a battery electric vehicle with an on board battery charger consisting of an
engine generator set. This arrangement is shown in figure 13

Engine/
generator
(or fuel cell)

Battery

Electric
motor/drive

Transmission
Figure 13

Schematic of engine/battery electric hybrid power transmission.

Note that in this arrangement, power can flow both ways between the battery ant the
drive motor so that during braking, the motor can act as a generator feeding brake
energy back into the battery. The problem with this is that in order to be able to
absorb such energy and to avoid excessive wear on the batteries, the capacity of the
battery storage has to be at least ten times that required just to accelerate the
vehicle. A further problem is that because of the need for two stages of power

conversion, such arrangements have not until recently been regarded as energy
efficient.
It is convenient to regard the hybrid vehicle and its propulsion system as comprising
two components:
1. A prime mover
2. An energy storage facility
The prime mover
The prime mover is the main energy source for the vehicle. Examples of hybrid
vehicle prime movers include:
The internal combustion engine
The gas turbine
The fuel cell
The battery
The first three all must include fuel tanks. Batteries are used as the prime mover in
pure electric vehicles bet generally give poor performance. Fuel cells are being
considered as an alternative.
The energy storage facility
This is a relatively short term source of energy normally replenished by the prime
mover. It serves to assist the prime mover during vehicle acceleration and, ideally, to
recover brake energy during deceleration, not normally possible with conventional
vehicles. Forms of energy storage include:
The battery
The flywheel
The hydraulic accumulator
The ultracapacitor
Table 1 gives examples of various common combinations used in series hybrid
vehicles.
Prime mover
Heat engine
Battery
Heat engine
Battery (low power, high energy)
Battery
Table 1

Energy storage
Battery
Flywheel
Flywheel
Ultracapacitor
Hydropneumatic

Examples of current series hybrid combinations

Electrical transmission
The electrical arrangement for the series hybrid configuration is shown in figure 14.
All transmission is electrical, via the DC link. This normally requires a power
converter between each element of the system and the DC link in order to control the
power flow, in the form of direct current (DC) from element to element. For example,
it is noted in figure 14 that the power flow between the vehicle drive motors and the
energy storage is reversible. This is in order to allow regenerative braking which
requires a sink for the regenerated power. If brake energy is to be recovered then
the energy storage unit must be able to accept regenerated power and the power
flow must be able to be controlled as this governs the deceleration rate. In current

developments using batteries as energy storage, only a limited proportion of the
brake energy can be recovered because of the poor energy storage efficiency of
batteries. This setback can be addressed in various ways;
1.
2.
3.
4.

by carrying a proportionally higher volume of batteries
by dissipating surplus brake energy in dump resistors
by use of blended braking (combination of regenerative and friction braking)
by use of alternative energy storage

The first carries the penalty of increased weight while in the second and third, less
brake energy is recovered. Considerable development is now underway of more
efficient forms of energy storage. Flywheels and ultracapacitors are showing
promise in this respect and the series hybrid configuration enables a more flexible
approach to system integration by virtue of the electrical, rather than mechanical
linkage between elements.
Series hybrid electric vehicles were developed in the 1970s as electric vehicles with
on-board engine generator sets to provide the added range. A simple series hybrid
electric arrangement is shown in figure 5. The energy storage comprised batteries
which could be charged continuously or intermittently by the generator set. The latter
could be sized to provide power for long distance cruising, thus using battery power
to boost acceleration, or, sized just to maintain battery charge during a day’s
operation or longer.

Figure 14

Electrical arrangement for the series hybrid configuration

An advantage of this arrangement is that, from a mechanical viewpoint, the
transmission between the engine and vehicle is ‘flexible’. This means that the engine
(or fuel cell) can be located at any convenient point on the vehicle. This makes for
greater flexibility in vehicle design and, in the case of passenger transit vehicles,
opens the way to 100% low floor vehicles.
There is a trade off between prime mover size and energy storage capacity, which
ranges between 100% battery as in the pure electric vehicle, to 100% engine, as in
the conventional vehicle.

Selection of configuration
The objectives of the proposed project are to achieve zero emissions and minimum
energy consumption with unrestricted range.
This effectively eliminates all
arrangements using internal combustion engines and favours the use of a flywheel
for brake energy recovery and load levelling because of its high storage efficiency,
recharge power density and cycle life. In this study, the fuel cell is shown either as
an alternative to the engine/generator or the battery. In order to achieve the above
objectives the arrangement with the fuel cell as prime mover and the
flywheel/motor/generator as intermediate energy storage is preferred.

Fuel cell system
Power output control
The electrical output of the fuel cell stack has to be carefully regulated even when the
DC bus voltage is fluctuating due to load variation. Standard DC/DC converter
technology will be employed to control the output current, making the fuel cell system
behave as a constant current generator with a controllable set point. Control of the
DC link voltage may also be necessary. This is quite feasible using standard
technology.

Task 2.2 Energy storage specification and evaluation
prime mover
The prime mover is the main energy source for the vehicle. Examples of hybrid
vehicle prime movers include:
The internal combustion engine
The gas turbine
The fuel cell
The battery
In this study, the fuel cell is selected because of the CO2 emission saving potential
and vehicle design flexibility.

The energy storage facility
This is an intermediate source of energy normally replenished by the prime mover. It
serves to assist the prime mover during vehicle acceleration and, ideally, to recover
brake energy during deceleration, not normally possible with conventional vehicles.
Forms of energy storage suitable for hybrid include:
The battery
The flywheel
The hydraulic accumulator
The ultracapacitor

Electrical transmission
The electrical arrangement for the series hybrid configuration is shown in figure 14.
All transmission is electrical, via the DC link. This normally requires a power

converter between each element of the system and the DC link in order to control the
power flow, in the form of direct current (DC) from element to element. For example,
it is noted in figure 14 that the power flow between the vehicle drive motors and the
energy storage is reversible, in order to allow regenerative braking. If brake energy
is to be recovered then the energy storage unit must be able to accept regenerated
power and the power flow must be able to be controlled since this governs the
deceleration rate. In current developments using batteries as energy storage, only a
limited proportion of the brake energy can be recovered because of the limited
battery charge rate. This drawback can be addressed in various ways;
5.
6.
7.
8.

by carrying a proportionally higher volume of batteries
by dissipating surplus brake energy in dump resistors
by use of blended braking (combination of regenerative and friction braking)
by use of alternative energy storage

The first carries the penalty of increased weight while, in the second and third, less
brake energy is recovered. Considerable development is now underway of more
efficient forms of energy storage. Flywheels and ultracapacitors are showing
promise in this respect and the series hybrid configuration enables a more flexible
approach to system integration by virtue of the electrical, rather than mechanical
linkage between elements.

Selection of configuration
The objectives of the project are to achieve zero emissions and minimum energy
consumption with unrestricted range. This effectively eliminates all arrangements
using internal combustion engines and favours the use of a flywheel for brake energy
recovery and load levelling because of its high storage efficiency, recharge power
density and cycle life. In order to achieve the above objectives the arrangement with
the fuel cell as prime mover and the flywheel/motor/generator as intermediate energy
storage is preferred.

The characteristics of energy storage devices
The important characteristics of energy storage in hybrid vehicle design are:
Energy density: the energy capacity per unit volume of the storage system: units kJ/m3
or Wh/ m3
Specific energy: the energy capacity per unit mass: units kJ/kg or Wh/kg
Power density: the available power output per unit volume, units W/m3.
Specific power: the available power output per unit mass: units W/kg.
In hybrid vehicles, the power flows in and out, so that the power density and specific
power should be quoted for charge as well as discharge. For most batteries, the
maximum charge power is far less than the available discharge power.
Storage efficiency: this is defined by:

energy available on discharge
× 100%
energy required for recharging to the same state

Permitted depth of discharge:
The energy discharge allowed, as a percentage of total energy capacity, before
recharge. Note that this is rarely over 80% and for batteries it may be as little as 20% in
order to preserve battery life. This is, of course, a key determinant of energy storage
capacity.
Charge time: the minimum time required to recharge from the (permitted) discharged
state
Cycle life: The life of the energy storage system measured in the number of
charge/discharge cycles that it can sustain.
Charge retention: Most energy storage systems will loose energy over period of time.
Flywheels, ultracapacitors and all types of rechargeable battery suffer from this
problem. Some of the more advanced battery designs are particularly poor in this
respect.

The importance of storage efficiency
If brake energy recovery is the prime purpose of adopting hybrid technology then
energy storage efficiency is critical. In order to verify this, a sensitivity test was carried
out using the SIMTRIP vehicle model [2]. The subject of the test was a large saloon car
undergoing a start stop cycle over a 500m distance in urban conditions. The following
assumptions were made:
Mass of vehicle
Distance
Maximum speed
Maximum acceleration/deceleration
Traction power limit
Gradient
Prime mover power
Energy storage standing losses
Transmission efficiency

1.3 tonnes
500m
50km/h
3m/s2
75 kW
0%
23 kW
0 kW
90%

The fuel saving indicated is theoretical and the effect of any additional weight due to the
energy storage, or self-discharge, has been neglected. The purpose of this analysis is
solely to indicate the sensitivity to storage efficiency.
The results are shown in table 2 and graphically in figure 15
Energy storage Energy
efficiency %
kJ
100
90
80
70

95
121
146
549

used Brake energy Fuel savings %
recovered kJ
109
88
70
53

56
45
33
22

Table 2 Predicted effect of energy storage efficiency

!
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#

Storage efficiency %
Figure 15

Sensitivity of fuel savings to energy storage efficiency

Types of energy storage
Batteries
Batteries have been chosen as the storage device in the first generation of hybrid
cars, and in most of the hybrid bus systems. The attractions of batteries are that;
1. their technology is well developed (for some types)
2. there is a considerable body of experience in their use, deriving from many years
of operations of fleet electric vehicles
3. they have no moving parts
4. their intrinsic safety is generally good, although some newer types do represent a
significant potential hazard.
However, batteries also have some strong disadvantages for hybrid propulsion
systems:
1. They tend to have a limited cycle life, particularly if subjected to repeated heavy
current flows on discharge and charge, or repeated deep discharges.
2. They have a low specific power on charge and thus a high charge time and
excessive weight.
3. High-performance batteries are relatively expensive
4. Their storage efficiency is relatively low and decreases with higher power flow.
Due to the continuing interest in the development of zero emission vehicles, a
considerable amount of research and development work has been undertaken on
batteries. The lead was taken in North America by the United States Advanced
Battery Consortium (USABC).This was superseded by the United States Council for
Automotive Research (USCAR), which in turn co-operated with the U.S. Government

to form the Partnership for a New Generation of Vehicles (PNGV). Some progress
has been made, particularly with the development of newer battery types such as the
nickel metal-hydride (NiMH).
Compared to pure battery electric vehicles (BEVs), hybrid electric vehicles (HEVs)
impose some even more severe operational constraints on batteries. This is because
the peak power requirements are roughly the same for both types of vehicle, but for a
hybrid, the battery should be relatively small and light (a high total vehicle mass will
tend to eliminate the advantages of the hybrid system). The hybrid vehicle battery
will therefore have to work at a much higher specific power (power to weight ratio)
than for a BEV and this will greatly reduce both the life and the efficiency. The
cycling will also be more aggressively intense on a hybrid vehicle. On a BEV, the
battery operates one major cycle of charging and discharging during a journey, [with
some much smaller cycles being superimposed by alternating periods of
acceleration, cruise and regenerative braking. In a hybrid, because of the smaller
capacity, the battery will be suffer a fairly major cycle of discharge and charge for
each of these cycles of acceleration, cruise and braking.
The characteristic required of the energy storage system will depend on the type of
hybrid. A mild hybrid will normally require a similar maximum power output to a
hybridised BEV, but will require a much smaller energy capacity, and hence a smaller
battery and higher specific power.
Disadvantages of batteries
1. The performance characteristics of the battery will change with time. The
performance of all batteries gradually deteriorates. The characteristics will even
change during a journey, due to changes in the battery temperature.
2. The total energy capacity of the battery is not available to be extracted on a regular
basis.
3. The amount of energy that can be extracted depends on the power output. Less
useful energy is available at high power output than for low power, because more
energy is lost in heat.
Summary of battery performance
Trying to obtain meaningful comparisons of the comparative performance of the various
battery types is difficult. Many of them are still under development, and the extremes of
performance may be performed from complex arrangements that are not suited to
automotive applications. As mentioned previously, the performance may deteriorate
rapidly with age, and a high power output may be associated with a very short cycle life.
In Table 3 we have attempted to show figures for the extremes of current development.
These may become rapidly outdated in some cases, and the table should only be taken
as a rough guide. The values are based on data obtained from a large number of
sources, including Atkin and Storey [1] who in turn used numerous sources. The figures
relate to the extremes of current development, and are not necessarily yet achievable in
a practical unit.

Leadacid

Ni-Cd

Ni-MH

Na-S

Ni-Fe

Zn-Br

Li-SP

55
198

75
270

110
396

45
162

75
270

150
540

1200

1800

553

720

360

360

150

200

200

170

170

100

500

77

75

75

90

60

70

95

5

30

10

30

25

30

-

4.5

5

5

5

6

4

5

10

4

10

6

5

1500

1500

2000

500

300+

Specific
energy
50
(Wh/kg)
180
(kJ/kg)
Energy density
(J/litre)
960
Specific power
(W/kg)
Storage
efficiency
(%)
Self discharge
in 2 days (%)
Normal
life
(years)
Normal charge
time (hours)
Cycle life (80%
depth
of
discharge.)

8
5
600 1200
2000

Table 3 Comparative performance of advanced versions of various battery types.

Other forms of energy storage
Though batteries are widely used as the storage element in hybrid electric vehicles, up
till now they have not proved very satisfactory because of their limited cycle life, low
power density and poor storage efficiency. This has led to the need to carry an
excessive weight of batteries and a limited ability to recover brake energy. Other forms
of energy storage under evaluation for vehicle application are:
•
•
•

the hydraulic accumulator
the flywheel, and
the ultracapacitor.

The hydraulic accumulator
A hybrid system based on hydraulic transmission and storage was described in chapter
2 and is shown again here in figure 16. The energy storage is provided by way of a
hydraulic accumulator comprising a pressure vessel in which energy from
pressurised oil is absorbed or released by elasticity designed into the vessel. This
can be in the form of compressible spheres within the oil filled vessel. Liquid nitrogen
is often used as the compressible matter within the spheres. This form of energy
storage has a high power density and cycle life at relatively low cost. A feature of
this form of energy storage is that the power transmission can also be hydraulic by
use of hydraulic motors which act as compressors for power reversal.

Hydraulic
Accumulator

Engine
shaft

Compressor
shaft

shaft

Oil
reservoir
Figure 16

Series hybrid arrangement with hydraulic transmission.

Hydraulic transmission and energy storage have been developed for a bus by Volvo.
The cost advantage over electrical transmission is rather outweighed by the
disadvantages of higher weight and volume and somewhat higher noise levels.
Though the system was robust and performed well, it has not been commercially
exploited.
There is increasing interest in and media attention to a reported compressed air
energy storage system for vehicle propulsion. This is the hydraulic analogy of the
battery electric vehicle in that the vehicle can be charged with energy as compressed
air for the whole journey, which is transmitted pneumatically to the drive motors.
There is thus no need for a separate prime mover. Power reversal is possible for
brake energy recovery as in the system described in figure 11.
Flywheel energy storage
Flywheels are becoming of increasing interest in hybrid vehicle design, particularly for
larger passenger transit vehicles. This is because of their advantage over batteries in
terms of cycle life, power density, rapid charge rate and storage efficiency.
Table 3.4 shows comparative figures for energy density, power density and cycle life for
an electromechanical flywheel system in comparison with lead-acid batteries, around
which electric vehicles are currently being developed [3].

Property

Ratio relative to the
lead-acid battery

Energy density

kJ/m3

0.23

Specific energy

kJ/kg

0.24

Power density

kW/m3

6.4

Specific power

kW/kg

6.7

Cycle life

1000

Recharge rate

240

Table 4 Properties of flywheel energy storage relative to the lead acid battery.
In a full vehicle hybrid application, energy density is not so critical since only the vehicle
kinetic energy needs to be stored. However, other critical factors are cycle life, storage
efficiency and recharge time. For a flywheel system, the storage efficiency, potentially
over 90%, is largely set by the efficiency of the transmission, while charge and
discharge times should be equal and sufficiently short. The storage efficiency of
conventional batteries tends to be below 60% and the low recharge rates are proving to
be a major disadvantage in electric vehicle operation. Moreover, they allow only partial
brake energy recovery. This does not, however, preclude the use of batteries as a
primary power source in a hybrid arrangement.
The companies CCM in the Netherlands and Magnet Motor in Southern Germany
have developed flywheel energy storage systems to high specification. These are
designed of composite material to rotate at speeds of up to 15000 rpm. They were
driven in vacuum containment by integral motors within the flywheel. These motors
were of special design so that the central armature was stationary and the permanent
magnet excitation rotated with the flywheel. This meant that the armature windings
could be fed electronically rather than by brushes and slip rings. These flywheels are
thus fed with regenerative electronic drives of modern design by which energy
storage efficiencies of up to 93% have been achieved with speeds of up to 15000
rpm. Higher speed designs are available but there remains the problem of charging
and discharging energy in a controlled manner at the required rate and with the
required efficiency. The CCM design has a capacity of 4kWh, a charge and
discharge power rating of 300kW and a maximum speed of 15000 rpm. It is mounted
on a cardanic suspension system which allows movement to prevent undue strain on
the bearings, due to gyroscopic effects, when the vehicle moves on or off a gradient.
Because the axis of rotation is vertical, rounding corners presents no problem.
Flywheels have a poor specific energy and short energy retention time but this does
not present a problem in hybrid vehicle design because, given sufficient power
capacity, there will be sufficient energy to accelerate the vehicle up to 80 km/h. The
poor retention time means that a small proportion of prime mover power (around 6%)
is needed to maintain the flywheel speed.
There is presently much concern over safety, mostly undue. In the UK, light rail
vehicles are being developed with large, low speed, steel flywheels. A series of light
rail vehicles, built by the UK company Parry People Movers Ltd, has been developed,
tested and operated in passenger service. Bristol Electric Railbus successfully
mounted a 30 month demonstration of a flywheel propelled vehicle in Bristol between
1998 and 2000. These flywheels are never operated at more than half the safe
speed defined by the British Standard for steel wheels. The Bristol vehicle was

approved by the Health and Safety Executive and had a perfect safety record during
its operation.
The CCM flywheel has had an exhaustive safety testing programme. In the ultimate
test, the flywheel was accelerated to twice the specified maximum speed without
mishap. In order to test the effect of a failure, holes had to be drilled into the flywheel
near its perimeter and the test repeated. The result was that disintegration did occur
but the effect contained. Because of the of composite material construction of the
flywheel, the resultant residue was a fine powder distributed within the containment.
The energy was absorbed as heat by the containment. In a bus application, the
energy storage efficiency, at 93%, has resulted in fuel savings of up to 35% in urban
driving conditions. The prime mover was a 2 litre Audi car engine which, under these
conditions, operated at a steady 35 kW.
This bus, known as the 'Flywheel bus' has been demonstrated in service in the city of
Eindhoven, Netherlands, and has been certified for operational safety and passenger
carrying duty by the regulatory authorities. Because of the more or less maintenance
free operation, the flywheel unit has demonstrated a virtually indefinite cycle life. The
case for the use of flywheels as the energy storage element in hybrid passenger
transit vehicles is thus almost proven assuming that the fuel savings, emission
reduction and lower maintenance costs justify the rather higher cost relative to
batteries. It is now proposed to construct two production prototype articulated buses,
one with batteries and the other with a flywheel, as energy storage, in order to make
a thorough comparison.
Ultracapacitors
The electrical capacitor has been developed as a highly efficient means of absorbing
and storing fairly small quantities of electrical charge. Their capacity for energy
storage is rather low but their main purpose is as a passive component to absorb
small electrical disturbances or high frequency signals. They can withstand fairly
large voltages and current pulses and have a high cycle life. A well known
application of this device is to absorb high voltages developed across the contact
breaker on car ignition systems to prevent arcing and electrical interference. Their
storage capacity is normally rated as the electrical charge stored per unit voltage
applied, and has the units of Farads (F)
The term 'supercapacitor' is commonly used to describe double layer capacitors
which have a higher specific energy than conventional capacitors The term
'ultracapacitor' is also used for capacitors which have a capacitance value exceeding
1000 F. The energy storage capacity depends not only on the capacitance but on
the maximum voltage the device can stand.
The amount of charge, and thus energy stored depends on the area of the plates and
the distance between them. For high capacity, the area should be large and the gap as
small as possible without the risk of a short circuit. In an ultracapacitor the gap is filled
with an electrolyte, normally of solid polymer [4]. The 'plates' then become electrodes,
as in a battery, except that no chemical reaction is involved, only some ionisation on the
electrode surface. The electrodes are made of a porous material, normally activated
carbon, which has a very high specific surface area (> 2000m2/g). Whichever the
direction of the applied voltage, one of the boundaries between the electrode and
electrolyte blocks any charge transfer, so that charge is accumulated. The high
capacitance results from the high effective surface area of the electrodes an the
fineness of the boundary layer between electrolyte and the electrode which is blocking
the charge transfer.
In spite of the large capacitance, because of the low operating voltage (around 2.3V),
the energy storage capacity is quite low. However, just like in a conventional
capacitance, the charge and discharge rate is almost unrestricted, making the specific

power very high. Because no chemical reactions take place, there is little deterioration
in performance with use so that the cycle life is much higher than for a battery, at up to
one million. This is one of the key features of ultracapacitors as energy storage
devices. Table 6 compares the lead acid battery, the flywheel and the ultracapacitor for
the
Specific
energy
(Wh/kg)
Specific power
(W/kg)
Storage
efficiency
(%)
Normal charge
time (hours)
Cycle life

Lead-acid

Flywheel

Ultracapacitor

50

7

3-5

150

500 *

300 - 500

77

93

80 - 90

8
600 -1200

unrestricted
>1000000

unrestricted
> 1000000

* Depending on power converter design
Table 5

Comparison of
ultracapacitor

properties of

lead

acid battery, flywheel and

The specific power for the battery only relates to discharge and is much lower for
charge, hence the long charge time. In the case of the ultracapacitor (and the flywheel),
the specific power is limited only by the capacity of the interface by which the power is
transmitted to or from the device. In the case of the ultracapacitor, the energy can, in
theory, be discharged almost instantly, by shorting the terminals.
Indeed,
ultracapacitors are used where instant pulses of high power are required. In the case of
a hybrid vehicle, however, the power has to be carefully controlled. The difference in
operation between an ultracapacitor and a battery is that during normal operation, the
voltage on a battery should remain almost constant, whereas, as an ultracapacitor is
discharged, the voltage drops according to the equation:
Energy

= 0.5 x capacitance x (voltage)2

This means that, to interface the device with a fixed DC link as in figure 2.4, a voltage
converter is required to convert the varying ultracapacitor voltage to the fixed DC link
voltage. This will need to be a complex piece of power electronic equipment whose
cost depends on its power capacity. It is this capacity which determines the specific
power of the storage system. Getting the right balance between specific energy and
specific power for automotive applications may require a combination of battery and
ultracapacitor, bearing in mind they will each require their own power controller.
Ultracapacitors are gradually emerging from their development stage and products are
on the market. However, the price is high and specific energy still rather low and the
energy density (J/m3) is far lower than flywheels meaning that excessive space is
required to house the energy storage needed. However, future development may result
in ultracapacitors becoming the favoured form of energy storage in hybrid electric
vehicles.

Conclusion
Flywheel energy storage continues to be the preferred option for hybrid light rail vehicles
and because weight is not particularly critical, low speed steel flywheels present the
lowest cost option. Because transmission efficiency is crucial to low energy
consumption, permanent magnet drives coupled by DC link is currently the preferred
method of transmission.
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Task 2.3

Hydrogen fuel study

The Hydrogen Economy
It has been predicted that by the year 2020 the demand for oil and gas will outstrip
supply which is bound to force up prices. At that stage hydrogen will become
increasingly important in filling the gap. The market for hydrogen will expand to meet
increasing demand. The quest to reduce CO2 emissions will accelerate this demand.
Fifteen years is a short time in which to prepare for the change. Bristol is very well
placed to plan for a low carbon future by maximising renewable energy and
harnessing it for hydrogen production. The hydrogen produced could be used to
displace industrial and domestic natural gas consumption or, more lucratively, as a
substitute transport fuel.

Hydrogen as a transport fuel
Since windpower could be used as a primary carbon free source for hydrogen it can
be used as a basis for cost calculations. Assuming that the electricity is generated
by wind, with intermittent availability, at a cost of 4p per kWhe, hydrogen could be
produced by electrolysis of water, assuming 80% electrolyser efficiency, for 5p per
kWh of energy. If used as a transport fuel, it would be converted back to electrical
power, again at 40% efficiency (assumed for fuel cells) at a cost of 12.5p per kWhe.
This has to be compared with the cost of motor fuel.
Assuming that a standard bus with a capacity of 50 passengers consumes
approximately 1 lt of diesel fuel per km in urban operation at a cost of 20p and
equivalent energy consumption of 10kWh, the following comparison can be made:
Fuel
Diesel
Hydrogen

Cost per kWh
2p
12.5p

CO2 emitted
250 g
0

Sequestration cost
2p
0

An advantage of hydrogen is that it is feasible to use as a fuel for hybrid ultra light rail
vehicles to substitute for buses, giving the same advantages as conventional light rail
schemes. The following comparison between the costs per km for a conventional
bus with a hydrogen fuelled ULR vehicle each with a service speed of 20km/h
Vehicle
Standard bus
Fuel cell bus
Fuel cell ULRV

Average power
200kW
200kW
25kW

Energy/km, kWh
10
10
1.25

Fuel cost per km
20p
125p
15.6p

Forecast trend
The cost of Brent Crude Oil futures rose 57% between June 2004 and June 2005
(Source: Energy Economics Newsletter, June 2005). It is estimated that world oil
production will peak in 2008. The current rate of rise indicates demand is already
outstripping supply. The cost of oil derived hydrogen is expected to rise in line with
crude oil prices. CO2 sequestration costs should stabilise in real terms.
Assuming a modest 10% p.a. rise in the cost of diesel fuel for buses, the expected
trend in fuel cost per km for the three vehicles considered above is shown in Figure
17
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The cost of hydrogen as a fuel for transport is high at the moment but if produced by
windpower, it is likely to be relatively stable in real terms while the resource in
unlimited. Energy efficiency is the key to early implementation, however.

Hydrogen Production
There are presently two methods of carbon free production of hydrogen. Firstly, it
can be produced directly from sunlight. The technique consists of two photo-catalytic
cells in series. When subjected to light the two cells become oppositely charged to
an extent that they electrolyse a film of water between them. Oxygen and hydrogen
are then discharged on the cell surfaces. The total arrangement is effectively a
photocell and electrolyser combined. The technology is still under development but
has the potential for large scale stationary localised hydrogen production
Secondly, the most immediately available method is by electrolysis of water. Current
technology is available which uses alkaline electrolysis to generate high purity
hydrogen at up to 25 bar (363 psi) which can then be easily pressurised up to 414
bar or higher if required. Such systems are used to produce hydrogen for the CUTE
fuel cell bus demonstrations (Stockholm, Amsterdam, Barcelona and Porto)
It will be argued that if mains electricity is used to power the electrolysers then this
will generate CO2. This can be offset by using only renewable power either directly

or via the electrical distribution network. Either way, the electrolysers form an ideal
form of load management for intermittent wind (or wave) power. Since the hydrogen
can be stored, the electrolyser power can be matched exactly to the wind power, so
balancing the network and avoiding loading the grid network.

Transport of energy
The energy can be transported in two ways
1. Electrically
The renewable power is fed into the local distribution network. By agreement with
the network operator, the power is purchased by the electrolyser operator and drawn
of the network so as to balance supply with demand. This avoids loading the
national grid if the local network suffices. Obviously a transmission charge will be
involved, possibly with some strengthening of the network. The electrolyser can then
be located close to the storage and refuelling depot.
2. Hydrogen transportation
By siting the electrolysers at the renewable energy source, use of the electricity
distribution network can be avoided. Hydrogen can be stored in tubular containers at
300 bar and transported by road, rail or water to the refuelling depot. Hydrogen can
also be transported by pipeline though leakage is likely to be a problem.

Which method is used will depend largely on geography. If the electrical
method is practical and commercially viable then this is likely to be preferred.
Storage and refuelling
Hydrogen can be used as a fuel for fleet transport operations. In this case it would
be transported to and stored at a refuelling depot in rather the same way as
compressed natural gas today, but at pressures up to 300 bar.
Refuelling has been demonstrated to be safe and publicly acceptable on the CUTE
bus demonstration and BP has developed a forecourt hydrogen refuelling facility for
fleet operation and public retailing. Storage and refuelling are therefore not seen as
a major hurdle in the implementation of hydrogen fuel as replacement for petroleum
fuels.

On board storage
Hydrogen is an excellent medium for storing energy [1], with a specific energy of
33kWh per kg. It can be stored in liquid form but this requires cryogenic cooling
which itself is an energy intensive process. A more energy efficient method is
storage under pressure at up to 10000 psi (689 bar) inside strong metal or composite
cylinders. The normal form typically comprises a seamless metal liner with a carbon
fibre composite overwrap. The specific energy of hydrogen is 33 kWh per kg and it
can be stored at up to 10000 psi (689 bar) in cylinders comprising a seamless metal
liner with carbon fibre composite overwrap.
Figure 18 shows a typical Bus installation.

Figure 18

On-board storage of hydrogen

As on the CUTE buses, the hydrogen is stored on the vehicle roof where there is
ample space. The storage capacity is normally enough for one day’s operation of an
ultra light rail vehicle. For a bus it may only be sufficient for half a day because of the
higher fuel consumption.
Hydrogen can also be stored at higher density in porous carbon at up to 7% by
weight. It can also be stored as metal hydride, e.g. combined with iron/titanium or
lanthanium/nickel though these are heavy. A lighter option is palladium/magnesium.
These alloys store and release hydrogen at high temperature which could make their
use in transport inefficient. This technology is still under development.

Summary
The case for using hydrogen as a transport fuel is strengthened for fleet operation
using highly fuel efficient vehicles. Ultra light rail transport therefore provides the
best and most immediate opportunity because of its fleet operation, urban driving
cycle at lower speeds with brake energy recovery and operation on steel rails giving
low wheel losses. The hydrogen can be stored in pressurised tanks on the roof and
refuelling has been demonstrated to be safe and practical using similar arrangements
to compressed natural gas refuelling.
The main barrier to implementation has been the cost but by use of energy efficient
vehicles, the cost can be minimised and kept at a reasonable proportion of vehicle
operating costs. It is expected that the refuelling cost of standard buses will soon
overtake that of ULR vehicles given the exponential rise in oil prices compared with
the relatively steady cost of renewable power.
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It has been predicted that by the year 2020 the demand for oil and gas will outstrip
supply which is bound to force up prices. At that stage hydrogen will become
increasingly important in filling the gap. The market for hydrogen will expand to meet
increasing demand. The quest to reduce CO2 emissions will accelerate this demand.
Fifteen years is a short time in which to prepare for the change. The UK is very well
placed to plan for a low carbon future by maximising renewable energy and
harnessing it for hydrogen production. The hydrogen produced could be used to
displace industrial and domestic natural gas consumption or, more lucratively, as a
substitute transport fuel.
Fifteen years may be an underestimate. It is also estimated that world production will
peak in 2008. The current rise in oil and gas prices is an indicator of this. If this
estimate proves true then the estimate of fifteen years action time may need to be
revised down to three years. This means that the impact of cost could be well in
advance of the impact of carbon emissions on global warming. It also increases the
urgency with which substitute for oil and gas as our primary energy source needs to
be found, and energy efficiency measures implemented. In the UK the opportunity
exists to produce hydrogen from windpower at moderate cost, store it and use it to
substitute for oil in transport. By use in energy efficient attractive public transport
significant CO2 reduction can be achieved by modal shift as well as by oil
substitution. These cost comparisons are given in the Hydrogen Fuel Study report
(task 2.3)

$ #
It is assumed in this study that in order to realise CO2 savings hydrogen must be
produced from renewable sources. Boyle [1] tabulates this for the UK as shown in
table 7
Resource
Wind
Tidal
Geothermal
Wave
Small scale hydro
Biomass
Total
Table 7

On shore
Off shore

Potential, TWhepa
45
1640
54
210
50
2

Waste
Forestry

50
45
2096

Theoretical UK renewable energy resource

TWhepa = Tera Watt hour electrical per annum
It has been assumed that the conversion efficiency for Biomass is 30%
The total represents over five times the UK electricity consumption in 2003.
Boyle [2] also tabulates the size of the renewable energy resource against price per
kWh, as shown in table 8

Price p per kWh
1
2
3
4
5
6
7
8
9
10

UK resource TWhepa
5
7
90
220
260
260
280
360
400
400
Table 8 UK renewable resource vs. price per kWhe

%
It will now be shown that hydrogen can be used economically in Ultra Light Rail
public transport at an electrical cost of 4p per kWh, which would release a renewable
resource of 220 TWhe p.a. This is about half the annual energy use in UK transport.
The following assumptions are made, firstly that hydrogen can be produced by
electrolysis of water with an energy efficiency of 80% and secondly that this can be
converted back to electrical power for the vehicle by the fuel cell at 40% efficiency.
In task 2.3, the following comparison was made between the costs per km for a
conventional bus with a hydrogen fuelled ULR vehicle and a hydrogen fuel cell bus,
all in urban use with a service speed of 20km/h, based on the above assumptions
(table 9).
Vehicle
Standard bus
Fuel cell bus
Fuel cell ULRV

Average power
200kW
200kW
25kW
Table 9

Energy/km, kWh
10
10
1.25

Fuel cost per km
20p
125p
16p

Comparative fuel costs per km

Because of the rising oil cost, the following trends can be anticipated as shown in
figure 19
The fuel cost for the fuel cell bus is off the scale. It is assumed here that the wind
turbine and electrolyser infrastructure costs are amortised at a constant rate and that
real operating costs of these are constant. This shows that implementation of the
scheme in the UK will result in an increasing rate of return as oil costs rise.

p per km
40
Diesel
bus

20

0

2005

ULR vehicle

2010

2015

Figure 19 Forecast trend in fuel cost for diesel bus and ULR vehicle.

Hydrogen production, storage and utilisation in transport
Urban transport is already the dominant source of urban air pollution and is rapidly
becoming the major source of global CO2 emissions. Renewable energy sources can
be harnessed to produce hydrogen and to subsequently use this as fuel for zero
emission urban passenger transport, so offsetting this trend. This can be achieved
by integration of several new but currently dispersed technologies, namely:
For the vehicle:

•
•
•
•
•

Hybrid vehicle propulsion
Brake energy recovery
Flywheel energy storage
Fuel cell as prime mover
Hydrogen as fuel

For the refuelling infrastructure:

•
•
•
•

State of the art hydrogen storage and refuelling technology
Hydrogen production by electrolysis
Use of electrolysers to provide grid stability through demand management.
Integration, accommodation and use of renewable energy sources for primary
energy supply.

Hydrogen production and storage
European experience, particularly from the Project Wasserstofftechnik based at
Wiesbaden Fachhochschule and subsequent developments show that hydrogen can
be produced by electrolysis of water and stored under pressure in tanks. In the
Wiesbaden project, which was autonomous, not grid connected, the electrolysers
were supplied by wind power from a 20kW wind turbine in which the load was
automatically matched to the wind power.

With regard to the use of hydrogen as a fuel, this will be guided by standards defined
by the European Integrated Hydrogen Project pertaining to storage and refuelling
procedures.

Windpower
The UK is planning to increase the proportion of windpower to supply the grid to
20%. Already the question of grid frequency stability is being raised. In this scheme
electrolysers can be used to contribute to grid stability by disconnecting during
periods of excessive demand and connecting during periods of excessive supply.
The hydrogen can be stored and used for peak lopping power generation or as a
domestic or transport fuel as required.

Load management
The local distribution network can be used to minimise the cost of the energy for the
electrolysers, which need only operate at times of surplus power, e.g. at night or
during periods of high wind strength. Electrolyser load management could be made
more responsive to fluctuations in wind power or surges in overall demand, by use of
frequency dependent switching of the electrolyser load which will reduce the load in
event of a drop in frequency. This is expected to allow the integration of a higher
proportion of renewable energy sources, in particular wind. This method of grid
frequency control is already in practice on Fairisle, Shetland, where 90% of electricity
consumption is derived from windpower.

Sustainable transport
A transport system is envisaged which meets virtually all sustainability criteria in
terms of safety, convenience, comfort, low noise, vibration, energy use and zero
carbon emissions. This transport system will be designed to meet land use planning
objectives by linking sensitive urban pedestrian areas to transport nodes such as
railway stations and park and ride sites.
Ultra Light Rail is designed to meet the strictest environmental and safety standards,
being either emission-free, in the case of hydrogen fuel, is emission free. It is highly
suited to hydrogen and fuel cell technology being highly energy efficient. It is also
designed to penetrate pedestrian areas safely with minimum intrusion and
environmental impact and therefore displace a considerable proportion of car traffic.

Future vehicle development
Ultra Light Rail Transport provides the most feasible way of utilising hydrogen in
transport and thus displacing oil consumption by private cars. The vehicle will be a
light tram, powered by a low capacity fuel-cell, storing energy in a flywheel and using
hydrogen fuel produced by renewable energy through electrolysis of water. This is
where the true significance of the energy efficiency of the ULR tram will come into its
own. Hydrogen provides an excellent means of storing energy generated by
photovoltaics and wind but it is nevertheless expensive. The low power rating of the
fuel cell and reduced energy requirement of the ULR tram will make it commercially
viable where the equivalent bus would be far too expensive both to procure and
operate. The fuel-cell powered tram will be able to provide towns and cities all over
the world with a popular form of public transport with zero emissions, using locallygenerated, renewable energy.

References
1. Boyle G., Renewable Energy, Oxford University Press, 1996, P398
2. Bid p 418

Task 2.5 CO2 forecast
Methodology
In order to forecast potential CO2 savings, Bristol is taken as a case study. This is
replicable in most other cities of its size with an equivalent amount of brownfield land
for development and access to renewable energy. This is probably the case for a
large proportion of the UK population, if not worldwide and is an aspiration readily
incorporatable into planning policy.

Bristol and the Hydrogen Economy
It has been predicted that by the year 2020 the demand for oil and gas will outstrip
supply which is bound to force up prices. At that stage hydrogen will become
increasingly important in filling the gap. The market for hydrogen will expand to meet
increasing demand. The quest to reduce CO2 emissions will accelerate this demand.
In this study, the potential for harnessing renewable energy for hydrogen production
and use to displace oil consumption in transport and domestic use is investigated.

The renewable energy resource
In Bristol it is proposed to use renewable electricity that has been generated from a 4
MW wind turbine installation combined with electricity that has been derived from
pyrolysis, gasification and high temperature oxidation of municipal solid waste from a
2.1 MW plant.
It is proposed to use part of this to supply council owned property and part to produce
hydrogen which will displace carbon emissions from domestic and transport use.
Assuming 30% availability of the wind turbine power and 100% availability of the
pyrolysis unit, the total energy generated would be 28920 MWh p.a. If this were
simply to displace fossil fuelled electricity generation then the CO2 saving @ 0.846 t
per MWe would be 24466 TPA. However, by producing hydrogen for transport use
and displacing the use of petroleum fuel in transport, the CO2 savings could be
greater. This is the subject of this study.
The focus of the study is an area of brownfield development which could be opened
up by the provision of zero emission ultra light rail link (ULR) between the city centre,
through the site, to a park and ride facility. This could provide a considerable modal
shift and a reduction in the generation of traffic by the development.
The vehicle would have a high efficiency hybrid propulsion system with brake energy
recovery and a 25kW hydrogen fuel cell as prime mover. As shown in table 9, the
vehicle competes with the standard bus in terms of the fuel cost per km, in spite of
the cost of the hydrogen production from renewable energy
Since windpower could be used as a primary carbon free source for hydrogen it can
be used as a basis for cost calculations. Assuming that the electricity is generated
by wind, with intermittent availability, at a cost of 4p per kWhe, hydrogen could be
produced by electrolysis of water, assuming 80% electrolyser efficiency, for 5p per
kWh of energy. If used as a transport fuel, it would be converted back to electrical
power, again at 40% efficiency (assumed for fuel cells) at a cost of 12.5p per kWhe.
This has to be compared with the cost of motor fuel.

It has been predicted in task 2.1 that the vehicle could be continuously powered from
a 25kW fuel cell (allowing a 20% margin). Given a service speed of 20 km/h, the
energy consumption per km is 1.25 kWh
There is therefore considerable impetus for the implementation of ULR throughout
Bristol, over and above the requirement to reduce CO2 emissions. These conditions
prevail in many other cities worldwide and are not peculiar to Bristol. The prospect
for CO2 savings is therefore enhanced by this impetus.

Analysis of the Bristol Scheme
The renewable energy input to the Bristol scheme outlined Table 10
Resource

Wind
@
availability
Waste
Total

Power
MW
30% 1.2
2.1
3.3

Energy p.a.
MWhe
10524

CO2
emission
equivalent @ 0.43
g/Whe
tpa
4525

18396
28908

7911
12436

Table 10 The Bristol renewable energy resource
Because the wind power is intermittent, it is best used for producing hydrogen which
can be stored and subsequently used as transport fuel. The energy efficiency of
electrolysis units is about 80%. The hydrogen energy produced from wind power is
thus about 8400 MWh p.a.
If used as a transport fuel, assuming 40% fuel cell efficiency, the electrical energy
delivered would be 3360 MWhe p.a.
Assuming the ULR transport system operates 14 hours per day, the maximum power
consumption available from the hydrogen produced = 657 kW, i.e. sufficient to supply
26 ULR vehicles. At a service speed of 20km/h on a 4km route this represents a
capacity of 3250 passengers per hour per direction.
One needs now to estimate on average the number of passengers who would
otherwise be driving a car. If one modestly assumes 20% of a total of 1300 at a time
then for both directions, this amounts to 260 passengers at any operating time, or
260 cars removed.
Cars emit on average 3kg CO2 per hour [1]. At 14 hours per day, 300 days per week,
this equals 3276 t CO2 emissions saved p.a. This is slightly less than that value
derived from the Climate Change Levy Negotiated Agreement (@ 0.43 g/kWh) but it
is not yet clear how this factor would apply in the case of wind energy because of the
requirement for standby power. If the wind energy were used to replace fossil fuel
energy then the CO2 emission savings would be 4525 tpa. However, the viability of
this option is not well established. There is a limit to the amount of windpower that
can be accepted by the grid and the financial advantage of this has not been fully
evaluated. Such emission replacement requires consumers to be able to schedule
their consumption at times when the windpower is available. It is therefore uncertain
what the actual CO2 emission savings would be. The hydrogen fuel for transport
route provides an assured level of CO2 emission savings provided that the transport
system can attract the required level of modal shift.

Expected modal shift
Displacement of existing car traffic
The ULR service will connect the city centre with Temple Meads, Broadmead, Spike
Island and Southville. The capacity will be tailored to demand but that envisaged for
the previous LRT scheme on the same route was 2000 passengers per hour per
direction. Assuming that 20% of the capacity patronage (of 800 at any time) would
otherwise be driving cars, the traffic displacement would be 160 during operating
time. At 14 hours per day, 300 days per year, 6 kg per hour CO2 emissions, the
saving in CO2 emissions would amount to 4032 tpa. This assumes the availability of
hydrogen 18% above that provided by windpower. The energy required would thus
need to be supplemented by power from the pyrolysis unit or off peak power from the
grid.
Displacement by sustainable development
The ULR route opens up vast opportunities for development of housing, employment,
retail, leisure and cultural activity which can be largely car free. Assuming, modestly,
that such development would generate traffic levels amounting to 200 cars on the
road 14 hours per day, 300 days per year, this would generate 5040 tpa of CO2
emissions. This could be saved by sustainable land use planning and development.

Summary
The net CO2 savings arising from the Bristol scheme are summarised in table 11
Measure
Pyrolysis of waste
Windpower – Hydrogen - ULR
Sustainable land use planning
Total
Table 11

CO2 emission savings
tpa
7911
3276
5040
16227
CO2 emission savings, Bristol scheme

There is thus the potential to save up to 16227 tonnes of CO2 per annum by
implementation of this scheme in full.

UK potential
There is an increasing worldwide demand for energy efficient, low emission, user
friendly passenger transit vehicles to meet urban mobility needs at minimal
environmental cost. Transport is the main cause of urban atmospheric pollution and
is becoming the dominant cause of CO2 emissions. In view of targets set for
greenhouse gas emission reduction, emphasis needs to be placed on ways of
reducing CO2 emissions due to transport.
&

'

Replacement of 50% of urban bus routes with ultra light rail, together with a modal
shift from car to ULR use, which is quite feasible, could alone, make a significant
contribution to CO2 emission reduction.
The project would be a milestone in the development of hydrogen to reduce CO2
emissions in transport. The technology, largely UK based, could be replicated
throughout transport word-wide as a means of reducing global CO2 emissions, local

air pollution, noise and vibration. Estimated projected CO2 emission reduction is set
out below.

Application in Park & Ride schemes
It is proposed to promote ULR as the preferred option for Park & Ride schemes
because of the attractiveness of the service in relation to buses. ULR is ideally
suited to such fixed route applications. Where this leads to increased P & R
patronage or the introduction of new schemes which reduce car use, CO2 emission
reduction will result. Over a 30 year period, the zero emission propulsion technology
could be introduced an all P+R routes

Assumptions:
The following data is used for calculating CO2 saving [5]
Fuel
Petrol
Diesel

kWh/t
13083
12666
Table 12

KWh/litre
9.6
10.8
Specific energy of fuel

Average CO2 emissions by cars [1]

266 g/kWh

In 5 years 3.5% of car trips will use P&R for 70% of the trip time.
In 30 years 14% of car trips will use P&R for 70% of the trip time.
GWh p.a.
UK fuel consumption by cars [2] (1988)
Saving by 5 years
Saving by 30 years

280000
7000
28000

Mtpa
CO2
74
1.85
7.4

%
100
2.5
10

The current fuel consumption figures given are taken from reference 2, which are
based on the year 1988 but were similar in the year 2000. Growth since then will
imply even greater savings.
Bus replacement
Light rail transport is promoted to encourage the switch from private car to public
transport. The reduction in carbon emissions is currently limited by the high cost of
implementation and by the non-carbon free means of power generation. This project
is aimed at minimising carbon emission from such vehicles and reducing the cost to
allow far more widespread implementation.
Assumptions: Over 5 years, 10% of bus operations will be converted to ULR
Over 30 years, 50% of bus operations will be converted to ULR
GWh p.a.
UK fuel consumption by buses [7] (1988)
Reduction by 5 years
Reduction by 30 years

12900
1290
6450

Mtpa
CO2
3.4
0.34
1.7

%
100
10
50

Displacement of existing car traffic
The ULR service in Bristol will connect the city centre with Temple Meads,
Broadmead, Spike Island and Southville. It is estimated that the saving in CO2
emissions would amount to 4 ktpa or 10 kg per head of population. Extrapolating to

the UK at an urban population of 40M, the potential due to modal shift could be 400
ktpa
Displacement by sustainable development
The ULR route opens up vast opportunities for development of housing, employment,
retail, leisure and cultural activity which can be largely car free. It is estimated that in
Bristol such development could save 5 ktpa of CO2 emissions. This could be saved
by sustainable land use planning and development. If practised UK wide the
potential CO2 emission saving could be up to 500 ktpa

Summary

Measure

Mode

Base energy
consumption
(UK)

Reduction

GWh p.a.

%

GWh p.a.

Mtpa CO2

280000
13000

10
50

28000
6500

7.4
1.7

Modal shift

151

0.4

Sustainable
development

189

0.5

34840

10.0

P&R
Bus replacement

Total

cars
buses

UK
land 430800
transport [2]

8.1

Table 13 Potential UK transport energy and CO2 saving
Potential reduction in UK land transport CO2 emissions

8.1%

Justification for claim of carbon neutrality of scheme
It is aimed to investigate the use of carbon neutral fuels of which the prime
candidates are hydrogen and biofuel.
Hydrogen
It is proposed to use hydrogen produced by electrolysis of water using renewable
energy directly or via the grid at off peak rates if necessary. Because of the energy
efficiency of the vehicle and the fuel cell, the operators expect to be able to pay a
premium rate for the electricity in such a way that the renewable power will be
additional to existing grid connected renewable power so as not to impact on the
consumption rate of fossil fuel electricity generation, as suggested by Eyre et. al. [6]
Biofuel
Eyre et. al. [3] conclude that the renewable electricity resource will be unlikely to
meet the total energy needs of the UK transport sector within the next 30 years. In
this project, therefore biofuel could be used directly in a conventional engine
generator set or converted to hydrogen for use in a fuel cell. This would be deemed
carbon neutral because of the closed carbon cycle associated with biofuel. Eyre et.
al. [4] suggest that the UK energy demand for transport could possibly be met in this

way provided that 25% of the land were made available for woody biomass
cultivation and energy efficiency measures introduced. Again, because of the energy
efficiency of the vehicle and the fuel cell, the operators expect to be able to pay a
premium rate for the fuel if necessary, as for electricity. Many of the technologies
investigated in this project could therefore be used throughout the transport sector to
help bring about carbon neutrality in transport. Given the anticipated 8% reduction in
fuel use due to the proposed measures, only 23% of land would be needed for
biomass production for transport.

Reference Data
US consumption p.a. (2002) GWhe [7]
1 barrel of oil
1 kg Coal
1 m3 CH4
1 Kg H2

=
=
=
=

1700
6
10.6
16.34

kWhe
kWhe
kWhe
kWhe

7.19 Gbarrels
990 Gkg
630 Gm3

12223
5940
6678

Total

24841

Equivalent H2, assuming fuel cell efficiency of 50%

520 Mt p.a.

1 MWhe produced in UK by conventional coal produces 0.9t CO2 [8]
Cost of CO2 sequestration = 1 – 2.3 p per kWhe
Or
= 0.2 – 1 p per kWhe with enhanced oil recovery [9]
UK coal consumption (2000) =

6000 TWh @ 0.9 t CO2 per MWh

UK transport consumption (2000)

=

39 Mt Carbon p.a.

[10]

[10]

Car consumption @ 10kWh per litre

=

2.4 kg CO2 emission per km [2]

UK car fuel consumption, 1988

=

280000

GWh pa. [2]

UK transport energy needs could be met from biofuel by use of 25% of the landmass
[3]
One hectare of woodland removes 900 kg of CO2 every 24 hours. [11]
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The conclusions are that the goals of the project are achievable, namely to design
and build a public transport vehicle with the potential to attract car users so
displacing car traffic and consequent CO2 emission. The drive system has been
shown to be capable of delivering the required energy efficiency through brake
energy recovery, though further improvements may result from having identified
sources of transmission power loss.

Fuel cell
The supply and installation of a 25kW fuel cell as prime mover, running on bottled
hydrogen fuel is feasible. 25 kW would be adequate for the vehicle in normal ultra
light rail operation. This means that the cost of the fuel cell would not be excessive
as a proportion of the total vehicle cost.

Energy storage
Because of the high cost per kW of fuel cell technology and hydrogen fuel, energy
efficiency is crucial. In urban operation this is highly dependent on the efficiency of
the energy storage system. Flywheel energy storage is therefore the preferred
option because of its high efficiency, high cycle life and proven reliability in this
project. There is also scope for further improvement in efficiency. Ultracapacitors
have insufficient energy density and batteries cannot meet the high required
efficiency and cycle life.
However, if, because of cost limits, prime mover power needs to be reduced then this
could be supplemented by battery power which could be charged by the fuel cell
when the vehicle is not in service. However, overall energy efficiency would thereby
be reduced.

CO2 Emission Reduction
Cost benefit analysis in terms of CO2 emission savings were undertaken for two
particular urban development sites, namely Teesside and Bristol.
In Middlehaven, a hydrogen based community of 30000 is planned, incorporating a
zero emission transport system connecting the development with the city centre, a
college and a park and ride scheme. The potential CO2 emission savings are
estimated to be at least 10000 tpa. This represents a saving of 333 ktpa per head of
population which could be replicated on all urban development sites.
In Bristol it is proposed to use off peak renewable electricity generated from a local
wind turbine installation and a pyrolysis, gasification and high temperature oxidation
waste plant. The estimated combined output is 30 GWe p.a. Electrolysers will be
used for load management and hydrogen production. The estimated overall CO2
emission savings are at least 25000 tpa. This scheme points the way to urban
development on brownfield land worldwide involving no net increase in carbon
emissions and possible reductions city wide.
The combined saving of 35000 tpa represents 10400 tpa of Carbon emission saved.
The EU emissions trading scheme currently prices carbon emissions at over £20 (30
Euro) per tonne, making the above schemes worth a benefit in carbon savings alone
of £209,000 p.a.
In order to realise these benefits, a broad approach is required incorporating
renewable energy, hydrogen technologies and land use planning and development.
This form on land, use planning, which could be essentially carbon neutral, could
also be replicated on urban brownfield land which is plentiful worldwide, allowing
genuine sustainable development.

