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Chapter 2 Road Vehicle Tedhnology Options

2.1 Conventional Road Transport

2.1.1Conventional Fuels And Vehicle Tedhnologies

Asdiscussd in Chapter 1, virtualy al passenger and freight vehicles on UK roads use
petrol or diesel fuels. In the private passenger car sedor, petrol has been favoured over
diesdl, though the popuarity of private diesel cars hasincreased markedly over the last
decalein the UK (largely due to chegoer fuel and maintenance wsts and an improved
diesel product range). For the bus and heary-duty vehicle sedor, diesel has been the
dominant fuel due to lower fuel costs and hgh torque dharaderistics of the diesel

engine.

There has been a strong convergence of petrol engine design that incorporates four
or six cylinder units with four valves per cylinder and eledronic fuel injedion. In order
to comply with EU legislation (seeAnnex 1), the last decale has en the devel opment
of exhaust after-treament systems to reduceregulated vehicle enissons. For petrol
vehicles, the threeway catalyst**is now mandatory for all new petrol vehicles ld in
the EU, the US and Japan. This device in combination with ather engine improvements,
has led to adramatic reduction in regulated pdlutants; so much so, that a ca produced
in 2001 poduces an order of magnitude fewer emisgons than a ca manufadured in the
197G (DETR 19990). To demonstrate what can be adieved regarding regulated
emissons, many casonsaein 2001arealy conform to Euro 4legisation nd dueto

come into force until 2005 (VCA 2002.

In contrast to petrol power units, there has been lessconvergencein the design of
the diesel engine. Although indired injedion (IDI) is common, the more fuel-efficient

dired injedion (DI) is gill under development. Indeed, desel tecdhndogies are

% The threeway petrol catalyst reduces emisgons of CO, NOx and HCs.
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continuing to improve with the introduction d new tedhndogies such as Common Rail
Injedtion;*® Exhaust Gas Redrculation (EGR) and advanced diesel turbo. Indeed, EGR
isaready common oncar and van desel engines and set to appea ontruck diesels. Fiat,
who developed the first commonrail i njedion system, produce @mmercialised untsfor

usein the 1-litre diesel Fiat Punto (AEA 199%).

After-treagment systems are dso being introduced in order to comply with
approaching Euro standards. These include the use of particulate filters for light-duty
vehicles. PSA Peugeot-Citroén wasfirst to develop adiesel particulate filter system for
production cars (which a'so use mmmonrail engine techndogy). For heavy-duty
engines, oxidation catalysts and continuouwsly regenerating traps (CRT) areincreasingly
being fitted as gandard and are proven to reduce particulates by upto 90% (DieselNet
1999. It isacceted that techndogies such as particul ate filters, EGR and CRTswill be
required if the heavy-duty diesel sedor isto be ale to comply with future Euro

standards (DTI 2000).

Sincethe 197G, there has only been a dlight increase in fuel-econamy for European
cas. Average petrol ca consumption over the period 19851990fell from 9.6t0 9.4
litres/100 km (seesedion 1.1.3. Car diesel consumption also reduced dlightly from 8.4
to 7.6litres’100km (DETR 19990. Even these marginal improvements have been
threaened in the 199Gs by the demand for increased performance and extra safety
fedures. However, in the next decale, this stuation could radicaly change with the
widesprea introduction d gasoline dired injedion (GDI). If successul, thisis
predicted to reducefuel use and vehicle CO, emissons (for petrol cars) by upto 1561

New diesel techndogy aso promises to reduce emissons. For example, Peugeot’s

15 common Rail Injedion employs a common presaure acamulator, caled the ‘rail’. In these systems,
the injedion presaure isindependent from engine speed and load. This enables the injedion parameters to
be fredy controlled lealing to reductions in engine noise axd NOx emissons.
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commonrail engineisreported to provide afuel consumption unaer 4.91tr/100km (57
mpg), which resultsin CO, emissons of around 136gms’km (AEA 1999. However,
the increasing use of diesel after-treament systems is known to increase vehicle CO,
emissons by around 2%, the alditional energy being required for system operation

(DTI 2000).

Figure 2.1: Emissonsfrom atypical petrol and diesel car (1.4-1.7litres)
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Petrol and desel techndogies arealy differ in their relative anissons performance
with petrol vehicles emitting fewer NOx and particulate emissons and desel vehicles
producing lesscarbon doxide per kil ometre (seeFigure 2.2)* (DTI 2000. The fuels
also dffer in the development potential with new petrol techndogies promising to
reduce CO, emissons by around 1346 (to levels of current diesel vehicles) and future
diesel systems aiming to significantly reduce NOx and particul ates. However, the
adoption d both cleaner petrol and desel techndogies is highly dependent on the
avail ability of ultralow sulphu fuels (lessthan 50ppm). Thisis becaise even low levels
of sulphur (50-100ppn) in vehicle's exhaust can reducethe dfedivenessof caalysts,

which are used in after-treament systems and ontboard dagnostic (OBD) sensors.

% Since 1998 Mitsubishi have been marketinga 1.8 and 2.4 litre GDI engine for use in the Carisma ca
SQEA 199%).

Thisill ustrates the general tendency for different conventional technol ogies to ©tradeff© one (or a
group) or emissons against another. It isalso indicative that |CE technology is reading its limits. In this
case locd pallutants (NOx, PM) are traded-off against global ones (CO,).
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Indedd, the development of cleaner conventional vehicle tedindogiesis highly

dependent ontheintroduction d cleaner conventional fuels.

2.1.2Conventional Vehicle Fuels

Petrol and desel are mixtures of liquid hydrocarbors refined from crude petroleum.
The production d these fuelsinvolves extradion, separation d crude oil from other
fluids, transport to refineries, processng (fradional distill ation), transport to regional
storage locations and dstribution to retail or fled refuelli ng stations. Eadh fuel must be
caefully blended, either to control petrol©s volatility and antknock performance

(octane number) or diesel©s ignition quality (cetane numberfETSU 1996.

Petrol and desel spedficaion standards have tightened over the past decale and
promise to continue to doso over the next (DTI 2000. European fuel diredives have
been agreed which prohibit the general sale of leaded petrol and impose fuel
spedficaion standards for bath petrol and desel. For petrol, the maximum EU sulphur
limit has been reduced from 500 ppm to 150 ppn in 2000and will be further reduced to
50 ppm in 2005,along with reductionsin benzene from 5% to 1%.'® (50ppm sulphur
petrol is known as UltraLow Sulphu Petrol or ©ULSPO.) For diesdl, the principal change
has been areductionin maximum EU levelsto 350 ppn in 2000with further reduction
to 50 ppn in 2005.Ultra Low Sulphu Diesel (©ULSD®) also has reduced heavy

hydrocarbors and hes alower density than previous grades.

Theintroduction d ULSPand ULSD is part of aworldwide trendto ‘ de-sulphuise
vehicle fuels with the am of adhieving ‘ sulphur-free fuels (which in pradice means
<10 ppm). The motor industry has propased a World-Wide Fuels Charter for the EU,

US and Japan, which recommends a sulphur content below 30 ppm, which goes beyond

18 some non-EU courtries, oxygenates have been added to petrol, to reduce anissons of carbon
monoxide. As carbon monoxide is not amajor problem in the UK, oxygenated petrol is not the preferred
solution. Instead, the focus of EU legislation has been to reduce benzene and sulphur content.
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the EU 2005levels agreed (ACEA 1998. In late 2001,the European Parliament voted
for the mandatory introduction d sulphur-freepetrol and desel by 2008,threeyeas

ealier than the Commisson©gropaosed deadline (Europa 2007).

In order to asgst with the UK Government's objedivesto reducethe impad of road
transport onthe environment, the UK fuel sulphur standards are more stringent than the
existing EU standards outlined above. As of the end d 2001,all petrol and desel sold in
the UK conformsto UltraLow Sulphu Petrol and Diesel speafications with sulphur
content of 50 ppm or less As mentioned in the last sedion, the main motivation for
introducing ULSPand ULSD isto improve the performance and longevity of catalyst
after-treament systems (e.g. CRTs) and to suppat the introduction o fuel econamy
measures sich as gasoline dired injedion (GDI). It isinteresting to nde that (with the
exception d GDI) the use of ultralow sulphur fuels resultsin amarginal increase in
overal lifegycle emissons of carbon doxide. Thisisdueto bah the increased refining
required for sulphur removal at the refinery andto an increase in vehicle fuel use dueto

the energy required for the operation d exhaust aftertreament systems.

2.2 Cleaner Vehicle Fuels And Tedhnologies

Although petrol and mineral diesel are the most widely used vehicle fuels, they are by
no means the only fuels that can be used for road transportation. For spedfic
applicaions, other fuels and cleaner vehicle techndogies have proved themselves
equally effedivein providing motive power. For example, renewable biofuels'® are

arealy in widespread use in many courtries as are vehicles that employ eledric, as

19 Duringthe 1970s and 198G, bio-ethanol produced from sugarcane was vigorously promoted in Brazl
both as aresponse to a slump in the global price of sugar and to reduce the murtries dependence on
foreign oil imports. At that time, all li ght-duty vehicles were required to run on at least in part on ethanol
fuel. In 1989 the country©s car and lightduty van flea consisted of over 4 milli on pure-ethanol and 5
milli on gasohol (ethanol-petrol blend) vehicles. It is slutary to note, however, that the use of ethanol in
Brazl sharply deaeased due to ethanol shortagesin 198990 which were caused by the price of ethanol
being held artificially low (to hold down inflation), so reducing production, and the increasing avail abilit y
of ail and gas from Brazli an fields (Johansson et al, 1993.
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oppased to mechanicd, drive-trains. The foll owing sedions discussthe main

aternatives to conventional fuels and ICE vehicle techndogies.

In thisdiscusgon, it is useful to reconsider the central elements of motorised road
vehicle design. All powered vehicles depend onthe exploitation d a primary energy
source, an ontboard energy storage system and an energy converter that enables the
controll ed release of the on-board fuel to provide kinetic energy (seeFigure 2.2). For
example, conventional road vehicles utili se the stored chemicd energy of hydrocarbors
derived from petroleum (petrol and desdl). The energy isreleased via combustion,
which occurs within an internal combustion engine (ICE). The energy isthen

transferred through a medhanicd drive-train to the vehicle's wheds.

Figure 2.2: Main principle of road vehicle system design
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Although conventional road transport is dependent onfossl fuels, other primary
fuels can be used by road transport applications. What is crucial isthat the energy
source ca be onwverted to aform that can be stored onboard a vehicle with sufficient
energy density to provide energy over an extended period. Furthermore, there needsto
be amedanism (chemicd, physicd or eledricd) that can convert the energy stored in

the fuel to kinetic energy as and when required.

The dternative options to the dominant petrol/diesel ICE can be usefully analysed
by considering two closdly interdependent dimensions; vehicle fuel and wvehicle
techndogy. Not only is the vehicle technd ogy employed largely dependent on the fuel
used, an optimum fuel formulationis often required by techndogy chasen. Broadly

spe&king we can classfy alternative vehicle options in ore of two ways:
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According to the fuel.

Acoording to the techndogy.
Cleaner vehiclefuels

A cleaner vehicle fuel isone that can be used to partially or fully replace onventional
petrol and mineral diesel and which offers potential air qudity or climate-change
benefits. According to the reports of the Energy Techndogy Suppat Unit and the
Cleaner Vehicles Task Force (ETSU 1996 DTI 2000, the main fuels that have a

patential to reduce emissonsinclude:

Gaseous Fuels— Natural gas (NG) makes an ided vehicle fuel for combustion
engines due to its high octane rating and low volatil e organic compounds. Liquefied
Petroleum Gas (LPG) (which arisesin the extradion d natural gas and as a by-product

of refining) also has charaderistics that make it suitable & a deaner vehicle fuel.

Biofuels - Produced dredly from biomass(e.g. extradion d oil from energy crop)
or by the aop-fermentation a esterification d seed-oil derivatives. Although such fuels
are themselves carbon lased, in principle, their lifegycle useis carbon reutral as carbon
released duing their combustionis derived from atmospheric sources during biomass
growth. Biofuels produced using fermentation include dcohd fuels (bioethand and
biomethandl). Esterificationis used to processrapeseal into Rape-sead Methyl Ester

(RME), aso knowvn as biodiesdl.

Eledricity - Eledricity can be generated using primary fosdl fuels, fisson a
fusion d nuclea fuels, or from renewable sources. If used within a battery eledric
vehicle, it offers the possbility of zero-emisgon transport (at point of use). If renewable
eledricity isused, avehicle oould be operated with zero-emissonsonalifegycle basis.
However, nonrenewable dedricity generation leads to lifecycle anissons of gaseous

(and aher) padllutants.
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Hydrogen - Like dedricity, hydrogen is a secondary form of energy, which can be
derived from renewable and nonrenewable sources. The alvantage of using hydrogen
isthat it combusts within an ICE to form only water (plus sme NOx if burnt in air),
there being no carbon present within the fuel. Hydrogen can also be utili sed by a “fuel
cdl' to produce dedricity on demand. This opens up the passhility of anew type of

eledric vehicle; the fuel cdl vehicle (FCV).
Cleaner vehicletedindogies

Although some deaner fuels can be used within conventional ICE vehicles withou
significant changes to vehicle design (e.g. NG, LPG), their use offers more potential for
emisgonreductionsif used in conjunction with new propusion systems. Furthermore,
the alvent of cleaner fuels enables the use of advanced after-treament systems, which

can further reduce onventional vehicle anissons.

Cleaner vehicle techndogies encompassthree gproades. Thefirst isto improve
and develop the internal combustion engine (e.g. dired fuel injedion, commonrrail
EGR, advanced diesel turbo).?’ Seaondy, ICEs can be developed for use with cleaner
fuels auch as alcohd, natural gas, liquefied petroleum gas and hydrogen. The third
approach isto develop partial or complete dternativesto the ICE engine. This option

includes battery, ©hybrid© and fuel cdl eledric vehicles.

The Battery Eledric Vehicle (BEV) - Eledricity from any energy source ca be
used to charge abattery of eledrochemicd cdls?* on-board a battery eledric vehicle.
When required, eledricd energy is drawn from the céls and converted to motive power
by the use of an eledric motor. Both aternating and dred current drive-trains have

been developed.

20 Thisthesis considers these options to be improvements within the existing regime.
2 A rechargeable cdl isalso known as a©semndary cdl©.
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TheHybrid Eledric Vehicle (HEV) - Series-hybrids are vehicles that use ahea
engine (usually an ICE) to generate dedricity, which isthen delivered to the whedsvia
motors using an eledric drive-train. Parall el hybrids have the cgadty to be powered
medhanicdly or eledricdly, either by an ICE engine or by a battery-motor unit. Both
types enable the main power unit to be continually operated close to maximum

efficiency, so improving overall fuel econamy and reducing emissons.

The Fuel Cell Vehicle (FCV) - If hydrogen and axygen (from the ar) arefed into a
fuel cdl, avoltage differenceis produced which can be used to drive an eledric aurrent
which in turn can operate an eledric motor. This can be used to power afuel cdl
vehicle. There dso exists the option d combining a battery system with afuel cdl to

form afuel cdl hybrid vehicle.

A full analysis of cleaner fuel and vehicle techndogy options is made compli cated
by the large number of energy conversion routes, which their use makes posshble (see
Figure 2.3). For example, methanad can be produced from natural gas (afossl fuel) or
from methane produced from biomass Hydrogen and eledricity can similarly be
produced from a number of renewable or nonrenewable sources. Therefore, in
asessng the impad of any one option, close dtention reedsto be paid to the energy

conversion route employed.

Figure 2.3: Energy conversion optionsfor use by road transport
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2.2.1Fu€l and vehicletednologies considered by thisthesis

In the foll owing sedions, this thesis focuses on thase deaner fuels and wehicles that
provide ar quality improvements and/or climate diange benefits and have the patentia
to be mmmercialy viable in the UK marketplaceby 2012(DTI 2000. Included are
natural gas and liquefied petroleum gas, which are regarded as having significant short-
term potential in reducing vehicle emisgons. The use of eledricity asaroad fuel is also
considered by many analyststo be an important option in the drive to cut road transport
emisgons. The last decale has ®en several magjor demonstration [rojects throughou the
world that have shown bettery eledric vehiclesto be suited to certain niche gplications,

most notably for urban use where drive o/cles are predictable.

Two relatively new types of eledric vehicle techndogies are dso considered by this
thesis. Theseinclude petrol eledric (and aher types of) hybrid eledric vehicles.
Although considered along-term optionin the ealy 199G, Toyota succesdully
launched a commercial hybrid in 1997 .Now avail able in the EU and US, global sales
already exceal those for battery eledric vehicles. The seaondeledric vehicle option
which may hold promise for the longer term is hydrogen® used in conjunction with a
fuel cdl vehicle. Hydrogen has been considered by many in the motor industry to dffer
great benefits for road transport, asit has provided for space &ploration sincethe 196G
(DTI 2000. Indeed, the ©hydrogen econamy®© that would be required for afuel cdl
transport system has been considered by some energy analyststo be “ inevitable” (Serfas

et al. 199)).

Biofuels (biodiesel, bioethand and homethand) are crredly considered as

aternativesto conventional fossl fuels for road transport. Derived as they are from

22 p ©hydrogercarier© fuel can also be used. These include methanol, NG, LPG and petrot seesedion
2.2.6.
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energy crops, they are, in principle, carbon reutral. However, when the energy inpus of
crop and fuel production are taken into aceunt, the lifegycle energy and CO, emissons
from energy crops are significant and variable, the level of lifegycle anissons
depending on the system of agriculture used.?® The use of pesticides and herbicides also
makes the environmental impad of biofuels difficult to assess Furthermore, limitations
onland-use mean that it would na be possble for the UK to become self-sufficient in
biofuel production. Therefore, although they may well have aglobal contributionto
make with resped to emisgon reductions, these fuels are nat considered within this

thesis due to these limitations and urcertainties.

Table 2.1 showsthe principal cleaner vehicle fuel andtechndogy options. Those
considered by thisthesis are shown in bdd. Those options nat considered are shown in

italics. An asterisk denotes the baseline cae used for comparison.

Table 2.1: Fuel-technology gotionsfor r oad vehicle transportation

Internal combustion engine | Internal combustion engine Eledric motor with dedric
(ICE) with medanical drive | with full/part eledricdrive drivetrain
train train

§ - Ultralow sulphur petrol &
= diesel (ULSP & UL SD)* - Petrol/diesel hybrid- - Methanol/petrol/L PG
E - Bio-fuels eledric vehicle (HEV) fuel cdl vehicle (FCV)
3 - Alcohd fuels
2]
T - Natural gas (NG)
9 - Liquefied petroleum gas + Gas-powered hybrid- - Hydrogen/natural gas
% (LPG) eledric venicle (HEV) fuel cdl vehicle (FCV)
o - Hydrogen (H»)
2
= - Battery eledric vehicle
g (BEV)
w

Notes on foll owing sedions

23 Edtimates for lifegycle CO, emissons for biofuels range from a 50% reduction (EU biodiesel produced
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Sedions (2.2.22.2.5 are based uponreseach condwcted by the candidate for the
Report of the Alternative Fuels Group d the Cleaner Vehicle Task Force The report

was pulished in 2000(DTI 2000.

In the foll owing sedions, figures are given for vehicle fuel use onaper kilometre
basis. It isimportant to nae the distinction between “primary' and "deli vered' energy
use. Unless sated atherwise, all quaed vehicle energy useis on adelivered energy
basis, which can aso be defined as the "tank-to-whed' energy use. However, primary or
‘well-to-whed' energy useis considered by lifegycle analysis modelli ng condicted in
Chapter 4. This cdculates the lifegycle regulated and greenhouse gas emissons

asociated with ead ogtion.

Figures are dso given for emissons on a per kilometre basis. It isimportant to nde
the distinction ketween "vehicle and “lifecycle emissons, the latter includes emissons
asociated with fuel production, processng and dstribution. Unlessotherwise stated,
regulated and greenhouse gas emissons are quaed onalifecyde basis.®* The
exceptions are for options where the regulated emissons associated with fuel
production are significantly lessthan 10% of lifegycle regulated emissons, in which

case only vehicle anissons are quded.

2.2.2Natural GasVehicles(NGVs)

Over 1.2million retural gas vehicles arein use worldwide in over 40 courtries with
Argentina (450,000, Rusda (over 300,000 and Italy (300,000, Canada and USA
(70,000 operating the largest fleds. Excluding Italy, Europe has over 8,500NGVs,
serviced by 175 compres=or filli ng stations. European courtries with the most advanced

NGV fleds andinfrastructure ae Italy, Germany, Holland and Sweden. There ae over

from rapesedd) to an increase (US bio-alcohol produced from corn) (Peterson and Hustrulid 1998
Johansoon et al. 1993. Comparisons are made using mineral diesel baseli nes.

24 Chapter 3 will provide afull discusson of lifegycle analysis methoddogy.
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750NGVs on British roads operated by fled operatorsin the private and pubic sedors

(DTI 2000.
Vehicle techndogy

Natural gas can be used within an internal combustion engine to provide motive power.
The gas can be stored onboard a vehicle ather in compressed (CNG) or liquefied
(LNG) form and wsed in hi-fuel, dual-fuel or dedicated gas engine vehicles.® Natural
gas makes an ided vehicle fuel for combustion engines due to its high octane rating and
low levels of volatil e organic compounds. As an ICE fuel, natural gas has many
advantages over conventional fuels asit requires no vaporisation and acordingly mixes
easily with air prior to combustion. This off ers lower idling speeds, better performance,
easier cold starting and amore cmmplete combustion, all which help to reducetail -pipe

emisgons (ETSU 1996.

The bi-fuel option uili ses atraditional spark ignition engine, optimised for burning
petrol, bu able to run on ratural gas or petrol. There ae drealy several microprocessor
fuel systemsthat are &le to comply with advanced emisgon requirements. However, as
compared to petrol operation, ki-fuel vehicles can experience 10-15% power lossat
“open throttle when in gas fuel mode. Dedicated designs maximise the benefits that are
offered by natural gas and provide vehicle performance simil ar to conventional fuels.
Dedicated NGVs also provide the maximum reductions for regulated and carbon
dioxide vehicle emissons. Thisis dueto netural gas'slow car boncontent (75% NG,
87% diesal) andits high octane number (the latter all ows a higher compressonratio

which improves thermal efficiency) (ETSU 1996.

%5 On-board li quefied natural gas (LNG) storage and dual-fuel operation are not considered in depth here
due to the low numbers of vehicles (<1000globally) that use these options. Thisis the position taken by
the Cleaner Vehicle Task Force (DTI 2000).
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CNG isusualy stored onboard avehiclein presaurised cylinders at abou 20 MPa.
Cars are typicdly fitted with asingle gylinder of around 90litres cgpadty (16 kg gas
equivaent to around 23litres of petrol). The most common material used for CNG tank
constructionis ged. The weight of the tanksis approximately 1 kg per litre of tank
cgpadty. New compasite materials and structures are increasing being used including
©hoocrapped®© and fully wrapped fibre composites. However, the lower weight options
are aciated with ahigh price penalty that, at present, is inhibiting more widespread

use of these materials.

Most light-duty NGVs are bi-fuel conversions from petrol engines. The two tanks
required by these vehicles result in asmall weight and spacepenalty. These penalties
are greder for heavy-duty dedicated NGVs (>3,500 g GVW) as they require larger
tanks to provide alequate vehicle range (typicdly 1,000 lg penalty for asted cylinder).
Therefore, dedicaed vehiclestendto be large panel vans, trucks, buses and heavy-duty

vehicles where the extraweight and vdume of the gastanksislessof anisaie.
Fuel characteristicsandsupgdy

Natural gasisthe secondmost abundant fossl fuel, after coal. UK reserves of natural
gas have been estimated to have alife expedancy of around 3035 yeas (ONS 2000.
With new interconredors between the UK, mainland Europe and the Rusdan gasfields

extending suppy, demand for natural gasin the UK will be satisfied well beyond 2035.

There ae significant differencesin the quality of natural gas throughou Europe and
the rest of the world, with the methane antent varying from 80% to 99 of the total. In
some situations (not in the UK), this high variability can adversely affed operability, as
engine management systems canna cope with large dianges in gas compasition. UK
natural gas used, predominantly from the North Seg contains over 90% methane and

requires littl e processng before use.
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The fuel consumed by conventional UK road transport is equivalent to aroundthe
energy content of 65% of total UK gas sles (15 hlli on Therms). Principally fled
operators use diesel and the annual energy demandis equivalent to 4 hlli on Therms.
The most appropriate use of gas for transport isin urban areas, which would target some
4% of the vehicle popuation. Hence gas demand would increase by around P4. Thisis
well within the scope of the natural gas transmisson grid cgpadty and the avail able

resources.

Natural gas re-fuelling techndogy iswell proven and hes been successully

demonstrated in numerous projeds. Refuelli ng systems can be one of two types:

‘Fast-fill” —this g/stem uses natural gas under high presaure (25 MPa). The systems
fill the vehicle in abou the same time a for conventional fuels. Each dispenser can

fully refuel abou 200 \ehicles aday.

‘Slow-fill” —this g/stem consists of a mmpressor unit above groundwhich “trickle
charges an NGV over anumber of hous. Thisis suitable for users/operators who
can leave their vehicles over aperiod d timeto refuel. Each unit can refill one or

two vehicles at atime.

One of the main barriersis the low number of pulicly accesgble refuelli ng points
for NGVs. Though the UK has the alvantage of having an existing national pipeline
grid, at present there ae only around 30CNG filli ng stations. Thisincludes 11 rew
pubic accesgas stesthat were introduced in 2001with capital suppat from the

CleanUp programme (CleanUp 200) (seesedion 4.2.).
Environmental impact

Within the light-duty sedor, with the exception d total hydrocarbors, the regul ated
(vehicle) emissons are significantly reduced for NGVswith dedicaed vehicles snowing

the largest emisgon reductions. For cars as compared to a petrol baseline, the reductions
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are CO (over 40%) and NOx (over 35%) and particulates are negligible. For dedicaed
heavy-duty vehicles, with the exception d total hydrocarbors, the regulated vehicle
emissons are significantly reduced for NGVs. As compared to adiesel baseline, the
reductions for aNG bus are aoundCO (over 50%), NOx (upto 83%) and particulates

(over 70%).

Although fuel use on an energy basisisincreased for NGVs, due to the fuel's low
carboncontent, NGV operation reduces lifegycle CO, emissons for light-duty vehicles.
However, methane is an important greenhouwse gas and therefore, the enissons of
methane from the vehicle, refining and dstribution processes must be acourted for in
the cdculation d the dfed of NGVs on global warming. After increased methane
emisgons are acourted for, NGVs $how an improvement over lifecycle GHG
emisgons of around 1015% for cars and car-derived vans as compared to a petrol
baseline. GHGs are dlightly increased as compared to desel for light-duty vehicles.
These figures will im prove a more dedicaed gas engines are brought on to the market
with optimised caalysts (which reduce HC emissons). For heary-duty vehicles (over
3.5tonres), total GHGs are comparable or dlightly increased when compared to diesel

operation.
Econamic impact

The main barriers to the use of NGVs are their high capital cost and ladk of astrategic
refuelli ng infrastructure. Dedicated NGVs, in particular, remain more expensive to
build dueto dseanamies of scade rather than inherent technicd barriers. The alditional
costs of aCNG truck are aound £25Kfrom a £50k kase) and gas gorage tanks for a
bus can cost as much as £10,M0 (DTI 2000. For light-duty vehicles, the alditional cost
isaround 1015%. To reducethis econamic barrier, for approved vehicles, the UK

PowerShift programme avards subsidies of upto 7% of the alditional vehicle wst.
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Depending on wehicle type andlevel of use, the extra caital costs can be off set by
lower fuel costs. In the 2001UK Budget, the road fuel duty for natural gas was cut from
15 pkgto 7 pkg andthe government is committed to maintaining the fuel duty
differential between gaseous fuels and petrol/diesel at least until 2004.As aresult, at

foreoourts, NG retail s at around 60 gkg which is equivalent to ~45 plitre of diesdl.

The high capital cost of refuelli ng stations also ad as a barrier to netural gas
vehicles. Costs range from around £2,00Q(for a “Fuelmaker' which can fuel two
vehicles overnight) to over £150,000for a system that provides fast-fill for awhole
fled. British Gas installed are-fuelli ng station for a 16-bus fled in Southampton at a
cost of around £250,000Briti sh Gas and Mobil offer padkages in which they finance
the @nstruction d the refuelli ng station, the operator only having to pay asthe gasis

dispensed.

2.2.3Liquefied Petroleum Gas (L PG)

There ae over 4 millionroad vehicles using LPG in courtries such asItaly (over 1
milli on), Holland, Former Soviet Union, Japan, USA, Australia (ead with between
300-400thousand) and significant numbersin Mexico, USA, Japan, Australia, South
Korea and Canada. In Europe, the LPG vehicle popuation nunbers around 2million
vehicles with bus and truck fleds being concentrated in a small number of cities per
courtry. In the UK there ae over 20,000LPG vehicles used on pultic roads. The

majority of these ae cas and light-duty vans, most which are bi-fuel conversions.
Vehicletechndogy

LPG can be used within an internal combustion engine. The gas can be used in bi-fuel
or dedicated vehicles. Cars and light duty vehicles that can operate on LPG are most
often conversions designed to runin hi-fuel mode. Whereas older bi-fuel conversions

often had poa performance (the engine being optimised for petrol operation), recent
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conversions utili se dedronicaly controll ed gas-injedion systems. The alvantage of bi-
fuel operationisthat vehicles are lessreliant on afully developed LPG refuelli ng

infrastructure and are ale to continue operationin areas where LPG is unavail able.

To get the best emissons performance from an LPG vehicle, adedicaed engineis
required. The full benefits are not avail able to hi-fuel operation kecause a @mpromise
isrequired for the two fuels. The last few yeas have seen increased interest from motor
manufadurersin dedicated LPG engines. DAF, for example, have recantly put a
dedicated LPG bus with threeway caalyst on the market (seeFigure 2.4).

Heavy-duty vehicles that operate on LPG can doso using one of two tecdhndogies:

L PG stoichiometric engines - These use aspark ignition engine. The gasis either
added to the ar flow or injeded in gaseous or liquid form. This approach is already
used for commercially manufadured heary-duty vehicles.

L PG lean-burn engines - These provide asignificant improvement in fuel
consumption and engine dficiency. This approad is more suited to large truck
applicaions. However, these engines are nat avail able in Europe & present.

Figure 2.4: LPG busin usein Chester, UK
(Courtesy of Chester City Courcil, 2000
Current bi-fuel and dedicated LPG

vehicles have an engine performance simil ar
to conventional fuels. Engine performance
improvements are foundfor heavy-duty
conversionsto LPG. Thisincludes reduced
engine noise and an extended engine life due
to the deaner fuel and lower engine stress
Conventional petrol caayst tecandogy can
be used for light-duty LPG vehicles, whereas

heavy-duty vehicles used caalyst systems
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that are optimised for LPG (AEGPL 1998.

LPG is dored asaliquid under moderate presaure (0.4-1.2 MPa). The tanks are
heavier than conventional fuel tanks for the same range. Though the tanks occupy
similar volume to petrol/diesel tanks, this can be aproblem for bi-fuelled vehicles where
two tanks have to be acommodated. The extramassof the fuel system dlightly
increases the fuel consumption and imposes a small weight (and sometimes gace
payload penalty. Most dedicated LPG buses have their tanks fitted to the roof but they
can be placeal in the dhasss, under-floor or attadched to ead side of the frame. The extra

weight for a heary-duty vehicleisaround 250 kg for a500 km operating range.
Fuel characteristics andsuppy

LPG isamixture of propane and buane. It arises both in the extradion d natural gas
(approximately 3% of the gas) and as a by-product of refining. The gas has the
advantage of being composed of simple chemicd compound which can easily form a
homogeneous mixture with air, thus all owing a more complete cmmbustion than isthe
case for conventional fuels. In principle, thisleadsto areductionin vehicle anissons.
The energy density of LPG istypicdly athird lessthan for petrol (23.6MJlitre &
compared 323 MJ/litre). This means that a greaer volume of fuel isrequired. However,
the gas contains around 86 more energy by mass Therefore, lessfuel massis required
for asimilar vehicle range (though this advantage thisis off set by the extraweight of

the tank required).

Not only does LPG compaosition vary aacossEurope, it is seasonally dependent.
Whereas UK gas typicdly contains more than 90% propane, in Italy this can be & low
as 20%. With ealy conversions, this affeded the aility of vehiclesto travel throughou

Europe on LPG. However, with modern self-leaning systems, this problem has been
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largely overcome and most new dedicaed LPG engines are ale to tolerate awide

variationin LPG compasition.

The UK uses 2,000:3,000tonnes of auto-LPG per annum. Adequate suppies of
LPG are avall able for road transport applications, bah for current consumption and for
ademand d upto 300,00Qonnes per annum. In addition, thereis a surplus of LPG
from the North Sea and world productionisincreasing whil e demand remains fairly
constant. Projeded productionis therefore ale to med the anticipated extra demand

from the transport sedor.

The main barrier to the use of LPG in the UK has been the limited network of
refuelli ng locaions. However, the number of LPG refuelling pointsisincreasing a a
fast rate. Although there were only around 200LPG filli ng stationsin 1999 the number
has increased to around 100Gsites by the end o 2001.(Europe @& awhale has atotal of
around 7,00QPG refuelli ng sites.) The UK situation is approaching the point where

10% of all refuelling stations (17,000 will offer LPG.?®
Environmental impact

Regulated (vehicle) emissons are reduced for LPG operation as compared to
conventional fuels. For light-duty vehicles, CO isreduced by over 20%, HCs by over
40% and NOx by over 30% (as compared to petrol). For heary-duty engines, CO is
reduced (over 90%), HCs (over 80%) and NOx by around 684 (as compared to desel

operation). Particulate matter (PMs) is virtualy eliminated from LPG vehicle anissons.

Volumetric fuel consumption d LPG isaround 68% higher than with desel fuel
due to the gas low energy density. However, thisis balanced by LPG's high energy

content by mass aswell asitslow carbonmassfradion. Tests provide evidenceof a

28 Some analysts argue that 10% coverage is required for the successul market introduction of a new
vehicle fuel (EST 2001c).
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10%-15% reduction d lifegycle CO, emissons for light-duty vehicles as compared to
petrol operation and a 5% reduction as compared to desel. For heary-duty vehicles,
however, lifegycle CO, emissons for heavy-duty LPG vehicles are cmmparable to desel

operation (DTI 2000.
Econamic impact

The main additional costs associated with LPG operation include higher capital vehicle
cost and rew investment for additional safety measures (e.g. suitable ventil ation system,
LPG detedion systems). Vehicles are mnverted to LPG at a ast of around £806£1,500
for cars and vans and around £15,00@0r bus conversions. For dedicaed LPG buses, the
extra caital cost isintheregion d £25,000Aswith natural gas vehicles, cepital
subsidies are avail able (from the UK PowerShift programme) to assst with LPG vehicle

purchase or conversion.

The increased cost of LPG vehicles can be set against (to varying degrees) reduced
fuel costs. In the UK, the switch to LPG is primarily dictated by the potential fuel cost
savings. The fuel duty rate for road fuel gases was reduced in the 2001Budget from 15
p/kg to 9pkg. Thisresultsin LPG foremurt prices of around 40 ditre which are
typicdly abou half those of petrol and desel. Though the cdorific value of LPG islow
in comparisonwith petrol and desel, LPG©Os lower price gives the oppatunity to recup
the asts of the extrafuel required. For example, taking into acourt the reduced energy
density, the priceof LPG effedively approximates to 55glitre (significantly lower than

petrol/diesel foreurt prices).

For heavy-duty vehicles, fuel costs can also be reduced. Arriva, who are operating
LPG buses on Chester©s ©park and ride© routes, report fuel cost saving of 1.25 gkm as
compared to a cmparable conventional Scania Euro2 desel bus. Asthe vehicles

average 75,200 kn per yea, this amourts to an annual saving of £940(Lane 200Q).
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2.2.4Battery Eledric Vehicles (BEVS)

There ae more than 28,000BEV s in Europe including around 16,000JK milk
floats (which comprise the largest number of Briti sh registered eledric vehicles) (DTI
2000. Eledric commercial vehicles have been widely used in anumber of speaali st
applications such as forklift trucks, airport vehicles and the dedric delivery vehicle.
Other than milk floats, there ae probably lessthan 100modern eledric vehiclesin use

in the UK (DVLA 2002.
Vehicletechndogy

Eledricd energy can be stored in a “seandary' or rechargeable cdl on-board the
vehicle. When required, eledricd energy is drawn from the cdls and converted to
motive power by the use of an eledric motor. Typicdly, cdls are used to operate a
motor using dired current (d.c.) An alternative isto convert the dired current from the

battery to aternating (a.c.) using an inverter, which then drives an a.c. power-train.

The ©triechnd-tested© leahdd cdl i s the most widely used tradion kettery.
Although they have arelatively low energy density (30-40 Wh/kg), it is passble to
build avehicle that has arange of around 7090 km using lead-add techndogy.
Although these cdls are far from ided in their energy storage and paver delivery
charaderistics, they have the advantage of proven reliability, durability and an extensive
mai ntenance network. Other common tradion hetteries include nickel-cadmium (Ni-Cd)
and rickel metal-hydride (Ni-MH). Their relatively high energy density (50-60 Wh/kg)
provides a significant improvement in the vehicle©s performance and range. However,
the nickel required makes them more expensive than lead-add techndogy. Ni-Cds have
the alditional problems related to handling cadmium, which istoxic, and are difficult to

recharge & high temperature. However, despite these problems, these batteries have
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proved to be well suited to motive goplicaions and are now preferred by many BEV

manufadurers.

Most first generation BEVs used dc. motors which are dhea, give high torque &
low speed and are eay to control using semi-condwctor techndogy. However, their
efficiency of 80-85% and spedfic power of 150-200W/kg (abou athird of a petrol
engine) does not represent the best posgble performance of avail able motor tedind ogy.
An dlternative isto use the ac. induction motor that has increased efficiency, isdoulde
the speafic power andis virtually maintenance free Its disadvantage is the st and
complexity of the controller, which needs both to ad as an inverter and regulate the

motor©s gedl.

While most BEV's do nd match the performance of conventional vehicles, current
vehicles have arange and performancethat is adequate for many spedfic, urban
applicaions. They are particularly suited to drive g/clesthat are predictable, regular and
lessthan 160 km per day (e.g. delivery cycles). They areided for use in areas where
low emisson \ehicles are preferred o mandated. BEV s are suited for usein commercial
fleds (for small | oads), company car-pods and as urban short-term rental vehicles. For
individual transport, BEVs are most likely to be used as 2nd a 3rd urban cas. In the
future, it isvery likely that BEVswill be designed from scratch rather than being
conversions of existing vehicle designs. Thiswill allow the optimum use of spacefor
batteries and motors, reducethe a@odynamic drag and enable the use of new
lightweight materials for the body and comporent parts. For example, Toyota's two-
seder ‘eCom' has akerb weight of only 790 kg (including the 140 kg battery pad), a

range of 100-150 km and atop speed of 100 km/h.

Fuel characteristics andsuppy
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BEVscan be slow or fast charged. The most usual methodis an overnight charging
cycle, which typicdly takes 6-8 hous. Fast charge systems can take aslittle & 10
minutes for a 50% charge A charging unit comprises a transformer to reduce voltage
and aredifier to charge the cdls using dired current. Whil e the most common systems
conred the supdy andthe vehicle using a mndtctive cdle, inductive darging is being
developed and has been succesdully demonstrated. Y et another approacd isto recharge
the batteries off the vehicle. This method has been succesSully demonstrated in
Birkenheal, UK where six Tedhobuses use battery pads that are recharged at the base
depot (DTI 2000, p18) When refuelling is required, the depleted bettery pad is

exchanged for one fully charged.

Given the dmost total coverage of the national grid, it isrelatively easy to install
recharge points as compared with ather cleaner fuels. For slow charging, all that is
required is accessto a standard damestic 13A socket. Fast charging requires three phase
400V (or higher) supgy, which isfoundin most UK nondomestic buildings. Dueto the
hardware required, fast charging is more dtradive for sites rvicing depot-based fleds.
However, there ae many barriersto installing a mmprehensive recharging network.
Private users withou accessto a garage or private road facesignificant difficultiesin
getting eledricity companiesto install roadside recharging points. Also, although depat-
based fleds can rely ona central charging unit, commercia vehicles often require

charging away from base in arder to complete afull duty-cycle.

To get an ideaof the UK infrastructure requirements of large-scde BEV use, if 10%
of all carsand vans were BEV's, the total would acourt for around 2.5milli on wehicles.
The annual eedricity consumption d this fleag would be aound 16TWh, equivaent to
ab% increasein total UK eledricity demand (ETSU 1996, p92. Eledric vehicles used

in pradicewould, onthe whale, recharge their batteries at night ready for use the



68
following day. Thisload would therefore be supied by base-load stations, which are &
present largely under used. Therefore BEV charging would have apropationally small

effed onthe increased eledricity demand.
Environmental impact?®’

Eledric vehicles are upto 40% more energy efficient than ICE petrol vehicles onan
urban drive-cycle. Thisis becaise dedric power-trains are well suited to stop-start,
low-speed operation and use dmost no energy when stationary. BEV's can aso use
regenerative dedricd braking to recover up to 20% of the energy usually lost during

vehicle braking.

Asauming the average UK generating mix (yea 199697), the lifecycle data shows
that CO and HCs are significantly reduced for the passenger car and bus (DTI 2000.
While NOx and particulates are reduced as compared to heavy-duty diesel operation, for
light-duty vehicles, lifegycle particulates, NOx and SOx (sulphur oxides) emissons are
significantly increased.?® The benefits of BEVsto uban air quality are two-fold:;
lowering the overall emissons and removing the emissons away from highly popuated
urban areas. All grid-eledric BEVs show asignificant reductionin lifegycle CO,
emisgons. Using adiesel baseline, the ca and bus data show reductionin greenhouse

gases of around 2586 and are predicted to further improve with the introduction o

2" The BEV is esentialy a zeo-emisson vehicle. Therefore, to compare dedricity with other transport
fuels on environmental grounds we need to make the comparison on alifecycle basis. As eledricity is
produced from a number of energy sources, we need to consider these primary sourcesif we aeto be
able to analyse the full impads of BEV operation. As of 1995 the average fuel mix included codl,
nuclea, oil, hydro and gas (and ather fuels). Sincethen, the propartion of coal has fallen and been
replaced by cleaner fuels such asis used at the high efficiency Combined Cycle Gas Generation (CCGT)
ggsfired stations.

Comparison basis. Peugeot 106 Eledric d. Vauxhall Astra1.4i gasoline; 12m eledric bus cf. Euro 2
diesel Olympian bus; 1997UK generating emissons mix (DTI 2000.
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cleaner generating plant.?® Note that if renewable dedricity is used then bah regulated

and geenhouse gas emissons are zero on alifecyde basis.
Econamic impact

BEVs cost approximately 50-100% more than their conventional courterparts. For
example, theinitia purchase ast of a Peugeot 106 eledric is£14,000to which a
monthly battery leasing cost of around £60must be alded (Lane 199&)). If the battery is
purchased ouright, further capital will be required after around Syeas for battery
replacement. High capital costs can be off set by low fuel costs, due to the competitive
priceof eledricity andto the high efficiency of the vehicles themselves. Theresult is
that fuel and maintenance ®sts are reduced by around 8046 and 4% respedively
(compared to ICE vehicles) (Atkin and Storey 1998. Other investment is required for
new infrastructure. Costs per (standard) charge point are of the order of £500£2000,
depending on the difficulty of install ation. Fully install ed fast recharge wsts are in the
order of £7,000 pgr point (for on-board charging system) or in the order of £30,000 r
point if asociated with an dff-board fast charger (DTI 2000. Even with low fuel costs,
DETR modelli ng shows that BEV's are significantly more expensive over the lifetime of
the vehicle. Thisisasignificant barrier to theintroduction d BEVs. However, private

costs can be reduced with 50% PowerShift cgpital grants.

2.2.5Hybrid Eledric Vehicles®® (HEVS)
In Japan, the Toyota Prius "gasoli ne-hybrid' has been onsale since 1997and the
company launched the European versionin 2000(seeFigure 2.5). Hybrid passenger

cas have dso been launched by Honda (the Insight and Civic), and are being developed

%9 From 1993to 1998 the trend was towards a deaner and more dficient UK generating mix, with an
increasing fradion of Combined Cycle Gas Generation plant and renewables. Over this period, CO,
emisgonsfell from 170to 135gms/MJ eledricity supplied. Further reductions are expeded.

30 This dion focuses on hybrid eledric roadvehicles. However, it should be noted that diesel-eledric
technology has aready been successully used for rail and heary-duty off-road applications.
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by other manufadurers including Nissan, Audi, Renault, Peugeot and V olkswagen.
Hybrid bus and truck hybrid vehicle projeds are dso underway in many European
cities. Although lessdevel oped than the hybrid ca market, heary-duty hybrids are
likely to be commercially avail able by 2005(Atkin and Storey 1998 DTI 2000.

Figure 2.5: Toyota Prius hybrid car



71

Vehicletechndogy

The ICE vehicle can be combined with a battery eledric tradion system in what is
cdled a©hybrid eledric© vehicle. A ©seriesO© hybridasesll |CE to generate
eledricity, which powers an eledric motor, so providing eledric drive. In a©parall el©
hybrid, the wheds can be ather diredly powered by the engine or from a battery
powered eledric drive-train. The principle underlying all hybrid vehiclesisthat the use
of an energy buffer (e.g. battery, ultra cgaadtor, etc.) enablesthe main pover unit to be
operated at close to maximum efficiency. When engine loading is low, the excess
energy is gored for later use. When loading is high, the main power unit and the energy
buffer work together to deliver the required power. Regenerative braking can aso be
employed to reduce overall energy use. In thisway, HEV's provide significantly

improved fuel econamy and reduced emissons.

Although several fuel-engine-drive-train combinations are posshble, the hybrids that
have been first to read the marketplace ae ©gasoline hybrids©. These ae esentially
eledricdly asgsted ICEs fuelled by conventional petrol fuel. In general, hybrids require
high power batteries with a small er energy capadty than are required by BEVs.** On
average, hybrids cars© battery masscomprises only 1:A8% of the vehicle's kerb mass
as compared with around 3035% for BEVs. If considering its battery weight, the Prius
isan 830 gasoline and 1P6 eledric ca. It can aso be mnsidered as 37% eledric, since
20% of the total energy consumptionisregained by the regenerative braking system

(Maruo 1997.

A technicd breathrough in hybrid techndogy occurred in the 1990s with several
auto manufadurers developing HEVsto prototype stage. However, hybrids are till at

an ealy stage of development and, as yet, there has been noconwvergence of
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techndogies onto ore dominant system design. As of 2001,equal numbers of series and
parale systemsarein or closeto production. This refleds the trade off between
improved fuel econamy of parallel systems as compared to the potentially lower overall
emissonsthat can be atieved by series designs. Generally, there seansto be a
consensus that parallel hybrids will dominate the market initially foll owed by series
designs (Maruo 1998. Cleaner fuels may very well fuel future HEV's, bu the first

generation d commercially avail able hybrids are powered by petrol or diesel fuel.

The grea advantage of hybrid vehiclesisthat they require no changein fuel or
infrastructure. Astherange and performanceof hybrid vehiclesis equivaent or better
than current ICE counterparts, in principle, there exist norestrictions onthe gplicaions
for which they can be used. Hybrid vehicle techndogy, therefore, possesss grea

patential to become the standard automotive techndogy during the coming decale.

The following data ill ustrates the initial positive market resporse to hybrids.
Although only 323 Prius caswere sold in 1997, ly 2001,sales were over 26,000(1,000
in the UK) resulting in aglobal popudation d almost 77,000 \ehicles (Toyota 2001J). In
thefirst 30 days foll owing the launch of the Prius, Toyotareceved over 3,500 aders,
more than triple the original sales projedions. Toyotais producing over 2,000cars per
month, anumber that exceals the total annual sales of BEV s within the whale of
Europe (DTI 2000. A particularly prestigious sle isthe delivery of over 300Prius cars

to the City and State of New York for locd authority use (IrishCar 2007).
Environmental impact

All regulated (vehicle) emissons are significantly reduced for a petrol hybrid passenger
ca as compared to apetrol ICE vehicle. The reductions are CO (40-80%), HC, (upto

70%) and NOx (40-70%) (DTI 2000. No datais avail able regarding particulate

31 Thiseiminates all but three cadidate technologies: lead-add, nickel metal-hydride and lithium-ion
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emissons, bu asignificant reductionis expeded. Moreover, the regulated emissons
analysed show that a Prius already meds Euro 4 standards. Significant reductionsfor a

hybrid-bus are dso predicted.

On aEuropean drive ¢/cle, data shows that the Prius achieves afuel econamy 4.7
litres/100 km (60 mpg) (DTI 2000. Compared to an equivalent ICE vehicle, this
represents an improvement of around 386 and resultsin asimilar reductionin vehicle
CO, emissons. Thisfinding is suppated by reseach condwcted by the National
Renewable Energy Laboratory (NREL ), which has been condcted into the fuel
eanamy benefits of hybrids. The US study used a vehicle performance simulator to
compare diesel ICE vehicles with series and paral el hybrid versions using diesel and
advanced lead-add bettery techndogy (Cuddy and Wipke 1998. The results from the
study suggest that both hybrid versions are more fuel -efficient than the conventional
diesel vehicle. On urban drive gy/cles, the series and hybrid vehicles srowed an
improvement of 26% and 30% respedively. On combined urban and highway modes,
the reductions were 18% and 24% respedively. Thisis comparable to the predicted fuel

efficiency improvements of the Prius.

To il ustrate the full patentia of hybrid eledric techndogy, it isinformative to
consider the Hybrid Honda Civic 5-seder car launched in 2001.This employs Honda's
continuowsly variable attomatic transmissonand wses alean-burning 1.3 litre 63KW
engine reported to achieve 3.41itre/100 km (82 mpg).*? If independently confirmed, this
represents the best fuel eanamy in the world for a 5-seaer petrol powered production

vehicle (Clean-Vehicles 2001).

Econamic impact

(DTI 2000.
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The 2001 piceof the Priusin the UK was £16,430(Toyota 2002). This compares with
an equivalent Toyota petrol car (the Carisma) costing around £13,000However, HEVs
provide the potential for reduced fuel costs off setting the higher capital cost. The
reduction of fuel use by 30% translates diredly to afuel cost saving of the same
amourt. Thisisill ustrated by the dedsion d the Japanese cmmpany Heiwa who
replaced all 260 ehicles of its company fled with the hybrids, the dedsion being based
onaprojeded fuel saving of over £240,000 oer athreeyea period (AEA 1998. With
£1000capita grants avail able from the UK's PowerShift programme, DETR modelli ng
shows that petrol hybrids can reducelifetime asts as compared to an ICE basdline (DTI

2000).

2.2.6Fud Cdll Vehicles (FCVs) - Engine Tedchnology

Hydrogen gasis highly combustible and releases large anourt of energy per unit mass
(120MJkg).* The gas has the highest energy-to-weight ratio of al fuelswith 1 kg of
hydrogen containing the same anourt of energy as 2.1kg of natural gas or 2.8 kg of
petrol (HyWeb 2004). Used within an ICE,** the mmbustion products of hydrogen are
water vapou and small amourts of NOx (due to the presence of atmospheric nitrogen).
However, stored hydrogen can be mnverted to ather forms of energy more dficiently
via acatalytic processusing afuel cdl. The only readion products are water vapour,

hea and eledricity.

32 Based on in-house measurements on the Japanese 10-15 mode.

B This comparesto 42MJ/kg for petrol.

%A prototype fled of 10 carswith internal combustion engine drive-trains and metal hydride storage was
in servicefrom 19841988(Daimler-Benz in Berlin). Prototype cas with liquid hydrogen storage and
internal combustion engine have been urder test for 15 yeas (BMW). Sincethe 1980 Mazda has been
testing vehicles with Wankel (rotary) engines and metal hydride storage (HyWeb 200J.
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Principle of the fuel cdl

Fuel cdls are dedrochemicd devices that convert the potential energy stored in
chemicd form diredly into hea, water and eledricd energy. The principles of fuel cdls
are similar to those of an eledric cdl in that energy conversionis taking placebetween
thereadantsto produce éedricity. However, unlike abattery, the fuel cdl does not
store the chemicd energy, the reatants (fuel and axidant) having to be @ntinually
suppied to the cdl for an eledric aurrent to be produced. The fuel cdl istherefore more

versatil e than the dedric cdl in two ways:

(2) It can continue to produce dedricity aslong asthe readants are avail able;
(2) Its design maximises its energy conversion charaderistics withou also having to be

optimised for energy storage dficiency.

The anode and cahode of afuel cdl are separated by an eledrolyte that all ows the
transfer of ions, bu physicaly separates the fuel and axidant. This prevents the
exchange of eledrons that would be required for anon-caalytic chemicd readionto
occur. When the readants are fed into the cdl, chemicd reactions take place The main
charge cariers (usualy H*) crossthe dedrolyte and the dedrons are transferred via an
external circuit (seeFigure 2.6). The dedric aurrent produced can be used to drive a
motor or other external load. The fuel normally used is hydrogen or a hydrogen-rich
energy carier (suppied to the anode) and the oxidant can either be pure oxygen or air
(suppdied to the cahode). Single cdlstypicdly generate aound 0.8V with a power
output of upto 100W. Larger outputs are adieved by assembling cdlsin series or

paralel to form “stadks which have the required vdtage and ouput charaderistics.

Being a hea engine, the maximum efficiency of an internal combustionengineis
limited by the Carnat efficiency, based onthe law of thermodynamics. This gates that

the maximum possble dficiency of using two hea reservoirs at temperatures T, and T,



7€
(measured in Kelvin) isgiven by ratio (T1- T2)/T1. In pradice this means that petrol
and desel enginestypicdly adchieve arerage energy conversion efficiencies of around
15% (Hart and Bauen 199&). In contrast, fuel cdlsare nat limited by thermodynamics,
which meansthat, in principle & least, they are &le to achieve higher conversion
efficiencies than hea engines. Although there aelosses within afuel cdl that arise due
to olmic resistance of the cdl componrents, efficiencies of up to 80% have been

demonstrated in the l[aboratory (Lemons 1990).

Figure 2.6: Eledrode reactionsin a hydrogen-oxygen fuel cdl

Types of fuel cdl

Severa fud cdl types have been developed, ead being charaderised by the dedrolyte
used, operating temperature and fuel gas quality required (seeTable 2.2). Low-
temperature fuel cdls (80-200°C) include the Alkaline Fuel Cell (AFC), the Solid
Polymer Fuel Cell (SPFC), aso knawvn as the Proton Exchange Membrane Fuel Cell
(PEMFC), and the Dired Methand Fuel Cell (DMFC). Dueto the relatively low
temperatures within the cdls, these usually require a céayst at the anode to promote
the necessary readions taking place High temperature fuel cdls (650-1000°C) include

the Molten Carborate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC).
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disadvantages, which, to some extent, determines to which appli caions they are most

suited. Compared to the other low-temperature types, the AFC isrelatively cheg to

construct and is tolerant to cabonmonaxide in the fuel-fead. However, the cdl is

intolerant to carbon doxide and the dedrolyteis grongly corrosive which makes it

unsuitable for use in some sedors (e.g. automotive). Though the SFFC provides high

current densities andis proven over long periods of operation, it requires high levels of

(expensive) caayst loading and careful water management within the cdl. PAFCs are

tedndogicdly well advanced and already ©commercialy© avail able in small numbers,

though their efficiencies are relatively low and lifetimes are limited. In principle,

DMFCs enable the utili sation d aliquid fuel, which would be of grea use for vehicle

appli cations. However, they are not as well developed as the other fuel cdl types.

Although MCFC and SOFC cdls are well advanced towards commerciali sation, their

high temperatures restrict their use to stationary applicaions (Hart and Bauen 199&)).

Table 2.2: Characteristics, status and applications of types of fuel cdl

Fuel Cell Eledrolyte & Temp Typical Potential
Type Abbr. (charge arrier) (°C) Eff (%) Status Applications
Proton Sulphoric agd Pre-commercial field Transoort. CHP

Exchange | PEMFC | incorporated into testing (kW scde) ransport, '

. ) 70-90 32-40 . : Distributed Power
(Solid (SPFC) asolid pdymer including prototype G .
; A eneration
Polymer) membrane (H") vehicles
©Commercial© space
. applications, Pre-
: Potassum e .
Alkaline AFC ; . 70-90 55-60 | commercia field testing Space Transport
hydroxide (OH) . )
(kW scde) including
prototype vehicles
Sulphoric add
incorporated into Transport
Dired | pypc | asolidpdymer | o6, | g5, | Labodorytestand o ied (remote)
Methanal membrane or company development X
o Power Generation
sulphuic add
solution (H")
Already 200kW
Phos- L X ; Transport, CHP,
phaic | parc | Phoshaicadd | gg54500 | gg45 | Commerdalyavalable |y ved power
: (H) (low volume .
Acid . Generation
production)
.- ) . CHP, Power
Molten Molten lithium Field testing (250kW- " .
Carborate MCFC carborete (COy) 550650 | 50-60 MW scdle) Generatlor_l, ship
propusion
. . . . CHP, Power
Solid A ceamic, solid 700 Laboratory andfield i .
oxide | SOFC oxide (O0) 1100 | 999 | testing (100w scde) | Seneration ship

propusion, trains

Sources: Adapted from Hart and Bauen 199&, p14, Haydock 2000and DTLR 2001b




78

Box 2.1: Short History of the Fuel Cell

The fuel cdl first dates from 1802when Sir Humphrey Davy constructed a simple cdl, which used a
carbon-oxygen reacion to creae asmall eledric shock. The invention of the fuel cdl is attributed to Sir
Willi am Grove who, in 1839 discovered (by acddent) that if he reversed a water-eledrolysis experiment,
an eledric aurrent could be generated. Using platinum eledrodes in a sulphuric add eledrolyte and a
hydrogen fuel feed, with 26 cdls he was able to produce enoughcurrent to re-eledrolyse water in a
seaond eledrolysis cdl; in his own words, "effeding the decomposition d water by means of its
decompasiti on...(which) exhibits gich a beautiful example of the crrelation o natural forces' (Appleby
1990.

The term fuel cdl wasfirst coined and a device @nstructed in a design we would recognise today in 1889
by Mond and Langer who used impure wal gas as the fuel-feed. Indedd, it is the potential to generate
eledricity from coal that was the first driver of fuel cel technology. The add eledrolyte cdl achieved 35
mA/cm? of eledrode, which is of the order of 100times lessthan today©s achieved current densiti es.
Jaaques who, in 1896 constructed the first fuel cdl to generate dedricity for domestic use caried out
further development. These phosphoric add cdls delivered 1.5 kW and later 30kW with current densities
of 100mA/cm?. Their rationale throughout was to help achieve a"smokdessLondort (Appleby 1990
Hart and Bauen 19983, pp24-28).

Problems associated with the crrosive nature of the aédic solutions led researchersto look for other
more stable dedrolytes. In the 1920s, Baur developed the first molten carbonate fuel cel which operated
at 1000C. InEngland in 1932 F.T. Baoon started to develop an alkaline fuel cdl with arationale to use
only chegp and reaily avail able materials; presumably to reduce ®stswith aview to massproduction.
His design wsed paous nickel eledrodes and a hot (200°C) aqueous potassum hydroxide dedrolyte to
promote the readion. To maintain eledrolyte invariance, he dedded against the use of carbonaceous fuels
preferring hydrogen and opted for a pure oxygen as the oxidant. At 45 atms presaure, his cdl achieved 1
Amp/cm?, which compares well to current densiti es of today©s cell's. Bacon©s work continued into the
1950 when his reseach team successully demonstrated a 5kW 200°C, 5MPa AFC that was used to
power awelding madine, circular saw and afork-lift truck. At about the same time, Harry lhrig of the
Alli s-Chalmers Man Co demonstrated a 15kW AFC powered trador, one of the first examples of afuel
cdl vehicle (Hart and Bauen 1998, p26).

The 196G saw thefirst significant techndogical niche for the fuel cdl (seeChapter 3 for a discusson of
niches). Thiswas as a power sourcein the spaceindustry where hydrogen was in common use & afuel,
zero-emisgons were required for on-board operation and cost was no oljed. Other advantages were that
the fuel cdls had no moving parts, required littl e maintenance, provided better power densiti es than
batteries and also provided paable water for the aew. Thefirst fuel cdl used were SPFCs developed by
General Eledric for the Gemini Earth orbiting satellit es. Being at a more alvanced stage of development,
the AFC design developed by Baoon was chosen for the first manned missons. From 19601965 Pratt
and Whitney in the US produced the 1.5kW PC3A-2 fuel cdl stack for the ealy Apollo missons which
supplied the astronauts with eledricity and drinking water. Subsequent cdls made for the SpaceShuttle
flightsin the 1980s-199Gs achieved power densities around 20times those adieved by the PC3A-2
(Lemons 199Q Hart and Bauen 19982 pp2627).

Further to the fuel cdl vehicles built by Bacn and lhrig, the 1960 saw a number of transport
applicaions. These included a 200kW fuel cdl developed by the Swedish company for usein a
submarine, a demonstration motor boat built by Varta AG and Siemens AG in Germany, a Shell Ltd
20kW fuel cdl used to pawer atruck (which included an on-board fuel reformer) and General Motor©s

li quefied hydrogen-oxygen fuell ed Eledrovan which was powered by a 5kW Union Carbide fuel cdl
(Hart and Bauen 1998, p33). Inthe 19705, interest was again renewed in the fuel cdl largely due to the
sharp risesin world al prices. The following decale saw further designs such as the hydrogen-fuell ed
hybrid AFC-battery pasenger car developed by Karl Kordesch which was a mnverted Austin A40, used
roof-mounted compressed hydrogen tanks, could be refill ed in 2 minutes (using a fast-fill system) and
was cagpable of 300km range (Hart and Bauen 1998, p55). In1972 Siemens and Elenco (a Dutch
consortium), began to develop fuel cdl baoth for the fledgling European SpaceAgency and for an alkaline
hydrogen-air hybrid bus. However, the interest for terrestrial transport applicaion of fuel cdlsdedined in
the 198Gs as the fuel crises of the 1970s recaled. It was not until the 199Gs that interest was renewed, this
time with afocus on the environmental benefits that fuel cdl could provide. In the intervening time, the
interest in AFCs has become focused on space ad submarine goplicaions and the expedations for
PAFCs has sgnificantly reduced, largely due to the rapid development of the SPFC, not used sincethe
Gemini missons, which now look more promising for the use with fuel cdl road transport (Hart and
Bauen 1998&, p33).




79

Fuel cdl automotive apgications

Fuel cdlsused for mobile gplicaions nead to have apower density and resporse time
comparable or better than the ICE. Therefore the minimum parameters are apower
density of around 1RV/kg and (for private ca market) a start-up time measured in
seaonds. Weight considerations and the need for afast resporse time immediately
eliminates all high-temperature cels for use in automotive gplicaions and limitsthe

main contenders to the low-temperature types.

Sincethe 199G, the fuel cdl, which is thought by most analysts® to have the
gredest potential for mohbile gplicaions, isthe PEM fuel cdl. The principal advantage
of the PEM for transport applications is the aility to operate & relatively low
temperatures, which reduces dart-up times. This cdl typeis"considered thefirst choice
for bath cars and buses. Its keyfeatures are it high paver density, its potential for low
cost manufacture andits acceptable toleranceto impurities such as carbonmonaxide
andcarbon doxide" (Haydock 2000. Solid pdymer eledrolyte materials such as
Nafion (related to Teflon) also eliminate the safety considerations associated with liquid

add and akali eledrolyte cdls.

The PEM cdl uses highly condcting eledrodes made of graphite, which form the
terminal of ead cdl and separate aljacent cdlsin the stadk. The dedrodes are grooved
to al ow easy passage of the gases to the ©surfaceof adion© while dso maintaining
eledricd contad with the dedrolyte-caayst-gas interface At the anode, hydrogen is
caayticdly disaswociated to leave hydrogen ions. An external circuit condicts eledrons
whil e the positi ve ions (protons) migrate through the dedrolytic membrane to the
cahode. There they combine, again under adion d a cdalyst, with axygen and

eledrons returning from the externa circuit to form water.

35 Thiswill be discussed in more detail in Chapter 4, sedions 4.1 and 4.3.
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Figure 2.7: Cross aion of planar PEM fuel cdl

PEMs are nat the only fuel cdls being developed for transport appli cations.
Minority interests are developing phaspharic agd and alkaline fuel cdlsfor buses, the
latter being demonstrated in a LondonTaxi and a utility vehicle (ZeTek 2001).
Although AFCs are an establi shed tecdhndogy and relatively chegp to manufadure, they
are cabon doxide intolerant, which means that an on-board “scrubber’ must be fitted to
the vehicle. Therefore, their use for the automotive sedor islikely to be limited to the
short-term while PEMs are being fully developed. For the longer-term, the DMFC is
attrading much interest as it offers the posshility of using aliquid fuel withou first
converting it to hydrogen. However, as of 2001,it remains at the laboratory stage

(Haydock 2000).

The ealy PEM cdl had several limitations. The anourt of platinum required was
large (over 4 mg/cm’®), making the cdls very expensive and the cdalyst was aso easily
poisoned by cabonmonaxide (at levels of 20 ppm by volume). There were dso
technicd problemsin controlli ng the humidity of the dedrolyte to maintain ogimum
performance (Lemons 1990. However, there have been severa significant advancesin

the development of the cdl over the last decade. These involved progresstowards and
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beyondthe US Department of the Environment©goals of 1 kW/litre and 1RN/kg,
considered to be the minimum fuel cdl performance parameters for the cnstruction o
aviablefuel cdl vehicle. Platinum caalyst loading has aso been significantly reduced
by two orders of magnitude to well below 0.2 mg/cm?.3® Massproduction costs are
predicted to be alow as £35kW, which increases the marketability of afuel cdl

vehicle (Thomaset al. 1998§.

Figure 2.8: First generation Ballard fuel cdl bus

Companies sich as Ballard Power Systems in Canada have been quick to seethe
patential for clean transport techndogies and are now world leadersin their field.
Ballard developed the world©s first fuekdl bus and have allaborated with
DaimlerChrysler and Ford onthe Neca (New Eledric Car) demonstration and testing
programme. Although noPEMFC vehicles are mommercially avail able (as of 2007), the
Ballard-DaimlerChrysler-Ford partnership aimsto market afuel cdl ca by 2004.
Further development of fuel cdl busesis also taking placewith commercia bus engine
salesto commencein 2002.T hese and other significant vehicletrialswill be

discussd in greater detail in Chapter 4.

38 Thistrandatesto afuel cdl car requiring around 20mg platinum as compared with around 1mg for a
threeway caalytic converter.
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2.2.7Fue Cédl Vehicles (FCVs) - Fud Scenarios
While thereis ahigh degreeof convergenceregarding which type of fuel cdl i s most
suitable for road transport appli caions, the same caana be said for the fuel supdy
system. Thisis primarily because of the large number of energy conversion routes that
could, in principle, be used to deliver hydrogen (or hydrogen carier) to the fuel cdl.
Like dedricity, hydrogen is asecndary fuel and must therefore be produced from
primary energy sources. Furthermore, the on-board storage of hydrogen is by no means
tedhnicdly simple. This requires compresson, liquefadion a the use of other

tedhniques to achieve sufficient energy density for adequate vehicle range.

From atheoreticd viewpaint, the fuel options can be cdegorised acarding to the
locaion d primary energy to hydrogen conversion. This can accur in ore of the

foll owing four scenarios (which are summarised in Table 2.3):

Scenario 1+ hydrogen is produced at a central locaion. The hydrogen gasisthen
distributed using road tankers (in liquefied form or cylinder) to fuel stationswhereit is
compressed and stored ready for use by a hydrogen fuel cdl vehicle.

Scenario 2+ ahydrogen carrier’’ fuel is produced at a central location and
distributed to fuel stationswhereit is processed to produce hydrogen onsite. The
hydrogen is then compressed, liquefied and stored ready for use by a hydrogen fuel cdl

vehicle.

Scenario 3 - ahydrogen carier fuel is produced at a central location and dstributed
to fuel stations. The fuel isthen stored ready for use by afuel cdl vehicle that processes
the fuel on-board to provide hydrogen for a hydrogen fuel cdl.

Scenario 4- ahydrogen carier fuel isproduced at a central location and dstributed
to fuel stations. The fuel isthen stored ready for use by afuel cdl vehicle that uses the
fuel diredly to fuel anonthydrogen fuel cdl.

3TA hydrogen carrier fuel is defined here a any non-hydrogen fuel which can be used to generate
hydrogen on demand.
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Table 2.3: Well-to-cdl energy scenariosfor fuel cdl vehicles

Energy Source Energy Transfer Hydrogen Vehicle
Centralised Production T On-Board Hydrogen
Scenario 1| of H2 from Primary Dﬁn(lj)ru;mn @ Storage & Hydrogen Fuel
Energy Source ydrogen Cell
i Distribution of On-Board Hydrogen
Scenario 2 Primli(r)n gggrrogesgurce Hydrogen Carr ier and Storage & Hydrogen Fuel
y ay Conversion to H2 Cell
T On-Board Conversion of
Scenario 3 Priml\ell(r)n-grzléjrmggqource HD(;I?:bUtg:rroifer e
y Energy ydrogen Hydrogen Fuel Cell
Secraie 4 Non-Hydrogen Distribution of E2E] Hydri(r)]gm SElcs
Primary Energy Source Hydrogen Carr ier Direct Eudl Cell

Scenarios 1 and 2 tave in common the off-board production d hydrogen from a
primary energy source They differ only in the site (and scde) of hydrogen generation.
Given that the general principles of hydrogen production are the same for both
scenarios, they are discussed together in the next sedion. The st and emisson kenefits

of ead ogionwill be discussed in more detail i n Chapter 4.
Scenarios 1 and 2

The use of hydrogen asafuel isnot new. "Coal gas or ‘town gas, whichisat least 50%
hydrogen, hes been used extensively throughou the industrial nations and preceded the
use of natural gasin North America and Europe. Around 26 of world energy suppies
are drealy converted to hydrogen gas for use in the chemicd and petrochemicd
industries (Boyle 1996). Thisis equivalent to over 500 hilli on Nm?® hydrogen per yea.
The gasis currently used for the chemicd synthesis of ammonia, ethylene aad methanol
and in the desulphurisation and hydrogenation o fossl fuels (HyWeb 200)). The
largest merchant hydrogen producer Air Products plc done owns and operates over 50
plants worldwide producing over 9 hilli on Nm® hydrogen per year (Spil sbury 2007).
Therefore, agred ded of experience has alrealy been gained regarding hydrogen

production, storage and dstribution.
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Hydrogen production methods

One of the grea strengths of the hydrogen econamy is that the gas can be produced

from amost any primary energy source Inthis snse, hydrogen is the ©Esperanto of
energy©. Fossl fuels, which can be cnsidered as hydrogen cariers, can be mnwerted to
hydrogen via anumber of well-understood processes that are dready widely used to
provide hydrogen to the dhemicd industry. Renewable energy in the form of eledricity
or biomasscan aso be used to produce hydrogen (via eledrolysis or gasifi cation) using
establi shed tedhniques. Renewabl e hydrogen can be used to generate dedricity on-
demand so creding anoncarbon kased, closed renewable energy cycle. Used in afuel
cdl vehicle, this could paentialy provide road transport with zero-emissonson a

lifegycle basis.*®

Several large-scd e processs have been developed for the production of hydrogen
from fossl fuels, other carboraceous feadstocks (such as, methanal, ethanadl, and
biomasg and from water*® (Ledjeff-Hey et al. 2009 Ahmed and Krumpelt 2001). The
main processes are steam reforming, thermal decompaosition, patial oxidation,
gasification and eedrolysis, processes which are described below.*® (These ae

summarised in Figure 2.9)

Steam Reforming (SR) - If a caboraceous fuel isreaded with steam under
presaure in the presence of a cdalyst, hydrogen, carlbonmonaxide and carbon dioxide
are produced. The primary readionis grongly endahermic and the fuel feedstock is
usually used to provide processhea (up to 30% of energy content of feedstock fuel is

used in the conversion). Steam reformers are well suited to long periods of steady state

38 Note that water vapour is produced.

39 Note that energy isrequired to produce hydrogen from water, which should not be cnsidered as the
“fuel'.

“Oas low-temperature fuel cdls are largely intolerant to carbon monoxide and/or carbon dioxide (max
limit of 10ppm), the product stream produced by these hydrogen production processes neals to be
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operation and produce ahigh concentration o hydrogen (over 70%). However, the
reacors are limited by hea transfer and are therefore large and heary and nd
particularly suited to mobile gplicaions. The stean reforming of natural gasisthe
most widespreal methodfor the commercial production d hydrogen due to the primary
fuel©s high avail ability and high hydrogercarbonratio. Over 80% of al hydrogenis
produced using this process(Spil sbury 2001). Although steam reforming works most
efficiently for light hydrocarbors, other fossl fuels and hogas can be reformed, the

choiceof fuel being only limited by the its baili ng point and aromatic content.

Partial Oxidation Reforming (POX) isaprocessin which a caboraceousfue is
readed with alimited amount of oxygen to produce ahydrogen-rich gas and carbonand
nitrogen oxides. Theinitial readionis grongly exothermic which means that the process
is patentially energy efficient. As cabonmonaxide can be present in the reformer
products (up to 1%), this needs to be removed before the gas produced can be used
within afuel cdl. Partial oxidation readors are being developed to reform heavier

hydrocarbors including petrol.

Autothermal Reforming (ATR) combines the partial oxidation and steam
reforming readions by reading the fuel, stean and akygen at the same time. The
process which requires the presence of a cdalyst, is energeticdly advantageous as the
endathermic reformer readion absorbs part of the hea generated by the oxidation
readion so lowering readion temperatures. As the reador temperature is propartional to

processfuel use, lessfealstock fuel isused for processheding.

Gasification of solid carboraceous matter can be adieved by reading the
feedstock fuel with steam and axygen at temperatures over 1000K at a presaure of 0.1-

2.5MPa. Thereadioniseither via partial oxidationin the presence of excessoxygen or

purified. Thisis achieved using one of the established techniques which include water gas dhift reaction,
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viapyrolysis (endahermic). In pradiceboth readions occur with the energy required
for pyrolysis being provided by the oxidation readion. The prodict gasis a mixture of
hydrogen, cartbonmonaxide and aher combustibles sich as methane (syngas). Up to
60% of biomassmateria can be mnverted dredly to gaseous form with as littl e & 10%
left as residue. Plants for the gasification d coa have been developed for large-scde
hydrogen gas production and the processis slited to producing hydrogen from any

source of biomass(Johansn et al. 1993, p88i™*

Eledrolysis - Hydrogen gas can be produced from water using fossl fuel, nuclea
or renewably generated eledricity viaeledrolysis.*? The dedrolytic decompasition o
water takes placein atwo-stage readion accurring at the surfaceof the dedrodes
immersed in an ion-condtcting eledrolyte (usually alkaline). Hydrogen gasis produced
a the cahode and oxygen at the anoce. In order to keep the product gases isolated, an
ion-conducting separator separates the two readion areas. Low-presaure dedrolysis
units have been designed for 1kWe-125MW, operations and have demonstrated overall
efficiencies of around 6%%6. Hydrogen produced using this methodis of very high purity
(over 99%) and requires littl e or no puificaion before use. Although eledrolysis of
water has been used to produce hydrogen commercialy for over 80 yeas (mainly for
the production o fertili ser), it still only aceountsfor around 0.26 of world production.
This propation hes dedined ower the past decale due to the low price of natural gas,
which favours the use of stean reforming. As aresult, the main use of this method d
producing hydrogen isin courtries that have plentiful suppies of low-cost e edricity

(such as hydroeledric) (HyWeb 2003).

methandion and presaure swing adsorption. These processes are not discussed further in thisthesis.

“1 Biomasscan be used as a feadstock for synthesis gas which can be reformed to hydrogen in the
conventional way. This opens a new route for the conversion of renewable energy to hydrogen. Studies
collated by ETSU report that "biomassas a raw material for hydrogen could be 30% cheaper than
natural gas'. Thereport also notes "hydrogen from landill gas could be ammpetitivewith hydrogen from
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Acoording to Spil sbury, future caital costs for steam reformers are predicted to
reduce (efficiency remaining high) and the gasificaion efficiency for heavy
hydrocarbors will im prove. As renewables become more avail able over the mwming
decales, interest in pyrolysis and gasification d biomasswill i ncrease a will i nterest
the use of eledrolysis for hydrogen production (Spil sbury 2001).** Small natural gas
reformers will be developed for decentralised production d hydrogen at point-of-use

(HyWeb 200).

Figure 2.9: Main energy conversion processs for the production of hydrogen

/v{ Steam Reformina |

Hydrogen rich Thermal Decomposition }\‘ Hydrogen

carboraceous material rich gas
—>»  Patid Oxidation [
Eledricity i generation \A|

. : High purity hyd
Eledricity |—>| Elearolvsis l—} Igh purity hydrogen

Gasificaion

If hydrogen fuel is produced within the cntext of scenario 1,ahigh level of
engineaing work would be required to develop a hydrogen fuel infrastructure. To
distribute the gas from production centresto pant of use, hydrogen would have to be
distributed either in its gaseous form or as aliquid by road tanker, ship or pipeline.
Much worldwide experience has arealy been acaumulated regarding hydrogen
distribution. For example, hydrogen is routingly transported by road in compressed form
using sted boattles at 20 MPa, eath vehicle carying 24003600Nm? and li quefied

hydrogen is caried using 5000litre cgadty road-tankers (HyWeb 2001).

Extensive hydrogen storage fadliti es and @ peline networks have dso been

developed. Stationary hydrogen storage systems are routinely used by NASA (liquid Ho,

natural gas' (ETSU 1997). However, no commercial off-the-shelf systems are aurrently avail able and
therefore, these options are not considered for this thesis.

42 This is, in esence the reverse of the processthat occurs within afuel cel.
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3,000m*) and ICI (gaseous H,, undergroundstorage in caverns, UK). Presaurised gas
pipelines have been in use for over 50 yeasin Germany (2.0-2.5MPa, 315 kn) since
1966in France and Belgium (Air Liquide, 6.510MPa, 290 kn) andin the USA
(severa pipelinesfor liquid hydrogen ead upto 40 km) (HyWeb 2003)). In the UK, the
existing natural gas grid could also be used to distribute hydrogen. Thowgh pue
hydrogen causes embrittlement in some metals, a 10% hydrogen-natural gas blend hes

been propased which would overcome this problem.

In spite of the experiencewithin the chemicd industry, there ae still only around
10 hydrogen-refuelli ng stations worldwide, acrding to areseach paper by the
Worldwatch Institute (Chicago Tribune 2007). As of 2001,these included pulbic
access™ stationsin Hamburg and in Munich airport, depat-based fadliti es sippating a
fuel cdl busfled in Chicago and Vancouver and asmall hydrogen refuelli ng station for
experimental fuel cdl vansin London(HyWeb 200)). However, the number of
hydrogen stations is likely to increase with the implementation o several fuel cdl bus
and car demonstration programmesin the USA, Europe and the Far East (seeBox 2.2).
Thesetriadsinclude the CUTE fuel cdl bus programme, which will demonstrate 30 fuel
cdl busesin severa European courtries during 20022003 (seeChapter 4 - sedion

4.1.9).

*3 Other lessdevel oped methods are being considered for hydrogen production at all scaes. These
include the thermal dissciation of water, use of baderiato dredly convert solar energy to hydrogen and
the adion of sunlight on sili con.

** There aeno reports of use by members of the public as of end 2001
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Box 2.2: Articleson new hydrogen fuel stationsin Singapore, Belgium and Germany

One or two BP filli ng stations will be extended with components for the refill of hydrogen carsin
Singapore. Thetotal costs will be up to 3milli on Euros. After London this will become the second
location for a hydrogen filli ng station by BP. Around 15fuel cdl carsare to be tested in Singapore
between 2003and 2005(HyWeb Nov 2007).

Chart Industries announced that its Applied Technologies Division hes receved an award from Citensy, a
division of Eledrabel and Distrigas, to design, build and install the world©s first combinedi quid natural
gas (LNG), liquid compressed natural gas (LCNG) and hydrogen fuel station in Leuven, Belgium. The
refuelli ng station isto be ademonstration model for Citensy©s plan to offer complete dternative fuel
solutions for heavy-duty vehicles. Construction is sheduled to begin in ealy 2002with a cmpletion
scheduled for the middle of the yea (HyWeb Oct 2007).

Germany®©s fourth hydrogen refuelli ng station to be installed nea Munich. A new hydrogen refuelling
station isto beinstalled in the industry areaBrunrthal-Nord nea Munich. The station will servethe
refuelli ng of asmall test flee of fuel cdl buses conneding southeast locdliti es and the eat rail way station
of Munich. The technology will be provided by ET (Energy Technology), a cmpany founded in 1997 ty
hydrogen experts from the space ompany DASA (Hydrogen Gazdte 2001).

An alternative to the central production d hydrogen is to generate hydrogen at the
point of use. Thisisthe option considered by scenario 2whereby “use could be made of
the exsting naural gas network and pdentially (sic) of methand avail ability, and
small -scale reformers could beinstalled a fuelli ng stations to make hydrogen onsite”
(AEA 199%). Many analysts have propased this option as the most cost-effedive
methods of hydrogen fuel infrastructure development as it makes use of the existing fuel
infrastructure to maximum effed (Hart et al. 2000. Thisthesiswill analyse this option

in detall ontedhnicd and econamic groundsin Chapter 4.
On-boad fuel storage options

Hydrogen's low density has presented atedindogicd chall enge to the design o an on-
board hydrogen storage system. At room temperature and resaure, to store an
equivalent amourt of energy as contained in atypicd petrol tank would require a
hydrogen tank with around 80Qtimes the volume. A survey of the literature shows that,

from atechnicd perspedive, there ae threemain methods (in the short-term) of on-
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board hydrogen storage. These ae mmpressed gas, liquefied gas and metal-hydride

storage™ (Ogden 1999 Ogden et al. 1999 Thomas et al. 2000).

Compresson isthe most cost-eff edive solution, the gas being stored in cylinders
at presaures upto 30MPa. Most commercialy avail able o/linders are 50-litre units
made from sted. These ae heavy and only store dou 0.45 Ig of hydrogenina70 kg
tank (Ilessthan 1% hydrogen by weight). More advanced composite tanks (which
incorporate lightweight materials guch as aluminium or carbonfibre) are aound 706
li ghter. Composite tanks can achieve up to 3.6MJ/kg (including fuel and tank)*®
(HyWeb 2001). However, these ae still being developed for commercial markets and
are more expensive than sted tanks (Haydock 2000. Note that energy is required for

compresson d hydrogen (approx. 120MJGJ delivered) (Hart and Bauen 1998)).

Cryogenic systems have been demonstrated which retain the low temperature
required for hydrogen liquefadion (-253’C). This method has been developed by BMW
for their hydrogen ICE test vehiclesand by MAN for afuel cdl bus demonstration. The
MAN bus 190litre cgpadty tank stores 1.62GJ hydrogen (around 106 by weight)
with an energy density of 16.2MJkg (HyWeb 2001). Although more astly than
compresson, liquefadion provides avehicle range cmparable with conventional
operation. The Partnership for the New Generation o Vehicles (PNGV) has concluded
that the liquid hydrogen ogptionis one of the prime @ntenders for afuel cdl vehicle for
2004(Thomas et al. 1998. Although the storage density is equivalent to that of 80 MPa
compressed gas, liquefadion requires large anounts of energy to liquefy hydrogen gas,
the energy required being abou 40% of the energy stored. Also, evaporative losses from

the tank acoount for around 6 energy lossper day.

*>The analysis only includes technol ogies that have the potential to be commercially viable within the
UK marketplaceby 2012

4® This compares with around 32M J/kg for petrol plustank.
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Metal-hydrides are agroup d aloys having properties, which provide another
promising method d hydrogen storage. These dl oys absorb hydrogen when under
presaire, the gas beaoming part of the metal©s physicd structure. To release the gas, hea
is applied and the presaure reduced. Typicd energy storage densities are of the order of
1-2% hydrogen by weight. The alvantages of metal hydride storage ae the low loading
presares (lessthan 10MPa), ease of use and hgh level of safety. However, hydrides
arelimited by their low energy density (0.7-1.4 MJkg) and the complexiti es of the
refuelli ng equipment, which have to transfer both fuel and hea (HyWeb 2002).

Box 2.3: Articleon 70 M Pa hydrogen storage o/linder

Quantum Technologies "TriShield' hydrogen storage ¢/li nder technology has achieved the highest
compres®d hydrogen storage by weight ever recorded at 11.3% at 35 MPa, and was the first all -
composite gylinder technology to qualify for 70 MPa hydrogen storage by achieving a hydrostatic burst
test in excessof 168 MPa. This achievement exceals the 2.35 safety fador requirement of 165 M Pa set
by the European Integrated Hydrogen Projed regulatory body. At 70 MPa, significantly more hydrogen
fuel can be stored in a given spacethan at 35 MPa, dramaticdly increasing the range of fuel cdl vehicles.
In June 2001, GM and QUANTUM formed a global strategic dli ance and equity partnership to

coll aborate on improving the range of GM's fuel cel vehicles throughthe development of hydrogen
storage, hydrogen handling and eledronic control technologies for fuel cdl applicaions (HyWeb 2001
Clean-Vehicles 2001).

To assessthe viahility of these threestorage techndogies, this thesis uses the
findings of Yamane and Furuhama who showed that a vehicle©sfuel econamy islargely
affeded by the total weight of the fuel andfuel tank... independently [sic] to the storage
methods". Quantifying this relationship, they showed that, if afuel tank were increased
from the standard mass(around 50 kj) to 800 lg, thiswould halve the fuel econamy of
apasenger ca (Yamane and Furuhama 1998. Althouwgh metal-hydrides are alvanced
in their development and have been demonstrated in alarge number of on-road vehicles,
their use is associated with energy densities well below those of compresson.
Acoording to Yamane and Furuhama, atypicd passenger car using hydride storage
would require a770kg system for a200km range. In their present form, hydrides would

therefore significantly reducethe range, fuel econamy and marketability of afuel cel
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vehicle*” For thisreason, the hydride storage option is not considered for further
analysisdueto its negative impact on vehicle performance Theimplicaionisthat
the two methods of on-board storage which are most developed are cmmpresson and
liguefadion. Thomas suppats this position and ndes "at least two hydrogen storage
techndogies aretechnically andeconamically feasible today; 34.5MPa compressd

hydrogen tanks andliquid hydrogen tanks" (Thomas et al. 2000.

Other methods of hydrogen storage ae being developed. Reseach groups are
investigating the use of carbon ador ption whereby hydrogen is adsorbed by carbon
nano- or micro-fibres under presaure (Bérnard and Chahine 2001). Initial evidence
suggests that this technique auld enable storage densiti es of 60% by weight (higher
than are atieved with liquefadion). Also being investigated is the high-presaure
storage of hydrogen in glass microspheres, 100micronsin dameter, which can
withstand presaures upto 1000MPa. Permedion d hydrogen through the glassis
temperature dependent and the asorption a release of hydrogen can (in principle) be
controlled by applying hea to the storage device (HyWeb 200)). However, these
tedhndogiesremain at the development stage and are unlikely to read production
maturity within the time frame of the thesis. Therefore, the analysis will not consider
these methods of hydrogen storage, but notes that, if succes<ul, they will gredly

enhancetheintroduction d fud cdl vehicles.

7 One fador that can explain the low number of battery eledric vehicle salesis the limited range offered
by most battery electric technologies. Many potential consumers fear (unrecessarily) "running ou of
power" and are discouraged by the "inconvenience of the non-avail ahility of the vénicle during
recharging'. This negative position has been termed Dead Battery Syndrome (Boivin and Harbedk 1994).
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Scenario 3
An approach that avoids the problems of hydrogen storageisto caalyticaly reform a
hydrogen-rich fuel on-board the vehicle, so generating hydrogen gas on-demand. Thisis
awell-understood pocessand is used to manufadure hydrogen from natural gasona
commercial scde. In principle, any hydrogen beaing fuel can be used, although simpler
hydrocarbors are eaier to reform. As on-board reformers need to have fast resporse
times, fuels that can be processed at low temperatures are preferred. Of the liquid fuels,
methand is uniquein that it can be reformed into hydrogen at around 266C, as
compared to 606-900°C for other fuels such as petrol, ethand, natural gas, and ropane
(Thomas et al. 2000. Therefore methanadl is considered to be the prime candidate for
onboard fuel storage and hes been succesSully demonstrated in many test vehicles

including the Neca 3 and Neca 5 vehicles (seeChapter 4).

Many research programmes are atempting to develop a multi-fuel processor that
could be used to reform petrol or other hydrocarbonfuels. In 1999 Plug Power and
Epyx Corporation demonstrated an integrated system (in the laboratory) comprising a
fuel cdl stad fuelled by a petrol reformer, the system achieving around 806 (fuel to
hydrogen) efficiency. However, the processor remains at the devel opment stage (DTI
2000. Asof 2000,it is"still widely believal that the gasoline fuel cdl car will not be
available omnercially for anaher 10-15years" (Haydock 2000. Were the
development of the multi-fuel processor to succeel, it would also dff er the posghility of
using other on-board hydrocarbonfuels such as natural gas and liquefied petroleum gas
whose use @ alternative vehicle fuelsis aready well established in the UK. This option

will beinvestigated in Chapter 4.

8 Methanol is predominantly produced from natural gas. The American Methanol Ingtitute estimates that
35 milli on methanol fuelled FCVswould only require a2% increase in natural gas consumption (AEA
1998.
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The main reformer technd ogy being developed for automotive use is the steam
reformer (see dowve) which performs well for methanal reforming, producing a
reformate compaosed of around 786 hydrogen gas. For more complex hydrocarbors,
higher temperatures require the use of partial oxidation reformers. These produce a
lower yield of hydrogen (40% reformate) but have the advantage of utili sing exothermic
readions. Both these processs can be alvantageously combined in the autothermal
processor whereby energy released in the partial oxidation readionis used to drive the
steam process The "HotSpat' autotherma methana reformer developed by Johnson
Matthey reportedly generates areformate mmposed of 89% hydrogen gas (Haydock

2000).

The avent of apetrol reformer would na necessarily all ow the use of existing
grades that contain many chemicd componrents unsuitable for reformer techndogy.
Sulphur, in perticular, pasons the cdalysts foundin the fuel processor and fuel cdl
stack and hes therefore to be removed, either on-board the vehicle, or in the refinery.
Thisreinforces the trend towards very low sulphur fuels that is already underway (target
of 10 ppm). The general consensus isthat conventional petrol is unlikely to be used in
fuel cdl vehicles, the preference being for a synthetic fuel manufadured using ©gago-
liquids© techndogy. Although this would be homogeneous and sulphufree it would
require aseparate distribution infrastructure, reducing some of the benefits of areformer

based system (AEA 199%).

Other methods of producing hydrogen ondemand have been proposed and/or
demonstrated. Oneis the use of sodium borohydride, which, in the presence of a
particular caalyst, can be made to release hydrogen gas. The processhas been
developed by Mill ennium Cell who have produced a prototype unit for evaluation by

Ford. The cmpany has also annourced businessrelationships with Ball ard Power
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Systems, DaimlerChrysler, U.S. Borax and Rohm and Hass, the world©s leading
producer of sodium borohydride (Mill ennium Cell 200]). A secondexampleisthe use
of use of “sporge' iron (3F€), which, if readed with steam in the presenceof a cdalyst,
will release hydrogen. When the iron “fuel’ is depleted, the resulting iron axide (Fez0,)
can bereplacal with “recharged' sporgeiron. This g/stem has been developed by H -
Power Corp who claims that 4.8% hydrogen storage by masscan be atieved
(Johanssonet al. 1993, p96)L However, these methods are not acceted as having

large-scde goplicability and will t herefore not be awnsidered further by this thesis.
Scenario 4

The viahility of this senario depends onthe avail ability of fuel cdlsthat can operate
using northydrogen fuels withou the need for fuel reforming. As of 2001,the only low-
temperature fuel cdl type being considered for automotive gplicaionsis the solid-
poymer dired methanad fuel cdl (DMFC). However, even this cdl remains as the
laboratory stage (Haydock 2000,DTLR 2001). Therefore, scenario 4will not be

considered for analysis by thisthesis.

Sunmmary of scenarios

Table 2.4 summarises the scenarios and ogions discussd in the previous edions, and
shows the large number of energy conversion ogions that can be utili sed by fuel cdl
vehicles. Many of these options have drealy been dscounted for further analysisin the
discusson above but are shown for completeness The optionsthat will be considered
in greater detail in the remainder of thisthesisare shown in bold. These will be

further analysed in Chapter 4.
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Table2.4: Well-to-cdl energy routesfor fuel cdl vehicles

Energy Source Energy Transfer Hydrogen Vehicle
Primary Conversion S Conversion Storage Conversion | Engine
Energy toH2 Distribution toH2 M ethod toH2 Type

Centralised Production
of H2 from Primary

Distribution of

On-Board Hydrogen Storage &

S Hydrogen Hydrogen Fuel Cell
Eledricity | Eledrolysis
‘;‘ Biomass Pyrolosis CGH2
‘s | Natural Gas - -
5] LH2 PEM
583 LPG H2 Tanker — ___ AEC
Methanol _ —_— - Metal - PAFC
g | REorming | 2P peline Hydride DMFC
Petrol C-adsorption
Diesel
Non-Hydrogen dw d On-Board Hydrogen Storage &
Primary Energy Source Hydrogen =dir1eran Hydrogen Fuel Cell
Conversion to H2
- National .
Eledricity --- Grid Eledrolysis ---
N Biomass Road Pyrolosis CGH?2
o
5 | Natural Gas NG Pipeline Lo PEM
?3 LPG LPI\G/I eToa:ker AFC
Methanol --- Metal - PAFC
Tanker | Off-board | yqride DMFC
EtOH Reformer
Ethanol ke
Tanker C-adsorption
Petrol Tanker
Diesel Tanker
T On-Board Conversion of H2
. NeTHR e rEEET DB En o_f Carrierto H2 for usein Hydrogen
Primary Energy Source Hydrogen Carrier Fue Cell
@ | Natural Gas --- NG Pipeline --- CNG
= LPG LPG LPG PEM
(983 M ethanol - M ethanol - Methanol | On-board | AFC
Ethanol - Ethanol - Ethanol Reformer | PAFC
Petrol --- Petrol --- Petrol DMFC
Diesel Diesel Diesel
Non-Hydrogen Distribution of Use of Non-Hydrogen Fuel in
Primary Energy Source Hydrogen Carr ier Direct Fuel Cell
< | Natural Gas NG Pipeline Natural Gas NG FC
.g LPG LPG Tanker LPG LPG
= M ethanol M ethanol M ethanol DMFEC
3 Ethanol -—- Ethanol - Ethanol - EtOH
Petrol - Petrol - Petrol - Petrol
Diesel Diesel Diesel Diesel
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Sdety isaues of hydrogen and lydrogen carrier fuels

Safety concerns could ad as a barrier to hydrogen fuel cdl vehicle introduction.
However, thereis a growing body of evidenceto suppat the view that the use of

hydrogen is no more dangerous than the use of petrol or other flammable fuels.

In hydrogen's favour, the gasis non-toxic. A hydrogen fire produces no pasonows
fumes and hes alower flame temperature than petrol fuell ed fires (seeTable 2.5). Due
to hydrogen's low density, escaping gas rises away from a spill site, unlike petrol
vapou (and liquefied petroleum gas) which remain in the spill areaso prolonging the
fire'sduration. With ahigh dffusion coefficient, hydrogen mixesin air faster than
petrol vapour or natural gas, which is advantageous in the open (but could represent a
potential disadvantage in apoarly ventil ated enclosed space. By volume, hydrogen has

the least explosive potential as compared to methane and petrol.

On the negative side, hydrogen is colourlessand odoulesswhich makes human
detedion dfficult. The gasburnsin air at concentrations of 4%-75% by volume, which
isalarger range than for other vehicles fuels. The minimum ignition energy required for
a stoichiometric hydrogen/oxygen mixtureisonly 20 - ZKIEKOMRGREGHR
magnitude lessthan for natural gas and petrol vapou (Hart 2000. However, asthe
energy of aspark is sufficient to LJQWDMXMIDOD/ - \K\DSHMDLIHD
irrelevant (HyWeb 2003). In the event of an explosion, hydrogen has the highest hea of
combustion onamassbasis.

Table2.5: Properties of hydrogen compared with other fuels

Parameter (units) Hydrogen | Natural gas Petrol
Lower Heding Vaue (MJKkg) 120 50 445
Auto-ignition Temperature (°C) 585 540 228501
Flame Temperature (°C) 2045 1875 2200
Limits of Flammeability in Air (Vol. %) 4.0-75 5.3-15 1.0-7.6
20 290 240
Limits of Detonation in Air (Vol. %) 1365 6.3-135 1.1-33
Theoreticd Explosive Energy (kg TNT/m® Gas) 2.02 7.03 44.22
Diffusion Coefficient in Air (cm?/s) 0.61 0.16 0.05
Source: taken from Hart 2000
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Compressd hydrogen storageis likely to be widely used for the first generation o
commercia fuel cdl vehicles. Willi ams reports the findings of reseaccher Kuhnwho

states that in extensive tests of 35-105MPa presaurised hydrogen cylinders:

“ Suwech tanks were aashed, crushed, dropped, shat, burned, and tbown up, b
failed to produce any consequences as bad as those resulting from comparable
as;utson adinary gasoline tanks. Thisis becuse the hydrogen tanks fail
gracefull y (leak-before-break); hydrogen is buoyant; andits low-emissvity flame
has noincandescent soot to radiate infrared andso cause burns at a dstance’

(Willi ams 1998.

However, the use of hydrogen pases new risks that need to be addressed. For
example, hydrogen causes embrittl ement in some metal's, which must be replaced
(usualy by stainless $ed) to prevent premature pipe breskage. Some hydrogen carier
fuels aso raise new problems. If methanad is used as an onboard fuel, handling and
storage precautions neeal to be taken, as methanadl is highly toxic, can corrode some
materials and is hydrophili c. A particular concern isthe risk of methanal spill s nea to

drinking water supgies.

In conclusion, eadt choice of fuel presents aunique set of risk fadors. Although the
risks pased by hydrogen are no more than for petrol or other fuels, the hazards are
different and will require new regulations, personnel training and user awarenessto
minimise the likelihood d acadents. Although afull risk assessment is beyondthe

scope of thisanalysis, this thesis takes the position that:

1. Theuse of hydrogen will require some changesin pradice
2. Therisks posed by hydrogen will nat ad as abarrier to its widespread use & aroad

transport fuel.
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Box 2.4: Article on palladium based hydrogen detedor

A French-USresearch group has developed a hydrogen detedor with very fast response. It is based on the
peadliar interadion of hydrogen with Pall adium. The detedor consists of Pall adium wires just a few nm
aaoss They extend in the presence of hydrogen and deaease their eledric resistance due to the shrinking
of lattice defeds and simil ar sites. Thus hydrogen concentrations between 2 and 10% can be deteded
within 75 ms (Favier 2001J).

Environmental impact

This ®dion presentsa brief environmental impact assessment of fuel cel vehicles
based upon regulated and greenhouse gas emissons. A more detail ed comparison
of thelifegycle emissons associated with petrol/diesel I1CE, battery eledric, hybrid
eledric and fuel cdl vehicleswill be mnducted in Chapter 4 using the LEAF2

model (seesedion 4.4).

Avail able data suggests that fuel econamy is sgnificantly improved for fuel cdl as
compared to conventional vehicles (AEA 1999,Hart 1999,DTI 2000, Thomas et al.
2000. Thisis primarily through the high efficiency of the fuel cdl drive-train at all
loads in comparison with the ICE. For example, compared to the fuel use for a small
petrol car (2.3MJkm) (DTI 2000, the fuel econamy of DaimlerChrysler's Neca 4 and
Ford's P2000 tydrogen FCVs are reported to be aound 1.1M Jkm whil e the methanol
Neca 4 is predicted to have afuel econamy of 1.7 MJkm (AEA 199<). These figures
are broadly consistent with those quaed for alarge salooncar by Hart who estimates
1.1MJkm, 1.5MJIkm and 2.7MJkm for compressed hydrogen, methanal and petrol
ICE respedively (seeTable 2.6). Hart also predicts asimilar reductionin fuel use for a

hydrogen fuel cdl bus as compared to its diesel equivalent (Hart et al.1999.

Table2.6: Comparison of tank-to-whed fuel economy for pre-production FCVs

Fuel Economy Car (MJ/km) Bus (M J/km)
Petrol/Diesdl ICE 2.55 2.70 2.30 13.00
Hydrogen FCV 1.16 1.07-1.13 1.07 0.90-1.36 6.87
Methanol FCV 1.581.76 1.70 1.50
Petrol FCV 1.82-2.62 1.91
Thomas et al. Hart et al. Hart et al.
Source 2000(1) AEA 1999 1999 DTI 2000 1999

(1) based on aluminium intensive vehicle (AlV) glider and measured on US EPA combined drive g/cle.
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For regulated pdl utants, the fuel production emissons are nat normally taken into
to acourt (asthey are for greenhouse gas emissons) due to the remotenessof the
emisson sourcefrom most areas of high popuation. However, for some fuel cdl
options, hydrogen is generated at the locd level (i.e. at the fuel station). Therefore,

regulated emissons are analysed onalifegycle basis.

Predse emission catais difficult to sourcedue to the ammmercia sensitivity of fuel
cdl vehicle development. However, estimates based onmodelli ng suggest very low
regulated emissons associated with fuel cdl vehicles use. Using alifegycle analysis,
Hart estimates that the regulated emissons from UK hydrogen fuel cdl vehicles (using
hydrogen produced from reformed natural gas) are predicted to be significantly lower
than for an ICE baseline. Methanad and petrol fuelled FCVs are dso shown to result in

lower emisgons as compared to conventional vehicles (seeTable 2.7).

Lifegycle greenhouse gas emissons are dso predicted to deaease due to improved
efficiency of the vehicle and fuel processng. However, the reductionis difficult to
guantify, depending as it does onthe method d fuel production. If natural gasis
reformed onsite, then modelli ng by Hart and ahers suggests that greenhouse gases will
be reduced by amost 60% on alifecycle basis for light-duty vehicles. Similar

reductions are expeded for afuel cdl bus (seeTable2.7).

Table2.7: Comparison of lifegycle anissonsfor pre-production fuel cdl car

Emisson CO (g/km) NOXx (g/km) PMs (g/lkm) CH4 (glkm) CO; (g/lkm)

Petrol ICE 2.31 0.26 0.010 0.04 209

Petrol FCV 0.01 0.08 0.0002 0.03 173
Methanol FCV 0.01 0.04 0.0015 0.07 130
Hydrogen FCV 0.02 0.04 0.00002 0.06 88

The aove figures assume hydrogen is produced by stean reforming of natural gas on-site
Source: Hart and Hormandinger 1997 Hart and Bauen1998b
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2.2.8Summary of Cleaner Vehicle Fuelsand Tednologies

This sdion summarises the environmental impad assessments of the deaner
vehicle fuels and techndogies discussed previously in Chapter 2. In particular, it makes
an initial assesgnent of the sustainability of ead ogion based uponregulated and
greenhouse gas emissons acarding to the aiteriaset in Chapter 1. The purpose & this
stage is to eliminate thase tedhnd ogies that do nat offer the posshbility of contributing
to a sustainable road transport system. A more detail ed comparison d the remaining

candidates will be anducted in Chapter 4.

On an environmental basis, natural and liquefied petroleum gas used in conjunction
with an ICE show a similar performance (seesedions 2.2.2and 2.2.3. Using alight-
duty petrol baseline, NOx and GHGs are reduced by 30-35% and 1315% respedively.
For the heavy-duty diesel sedor, NOx reductions are in the region 66385% and GHGs
are largely unchanged. Therefore, onthe aiteriadeveloped in Chapter 1, road fuel
gases used with | CE technology are not able to deliver a sustainable road transport
system and are therefore diminated at this $age. However, it shoud be noted that
their use might play an important role in the transition to gaseous fuels sich as

hydrogen. This point will beraised in later chapters.

If nonrenewable energy sources are used, hettery eledric techindogy can result in
anincreasein lifegycle NOx and areductionin GHGs of around 2546 (petrol baseline).
However, if renewable dedricity is used, then bah emissons can be reduced by almost
10®%. The hybrid and fuel cdl eledric options also dffer significant reductionsin
lifegycle NOx (over 40% and 8%% respedively) and GHGs (around 3046 and 60%). If
renewable hydrogen is used, the fuel cdl option can leal to zero emisgons (other than
hea and water vapour). Therefore, battery and fuel cdl eledric options could, in

principle, be used to construct a sustainable road transport system. Although the hybrid
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eledric option daes nat satisfy the sustainability criteria, HEV's are many of the
comporents of other eledric vehicle types. In addition, they are cnsidered by many
analysts to form an important transition techndogy in the development of fuel cdl
vehicles (seesedion 5.1.3. Therefore, all three vehicle optionsthat employ eledric
drivetrains (battery, hybrid and fuel cdl eledric) are considered for further

analysis by the remainder of thethesis.



