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Chapter 5 UK Implementation Strategiesfor Fuel Cell Vehicles
Using the goproach of QSNM and the LEAF2 model, Chapter 4 identified and analysed
the key aspeds of the fuel cdl vehicle niche. Chapter 5 extends this discusson by
considering the niche within the context of the existing oil -1CE regime, with the am of
designing incentives to promote fuel cdl vehiclesin the UK. The dhapter proceealsin
two stages. Sedion 5.1asesss fadors that influencethe development of the FCV
niche and investigates its effed onthe eisting regime. Sedion 5.2then develops a

strategy with which to suppat the introduction o fuel cdl vehicles (seeTable 5.1).

Tableb5.1: Plan of QSNM Analysis of technological niche and existing regime

Strategic Issues
Level Classcal SNM Quantitative SNM
Sedion5.1 Sedion 5.2
Analvsswithin Market Barriersfor FCV's - Cleaner Vehicle Incentives
Exi sti¥1g Regime Market Niche Development | - Fuel Cell Vehicle Incentives
Niche Competition - Optimising UK Implementation
Effed on Existing Regime Strategies for Fuel Cell Vehicles

5.1SNM Analysis of Fuel Cell Nichewithin Existing Regime

5.1.1Market Barr iersfor Fuel Cell Vehicles

New techndogies are often associated with fadors that impede their introduction. The
IEA Report Implementation Barriers of Cleaner Transport Fuels categorises these

barriers as follows (IEA 1999:

Tedhnicd: fuel and wehicle production, fuel infrastructure, fuel and vehicle use.
Econamic: capital vehicle, cgoital infrastructure, operating costs.
Politicd & Regulatory: legidative, regulatory, institutional inertia, safety isaes.

Socid: organisational and public accgtance

The cadegoriesidentified by the IEA are useful in understanding the fadors that

inhibit the up-take of fuel cdl vehicles. According to ETSU, these include “user
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perception andconfidence particularly onrange and safety. Lower production costs,
competiti ve ownership costs and suppating infrastructure have also to be achieved
before serious market penetration can ke attained and adance power -trains beame a
viable alternativeto the internal combustion engine” (Swann 1999. Other barriers
include the uncertainty abou the choice of fuel used to deliver the hydrogen to vehicle
(and henceinfrastructure) and the organisational inertia, which favours the eisting ICE

regime.

One of the red achievements of the fuel cdl vehicle nicheisthat few technical
barriers remain. There has been agrea ded of convergence of vehicle design with the
PEM emerging as the favoured fuel cdl. Inits smplest form, the pure hydrogen FCV is
well tested and proven to deliver vehicle performance mmparable with (or exceeding)
that of a conventional vehicle. Thisisasignificant development given that many other
vehicle techndogies have nat lived upto initial expedations. For example, although
battery eledric vehicles date from the late nineteenth century, the spedfic energy
density of most battery types continues to be unable to provide avehicle with sufficient
range. In contrast, FCV s that use mmpressed hydrogen storage dready offer aviable
tedhndogy suitable for commerciali sation. Consequently, the focus of FCV
development has moved from the fuel cdl stad to the on-board storage of hydrogen gas

or on-board reforming systems.

Fuel infrastructural issues continue to pase abarrier for most fuel cdl vehicle
scenarios. If afuel other than petrol is chosen, asignificant change to the existing fuel
infrastructure will berequired. If the fuel is hydrogen, it will be extremely difficult to
make a cae for installing a new hydrogen infrastructure while few FCV's exist. Hence

the presaure to use aliquid fuel such as methanad or reformulated petrol. However, these
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are asciated with complex on-board reformer systems that are lessadvanced than the

fuel cdl system itself. Acoording to the market report by Frost and Sulli van:

“Fuel supdiers have yé to formulate a strategy to achievethe scenario where
pure hydrogen can keretail ed to users of fuel cdl vehiclesjust as petrol istoday.
The induwstry is facing enormous infrastructur e investments, which cannad be
recouped in the short to medium term by fuel revenues.. Eledrolysisis gill i nthe
initial research stages leaving reforming as the aurrent solution.. .for the
immediate future, the industry is debating which fuel can ke used instead d dired
hydrogen,...petrol has a stronger businesscase, owing to the exstenceof a
distribution infrastructure, andlack of customer acceptabhility problems.
Howeve, it is gill plagued by reformer techndogy problems, whil st methand

reformingiswell established” (Clean-Vehicles2001).

Isaues of fuel suppy are nat likely to inhibit the up-take of FCV's. On-site reforming
of natural gasisthe prime candidate for a UK hydrogen delivery system. If the fuel cdl
vehicle popuation increases as predicted by Hart, then the worldwide natural gas used
for FCV fledsin 2030would represent 19% of world gas consumptionin 1998.In the
UK, the figure would be aound 236. Hart nates, “whil e these figures appear large,

theyare unlikdy to provea barier” (Hart et al. 2000, p3L

A magjor concern for theintroduction d FCVsisthe high cost of vehicle production.
Asdiscussed in Chapter 4, in 2000,the aost of hydrogen fuel cdl vehicles was over
seven times the price of their conventional 1CE equivalents. The additional costs have
been largely due to the high price of the fuel cdl engine which cost “in the region o
1y SN FRP S HIRDRG,>SH.@ | RWWHR QY R Q EMO D
combustionengine” (Clean-Vehicles 2001). At that time, the csts of the techndogy

had na yet reduced to a point where fuel cdl vehicles could be widely introduced.
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However, areductionin unt cegpital cost has begunandis predicted for mass
production, resulting in vehicle price premiums of around 18%6-20% for production

volumes of at least 250,000 ehicles (seesedion 4.3.3.18

From a marketing perspedive, the long-term projedions for FCV prices will not be
particularly prohibitive for light-duty salesif we cnsider the high capital costs of
battery and hybrid eledric cas (as of 2001). Whereas battery eledric vehicles (with a
cost premium of over 50%) have not foundsignificant market niches, petrol hybrids
such as the Prius (with a 25% price premium) have had littl e difficulty gaining sales.**®
Therefore, if fuel cdl cars are 10%-20% more expensive than ICEsin the long-term,
thisisunlikely to seriously inhibit market up-take, given the vehicle's superior

performance

For the bus market, the long-term FCV additional cost is aso predicted to be aound
20% or less Thisiswell within the premium of CNG and LPG heavy-duty vehicles,
some of which are dready finding niche marketsin the UK. From a st perspedive,
the fuel cdl bus dor will have an advantage over the private ca market for two
reasons; (1) kilometrages are higher and therefore the bus sedor will be ale to take
more alvantage of reduced fuel and operating costs and (2) alower discourting rate will
apply than the private sedor, typicdly an average 6% for businessrate predicted for

20022012.

Though innowetive, fuel cdl vehicleswill be subjed to conventional market forces
andwill require selli ng in the same way as conventional vehicle products. However,
thereislittl e evidencethat companies have yet given this much thought, relying to date

ontheinterest of the trade pressand ealy adopters. However, ahigh level of pulic

M8 rhis expedation hasled companies gich as DaimlerChrysler to announceits intention to market an
FCV (in 2009 at the same price a&the mnventional A-Classcar (AEA 1999.
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awarenesswill berequired if fuel cdl vehicles areto be successul in the wider market.

Therefore, it is useful to gauge the aurrent levels of awarenessamong non-spedali sts.

Reseach conducted by Ludwig-Bolkow-Systemtedhnik in Germany shows that
hydrogen techndogies enjoy a high level of accetance anong passengers using
hydrogen buses who are in favour of the further development of hydrogen techndogies
(LBST 1999. Although respondents did perceive alditional risks associated with the
use of hydrogen, the study did nda reved any severe accetance problems, with oy
0.3% explicitly mentioning the Hindenburg airship disaster'?° (Foley 2001). Most
importantly, the German study shows a higher acceptance of hydrogen transport for
persons who have had dired experience of a hydrogen vehicle. This reseach contrasts
with aUK pil ot study conducted by the candidate, which suggests that very few
members of the British public are avare of hydrogen fuel cdl vehicles. When asked to
li st alternative vehicle typesin an open style questionraire, out of a sample of 360, ory
threepeople used the phrase ©fuel cdl© and orly seven people mentioned the word
©hydrogen®©. Given that several companies have aanourced their intention to market
FCVsfrom 2004,it appeas that UK consumers (unlike their German counterparts) will
need to be made avare of their existence before they can be dfedively marketed (Lane

20008).

One further considerationis that organisational inertia may inhibit the introduction
of fuel cdl vehicles. Asindustry has developed to servicethe oil -ICE regime, it may

prove difficult to persuade organisations to suppat new transport fuel systems, even if

119 Together with the promise of reduced operating (fuel) costs.

120, 1937, the Hindenburg hydrogen dirigible arship caugtt fire while mmingin to land. The event was
cgptured on film and is well known to the wider public. The event hasled to a strong cultural association
of hydrogen and the risk of explosion, even though subsegquent analysis has gown that the use of
hydrogen was not the acedent©s primary cause. Recent research shows thatit was the exreme
flammability of the Hindenburg' s fabric enve ope which caused the disaster and nd the lifting gasinside"
(Bokow 1997).
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other fadors are demanding change. Thisis particularly so given the large level of
investment in the existing system.*?* Any move towards a hydrogen emnamy is likely

to beresisted by vested interests (Kemp et al. 1996.

5.1.2Market Niche Development

The Alliance aanourced their intention to begin commercial production o afuel cdl
bus enginein 2002,followed by afue cdl carin 2004(Maruo 1998 Hart et al. 2000.
Toyota, Hondg, Nissan, GM, Ford, Mazda, Renault and PSA have dso annourced
commercial launches of production-ready fuel cdl vehiclesin 20032005.Given this
level of interest, there is every chancethat vehicles will be avail able (in small numbers
at seleded sites) by 2004.Therefore, if costs of producing fuel cdls can be reduced, and
if thereis agreament abou which fuel shoud be used, there is the potential for arapid

expansion d the FCV niche and the anergence of a stable market niche.

Hart notes that, unlike traditional modelli ng of market transformation that assumes
the standard sigmoid (*S) curve (seeChapter 3), the FCV market islikely to be more
akin to ‘binary’ behaviour. Hart writes, 21f all criteria for successare met (performance,
fuel availahbility, price, etc.) then demandfor fuel cdl vehicles soud be vey great. If
any of these are nat met then sales may be disappanting, ¥sand cemandwill not rise
above \ery low limits. A forecast in which demand gows gradudly is sen asunlikdy’
(Hart et al. 1999. Thowgh thiswas sid in relation to the fuel cdl car market, the same
isvery likely to apply to commercial vehicles where performance and costs are more

criticd than to the private vehicle user.

Predictions of future sales are difficult to make. According to HyWeb, the number

of fuel cdl car engines produced globally will bein the region o 40,000in 2004,

12l rhe Us fuel industry annually invests $1,220(£800) per vehicle to maintain and upgrade the

conventional fuel infrastructure (Thomas et al. 1999 2000.
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70,000in 2005,and 100,000 ums annuwally starting from 2006(HyWeb 200). The
engines are likely to appea in Mercedes and Ford vehicles and aher manufadurers
who puchase fuel cdl drive-train unts. The passenger cars are likely to be fuelled by
both methanad and hydrogen with petrol reformer units appeaing at alater stage. These
figures are broadly in agreement with estimates made by Hart who predicts global li ght-
duty vehicle sales of at least 40,000(in 2009, 60,000(2005 and 110,00q2006), with
over 180,000 uits produced per annum theredter (Hart et al. 2000. Global bus sles
are 260, 440and 720for the respedive yeas. ETSU predict aslower expansion d the

global market with 200,000annual sales by 2010(Swann 1999.

For the UK, Hart predicts light-duty fuel cdl vehicle sales of lessthan 1000,less
than 10,000and around 110,0000r yeas 2004, 2007and 2012with over 200,000
annual sales theredter. For the hydrogen bus, Hart's figures are for 20, 80and 1,500
with over 2,500annual sales theredter (Hart et al. 2000.1%? Thisisin acaordancewith
the government's proposed target of around 1@% of vehicle sales being "low -carbort
vehiclesby 2012(DTLR 20018. If half of these vehicles were fuel cdl powered (other
vehicle types being battery and hybrid eledric), thiswould acourt for around 100,000

vehicles, afigure which is consistent with the dowve predictions for UK FCV sales.

Tableb5.2: Predictions of fuel cdl vehicle parc and sales 20022012

Ve?lsci;llzsarc World UK
Yea Light-duty FCV Fuel Cell Bus | Light-duty FCV | Fuel Cell Bus
30,000 210 <10
2004 (40,000 (40,000 (260) <1000 20)
2007 240,000 1,600 10,000 100
(>100,000) (180,000 (1,300 (<10,000) (80)
2012 3,900,000 28,000 140,000 1,700
(2,900,000 (13,000 (110000 (1,500
Source HyWeb 2001 Hart et al. 2000

122 hart dso predicts that, by 2030 40,000 d the 60,000 kuses in the UK could be hydrogen SPFC
vehicles (Hart et al. 2000.
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The fuel cdl vehicle market is predicted to developin several stages. Markets for
buses are likely to arisefirst as the vehicle's technicd requirements are eaier to
achieve, and their drive-cycles are more predictable, than for cars. Fled based operation
isaso more wnducive to the introduction d centrali sed refuelli ng fadliti es such as
small natural gas reformers. According to a member of the DaimlerChrysler Board of
Management, Professor Vohringer, "in 2002,Daimler Chrysler will deliver thefirst city
buses with fuel cdls, followed in 2004 ly the first passenger cars” (DaimlerChrysler
200)). Thisexpedationis suppated by the series of bustrials co-ordinated by
DaimlerChrysler and ahers (e.g. CUTE Projed), which are more advanced than the

passenger vehicle trials (Haydock 2000).

Thefirst production vehicles are likely to be fuelled by pure hydrogen. These ae
likely to be depot-based fleds with northydrogen fuels appeaing at alater stage.
Therefore, the locaions of thefirst fuel cdl car saleswill have to be dosely co-
ordinated with fuel suppy. For this reason, Ford "will primarily target fled buyers as
thefirst [fuel cdl car] consumers¥afand will require people to have accessto
hydrogen or to create a hydrogen refuelli ng station”. Therefore, the cmpany will
initially producelessthan 1,000cars ayea because of the @st and limited supdy of

hydrogen (Popely 2001).

It isdifficult to assessthe level of redism behind market predictions for fuel cdl
vehicle sales. Thereislittl e detail given of the processes by which FCVswill move
from afew expensive and subsidised vehicles through to ursubsidised massmarket use.
There have been many previous examples of over optimistic projedions for new vehicle

tedhndogies. For example, battery eledric vehicles were vigorously promoted in the
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19801990k but fail ed to achieve projeded sales.*? The poar performance of BEVs aso
led to the ebandorment of the original Californian ZEV Sales Mandate for 199824 On
the other hand, some techndogies have out performed expedations. The hybrid eledric
option hes gained a market foothald faster than many analysts predicted.*?® Therefore,
an important questionto ask is: ‘isthere any reasonto believethat the expedations for

fuel cdl tedhnadogy are more founded then theywere for battery dedric vehicles?'

In hisin-depth analysis of the fuel cdl niche, Maruo concludes that there aethree
possble future scenarios.*?® In the optimistic scenario, the Alli ance @ntinues to
developfuels cdl stadks and wvehicles at the aurrent fast pace In 2002,Balard
commercialisestheir bus engine (in parall el with continued demonstration). In 2004,
DaimlerChrysler begin to introducethe Neca vehicles in (proteded) niche markets,
encouraging other manufadurers to launch vehicles at aroundthe same time, using their
own or XCELL SIS power-trains. In parallel, fuel companies gart to buld a hydrogen
infrastructure for fled use in wban areas, and governments initi ate niche suppat by
applying appropriate incentives. In this way, thousands of fuel cdl vehicles begin to
appea globally in 2004increasing to hundeds of thousands or milli ons of vehicles by
2012.2A paradigm shift in automotivetechndogy will havetaken pace’ (Maruo 1998.
Hybrid techndogies will i nitially be in competition with fuel cdl vehicles, but will

eventually lose out due to the fuel cdl's superior cost and performance haraderistics.

In Maruo's realistic scenario, the fuel cdl vehicle niche will develop aong apath

mid-way between the one taken by battery and hybrid eledric vehicles. In this senario,

123, Europe, there ae only around 1,000BEV sales per yea (DTI 2000.

124 This dedsion was probably asdsted by the growing expedations for FCV's.

125Acoording to some reports, the Toyota Prius was designed from scratch within two yea's (Maruo
1998.

128 The views gated here ae based on Maruo's original views, but are modified in the light of
developments snce 1998
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fuel cdl vehicleswill find some niche marketsin 20042012alongside battery and
hybrid eledric vehicles, bu will be unable to totally challenge the existing regime. Fuel
cdl vehicleswill be produced in hundeds to thousands of vehicles per yea per
manufadurer, bu the cost will remain significantly higher than their conventional
equivaents (over 50% additional cgpital cost). Some hydrogen fuel infrastructureis
introduced, bu islimited to urban areas where (small) FCV fleds are cncentrated.
Maruo adds, 2to gofurther fromthis gage to the massproduction stage, strong

government incentives will be needed” (Maruo 1998.

The pessmistic scenario isone where fuel cdlsdo nd deliver the promised
improvementsin vehicle dficiency and remain very expensive to manufadure, even at
high production vdumes. Thisis compounced by alow global priceof crude oil with a
high cost and low avail ability of hydrogen. Dueto the fuel cdl vehicle's poar
performance and the improvement of existing techndogies, governments' interest in
zero-emisgon vehicles wanes and the Californian Sales Mandate is again suspended o
modified. The Alliance and aher manufadurers wind dawvn their fuel cdl development
adivities and fuel companies withdraw their investment in hydrogen fuel infrastructure.

The dominance of the oil -ICE regime antinues unchall enged.

Without being able to know which scenario istrue, all that can be doreisto
consider the level of expedations as discussed in Chapter 4. This thesis nates that, at the
start of 2002,the signsremain very positive with fuel cdl manufadurers keeing to
their annourced market launch dates. Thisis suppated by other indicators, which point
to the succesSul expansion d the fuel cdl vehicle niche. For example, the anaysts
Frost and Sulli van predict that the market for European fuel cdl power-trains will grow
from £2 million (2007) to over £32 hlli on by 2040(Clean-Vehicles 2007). Therefore,

the odds remain oneither the optimistic or the redistic scenario being corred.
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Related fuel cdl niches

In the move towards a hydrogen econamy, fuel cdls arelikely to have an important role
to play in sedors other than transport. Two appli cations are the stationary and patable
power generation riches.*?” This multi-niche development for fuel cdls has smil arities
to theintroduction d new battery typesin the 198G and 199G (e.g. nickel-cadmium
and lithium-carbon). These first appeaed in laptop computers before being used for
transport appli cations. The high costs of these battery types initially restricted their use
to low power, high value products before they could be aloped by heary-duty

applicaions.

Aswith high performance batteries, fuel cdls are finding ealy market applicaions
as milliwatt devices used to pover portable products. Examplesinclude asmall direa
methanal fuel cdl produced by Smart Fuel Cell (Germany) for use in consumer
eledronics. The company presented the first prototype in 2001and productionis
scheduled to start by the end d 2002.The Sony Frontier Science Laboratories have dso
developed a PEM cdl the size of a aedit card. Sony am to market the cdl for portable
applicaions by 2003(HyWeb 200)). For the domestic market, Manhattan Scientifics
has developed and tested 670/N-3kW fuel cdl systems for applications that include
bicycles, scoaters, hame generators and leisure use. The 3kW unit will betested (in
2002 by Eledrolux, Aprili a (scooters) and the US

Army (Manhattan Scientifics 2007).

Figure 5.1: Manhattan Scientificsfuel cdl bicycle
Manhatan Sientifics have devdoped afuel cdl bicyde
for commrercial production (an example of anearly low

power fuel cdl apgication).

127 One the main applicationsin the twentieth century were for the spaceprogramme which
combined bah transport and power generation niches. AFCs were used in the Apadll o programme and
SPFCsin the Gemini Earth orbiting and Shuttle missons (Lemons 1990.
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Unlike batteries, fuel cdlsare dso suited to kil owatt applicaions for on- and df-
grid pover generation. European playersin the fuel cdl power sedor include Sulzer
Hexis and the dedric utility Energie Baden-W(rttemberg (EnBW) who together have
provided five residential solid oxide fuel cdl cogeneration urits to German customersin
2001.A further fifteen unts are planned for 2002and EnBW are to purchase between
55-200 unts from Hexis theredter (HyWeb 200)). The German uility RWE, in
partnership with Italian-American fuel cdl company Nuvera, are dso planning to
launch small-scde combined hea and paver (CHP) fuel cdl systems by the end d
2004.RWE estimates that power production based onfuel cdls could represent 10% of
the wholesale German market by 2015.1n the UK, the country'sfirst phaspharic agd
fuel cdl (PAFC)'?® system wasinstalled in Woking in 2000as part of the locd
courxil's ‘green energy’ initi ative. The CHP unit provides hed and paver for a
swimming pod and leisure cantre, suppementing an existing system and providing an

oppatunity to compare the fuel cdl with conventional systems (DTI 1999.

Given the high energy-efficiency of fuel cdls, the stationary power generation
market has been considered by many to be one of thefirst significant market niches for
the techndogy. This view has been strengthened by deregulation d the energy sedor in
many courtries and the move to privately funded, decentrali sed methods of power
production. As legislation forces many conventional power stations to refit emisson
control techndogy at high cost, generating companies are beginning to consider cleaner
tedhndogies rather than invest in upgrading older equipment. Whether markets for fuel

cdl power plants or fuel cdl vehicles ocaur first, thereis amutually beneficia synergy

128 pAFCs are the most commercialy advanced stationary fuel cdl system avail able, with over 150
install ations worldwide and systems that can be bought off the shelf in a200kWe standard padkage.
PAFCs can deliver eledricity at around 40% eledricd efficiency and hea at around 4% thermal
efficiency, giving an overall system efficiency of some 85% (DTI 19994).
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between the two niches. @These two important markets will play off each ather:
whicheve happensfirst will ensure that the other quickly foll ows¥his greatly

heightens the likdihoodthat bath will happen” (Willi ams 1997).

5.13 Niche Competition
Many commentators are of the opinion that fuel cdl vehicles will facestrong market
competition from the existing ICE regime and from other cleaner tecdhndogies. In the

words of the ETSU Report,

"The succesdul introduction d advance power-train vehicles (including fuel cdl)
will haveto compete aganst exsting conventiond tedhndogies (principaly
based aroundthe internal combustion engine) which have undergonre decades of
devdopment and blli ons of ddllars worth of investment. Barriers to market entry
for advance power-train vehicles are, hoveve, lesspredominart than 10years
ago, paticularly dueto recent techndogical devdopments (e.g. Toyota Prius),
allowing comparable performances to be achievel aganst conventionaly

powered vehicles’ (Svann 1999.

Acoording to ETSU, the techndogies, which shoud be considered as competing

with fuel cdl vehicles, include the foll owing (Swann 1999:

Spark Ignition | CE using cleaner petrol and alternative fuels.*?° Most work is going
into the development of Gasoline Dired Injedion (GDI) systems, which diredly injea
petrol into the g/linder asin adiesel engine. This replaces the more coommon Multi-
Point Injedion, in which petrol isintroduced to ead intake port where it mixes with air
before entering the g/linder. GDI off ers the potential for an increase in combustion

control and fuel econamy. The world lealer in thistechndogy Mitsubishi is already
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producing 40,000 uits per month at their Kyoto plant. However, lean-burn GDI
engines can increase eamisgons of NOx. One method d NOx control isthe use of a
lean-NOx caalyst. However, thisis dependent on the avail ability of ultralow sulphur

fuels (<30 ppm) (seesedion 2.1.3.

Diesel | CE using cleaner diesel.*** Compresson Ignition Direct Injedion (CIDI) diesel
isthe most efficient and proven desel tedindogy. Main companies promoting this
techndogy are Ford, Chryder, GM, Isuzu and Volkswagen (the VW Lupoadieves 3
litres’100km). Future development will have to further reduce particulate and NOx

emissons, probably at the aost of fuel efficiency and vehicle st (seesedion 2.)).

Battery Eledric isthe only true zero-emisson tedindogy to be mmmercially avail able
in 2001with thousands of vehicles ld throughou Europe, the USA and Japan for
niche market appli cations. Most promising tradion kettery types are Pb-Acid, Ni-Cd
and Ni-MH, all of which are produced in significant volume by Saft and Panasonic.
Future tradion ketteries may include Li-polymer and Li-ion. Dueto its high pover
density, the Ni-MH is also for petrol hybrids (e.g. Prius). Main limitations of BEVs are

cost and range (seesedion 2.2.3.

Hybrid Eledric vehicles have drealy had considerable successin gaining afoothald in
the passenger car market with the introduction o the Toyota Prius (avail able in Japan
from 1997and EU from 2000. In the first month of production, monthly Prius slesin
Japan excealed total BEV salesin the EU. In general, parall el hybrid designs are
favoured for light-duty vehicles (using battery energy storage) whil e series hybrids are

more suited to the heavy-duty sedor. However, urban buses are usualy parall e hybrid

129 ture petrol is likely to have reduced sulphur levels (around 10ppn). Other alternative fuels for S
engines include LPG for light-duty vehicles and CNG for the heavy-duty sedor (seeChapter 2).

B0k yture diesel isli kely to have reduced sulphur levels (around 10ppn).
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(using battery, flywhed or super-cgpadtor storage) as this option dfers the posshility

of zero emisgon operation for part of the drive g/cle (seesedion 2.2.5.

The ETSU report assesses the main techndogy drivers for anumber of different
vehicle sedors. One of the main isaues for the future UK urban bus sdor isthe aility
for vehiclesto runin zero-emisgon or ultra-low-emisson mode. Thisisin order to
comply with the introduction d Low Emisson Zones (LEZs), which are planned for
many cities over the next decale. Other heavy-duty vehicle requirements are high fuel-
efficiency (low operating cost), fast refuelli ng and sufficient vehicle range, with
performancebeing lessof an isaue. The report concludes that series hybrid and desel
ICE options are most likely to compete with fuel cdl buses. The Cleaner Vehicle Task
Force dso identifies the potential of hybrid techndogy within the bus dor and
concludes that the hybrid bus option will be highly cost-eff edive in reducing emissons
by 2005(DTI 2000. The ETSU report predicts that, to comply with tightening
legislation, the diesel optionwill require the use of aftertreament systems uch as
particul ate traps and ‘DeNOXx' caaysts. These will reducefuel efficiency andincrease
vehicle asts (Swann 1999. Thisacords with UK developments (as of 20017), which
are sedng theintroduction d particulate traps for heavy-duty vehicles suppated by

grants from the CleanUp programme.

For general-purpose cas, the main vehicle requirements identified by the ETSU
report are good performance a compad power-train, with lessemphasis on zero-
emisgon operation. As congestion increases, engine techndogies that can maximise
energy use will be favoured. Future options identified by the study as future cmpetitors
to fuel cdl vehicles, are the ICE and parall el hybrid. However, the report concludes that
for small urban cars, BEVsand HEVswill be favoured over conventional ICEs dueto

the introduwction o accessrestrictions such as urban LEZs (Swann 1999.
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Overall, the ETSU study points to the continuing dominance of the ICE regime urntil
at least 2010,with theincreasing importance of al eledric power-train ogions (battery,
hybrid eledric andfuel cdl). Beyond 2010the report suggests that the dedric drive
options will seaure tangible environmental and cost advantages over existing vehicle
tedhndogies, dueto the fad that after-treament systems required by ICEs will become
increasingly cumbersome, energy intensive and costly. As discussed in Chapter 3, BEVs
are unlikely to threaen the aurrent ICE regime done due to their inherent limitations of
vehiclerange. Therefore, it isthe position of thisthesis, that hybrid eledric vehicle

technology remains the main competitor to the eanerging fuel cdl vehicle niche.

This positionisin acerdancewith the views of David Cole, diredor of the Centre
for Automotive Research (USA) who states, "it©s probaldy eght to 10years before
there©s a reasonalle charceof it [fuel cdl techndogy] beingecnamically viable. Even
then, it©s questionalde/AWVeCll seea lot more hybrids before we seea lot of fuedl
vehicles' and Bernard Robertson, senior vice president of DaimlerChrysler, who is of
the opinion that, when fuel cdl vehiclesfinaly read the market in large numbers, they

arelikely to have to co-exist with hybrid power-train vehicles (Popely 2001).

Despite the optimism, thereis gill t he posshility that fuel cdlswill play asimilar
role to tradion ketteries as a stimulating techndogy. In sedion 3.1.4jt was noted 2each
time a problem has arisen with fuelling a the anissons of an ICE vehicle, BEVs have
formed a wseful benchmark for zero-emisgon vehicles with which to compare other
tedhndogies, which then are foundto be superior in some way (infrastructure, range,
etc.)” (Lane 19983). One acomplishment of the BEV niche was to force ICE
development. Thisresulted in improved ICE performance and the enmergence of the
hybrid eledric niche, which can be considered as the merging of the ICE and BEV

niches. Hybrid eledric vehicles are therefore the legacy of the high expedations of the
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BEV niche of the late twentieth century. If Maruo's pessmistic scenario turnsout to be
true, then this may also be the fate for fuel cdl vehicles. The high expedations for
FCV's may stimulate the development of conventional and hybrid vehicles, so reducing
the environmental advantages offered by fuel cdl techndogy. FCVswould then only be
able to modify rather than overthrow the existing regime. This modificaion may leal to
the development of a new niche, one in which the fuel cdl and hybrid eledric options
are ombined,*** or it may simply strengthen the hybrid option. As the main competitor
to fuel cdls, the more succesSul hybrids turn ou to be, the longer FCVswill haveto

wait before they can find general market accetance ™

Although there is the passhility that fuel cdl vehicles may only stimulate an
improvement of hybrids, as discussed previoudly, there is every reasonto believe that
the fuel cdl vehicle niche will expand. Global sales of milli ons of FCVs are predicted
by 2012,with UK sales of around 100,000 ehicles per yea. It isthe position of this
thesisthat the future vehicle fled will i nclude significant numbers of both hybrid
and fuel cdl eledric vehicles, which will share many aspeds of system design. In
the same way that the hybrid techndogy benefited from the previous devel opment of
the battery eledric vehicle,*** so fuel cdl vehicles will mutually benefit from the

development of the hybrid vehicle niche.

5.1.4Effed on Existing Regime
Combined with the likely increase in ather cleaner vehicle types, naably petrol hybrids,

there could be & many as 200,000cleaner vehicles ld in the UK ead yea by 2012,

131 rhisniche merging hes already occurred in two ways. Fuel cdls have been developed solely to

provide power for on-board eledricd systems for ICE vehicles. BMW developed such afuel cdl unit for
use with their Series 7 vehicles, thoughthis was never commercialised. Secondly, most FCV designs are
fuel cdl hybrid vehicles that use batteries or ultra-cgpadtors for short-term energy storage.

132 Thisis one reason why hybrids have been considered as one of the threebaseli nes with which to
compare the st and emissons performance of fuel cel vehicles.
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representing around 1% of annual UK sales.*** In these numbers, FCVswould begin to
influencethe eisting regime. For example, conventional vehicle saleswould be
reduced, so increasing competition for market-share anong motor manufadurers. Given
the drealy over-stretched market, a 5-10% fall may be enough to crede red problems

within the aito-industry.

Thered test to the existing regime will probably come dter 2012.By then, the
experiments of the period 20022007will have been completed, analysed and made
pulic. The potential of fuel cdl techndogy will be well understood and rates of FCV
sales will have been established. The limits of conventional vehicle techndogy will also
be more acwrately known and it may be the cae that petrol and desel techndogy will
be difficult to further improve. If the signs continue to be positive & this dage (and if
Maruao's optimistic scenario turnsout to be true), then the predicted global FCV saes
will be dmost douling every yea (Hart et al. 2000. Annual salesin the UK are likely
to increase by a similar propation. With an increasing FCV fled, the hydrogen fuel
infrastructure (in whatever form it finally takes) will attrad investment, so forming a
virtuouws circle. Oncethe magic "10%' fuel coverage (hydrogen versus conventional) is
adhieved, thiswill further reducethe reticence of fleed managers and the private

motorist regarding the purchase of afuel cdl vehicle.

In such ascenario, it would orly take several yeasfor annual UK fuel cdl vehicle
sales to exporentialy rise from 100,008 to milli ons.**® Thisis Hart's prediction o a
“binary' change from the mnventional ICE regimeto one increasingly dominated by

hydrogen and the fuel cdl vehicle. With this regime shift would come major changesin

133 The ealy commercial hybrid vehicles have caitalised on the advancesin battery performance and
power-train designinitially intended for BEVs.
134 sales of new vehiclesin the UK were aound 2milli onin 2000(DTLR 20013).
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many sedors. Whil e the global demand for crude oil (for fuels and lubricaing oil)
would na diminish immediately, it would signal to the fuel industry the end d the
dominanceof oil. Oil companies would be forced to take the position adopted by those
who arealy seethe patentia of hydrogen (e.g. Shell, BPAmoco). This could creae a
difficult pasition for the fuel industry as the need for new fuel infrastructure may occur
simultaneously with the reduction in demand for conventional fuels.**® Manufacturing
bases would also be dhanging fast with many motor manufadurers dedding to adopt
fuel cdl vehicle production. For some yeas, shared or parall el production lines would
have to be set up to enable plants to produce both conventional and fuel cdl vehiclesto
satisfy global markets. Perversely, the passble reductionin demand for oil and ICE
vehicles may have the dfed of reducing their price so strengthening for atime, the
faili ng regime. This may influence patterns of sales worldwide with fuel cdl vehicles
finding initial market in the US, Europe and Japan, and conventional ICE sales
continuing, or even increasing, in nonwestern courtries sich as China & they rapidly

industriali se.

If this scenario is corred, fuel and vehicle companies will be forced by eventsto
work more dosely with ead ather than they do now. Thisthesis has already shown the
importance of new company networks between the fuel cdl industry and the existing
auto-manufadurers. There is noreason why this sioud dminish around 2012when the
fuel cdl market nichewill till beinits ealy stages. On the cntrary, networks will
have to expand as fuel companies co-ordinate fuel supdy with FCV fled expansion.

Marketing agencies will be required to promote the new techndogy and the often

135 The rate of change of vehicle technology would ultimately be limited by the agye of the existingfled.

The average private ca hasalife of around 12yeas; abusaround 9yeas.
13€ pyliti cal ramifications would acompany these changes. However, these ae beyond the scope of this
thesis and will t herefore not be discussed further here.
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forgotten consumer will need to be invalved within the marketing processif significant

sales are to beredised.

No matter how succesgul the techndogy, some isaues are likely to remain
unaffeded by the advent of the fuel cdl. Thiswill be, in part, aresult of the shift in
techndogy, which will focus the dtention d most players within the fuel and auto
industries. Oneisauelikely to be overlooked isthe gpropriatenessof the existing
vehicle design. Asdiscussd in sedion 4.1.6 there has been littl e experimentation with
new passenger vehicle mncepts such as the hypercar or other vehicles that differ from
the 4-wheded, 5-seaer car concept.*” From a marketing perspedive, this represents a
missed oppatunity, as hyper-efficient micro-vehicles are auseful way of reducing fuel
cdl vehicle asts, given that they require smaller propusion urits. It could also be
argued that a change in vehicle concept shoud be dtempted at the sametime & a
tecdhndogicd regime shift istaking place On the other hand, this may ad only to

increase market uncertainty, so reducing the eae of the transition.

The other issue that is likely to be missed is the way mohility is purchased. In ather
sedors, it is beginning to be recognised that consumers often do nad want the product
(e.g. gasand eledricity), bu rather the serviceit provides (e.g. hea andlight). Energy
utiliti esin the USA are mntraded to sell the servicerather than the energy. Thislogic
has led to some American companiesto dstribute energy efficient light bulbs (at no cost
to the consumer) instead of buil ding new generating plant. In this way, the industry can
reduceitslevel of cgpital investment, the mnsumer recaves the same service d lower

cost and the environment benefits from the reduced use of primary energy.

137 There may be an exception with the development of fuel cdl two-wheders for some markets.

However, the existing market for battery eledric-asdgst cycles does not suggest that fuel cdl bicyclesand
scooters will reducethe demand for carsin developed courtries.
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This approach could be transferred to the transport sedor through the introduction
of new mohili ty services such as "Car Clubs' in which car ownership is $ared among
its members.*® These dubs have drealy gained popuarity in Europe. Over 200
schemes have been formed with atotal subscription d more than 100,000members (the
most succesSul arein Switzerland and Germany). Though car clubs are well establi shed
onthe continent, they have yet to make asignificant impad in the UK. Thisisdueto a
number of fadors including British attitudes to car ownership, dfferent relative wsts of
private and puHic transport and alow market awarenessof the concept. Within the UK,
this stuationis beginning to change through the involvement of organisations such as
the Community Car Share Network, which is suppating ten pilot car clubs over the

period 20002002 (Smart Moves 2001).

The serviceoffered by car clubs can be regarded as an extension d vehicle leasing,
which isincreasingly used in the cmmpany car and road haulage sedors. Given the fad
that fuel cdl vehicles (and aher cleaner vehicles) are associated with high capital and
low operating costs, a pay-as-you-use service @uld be used to reducethe negative
effeds of high vehicle price Thisill ustrates the synergy between cleaner vehicle
tedhndogies and alternative methods of purchasing mohility, ore that could be
advantageously exploited. This approach has alrealy been adopted in alimited way by
the BEV niche whereby batteries are usualy leased to off set their high capital cost and
to reduce aistomer uncertainties regarding performance. For these reasons, aleasing-
only strategy was adopted by General Motors for marketing the EV 1. Car sharing could

therefore work very well in conjunction with new techndogies sich as FCVs.**° Indeed,

138\/ehicles are usually leased by a service provider (private company or co-operative) who then makes
vehicles avail able to members througha contrad agreement.

139 The BEST Car Clubiin Bristol, UK already uses LPG ICE vehicles as part of its flee (Smart Moves
2001).
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the caital cost barrier of the first generation d fuel cdl vehicles may well force anew

approacdh to marketing mohility, ore in which the service and nd the vehicleis ld.
Figure 5.2: The Optima concept car

The ultimate mobility concept?

Designed as a car-sharing vehicle, the
Optima®©s rear two seats arentended for
‘hitch-hiking passengers. If a fuel cdl
powered Optima was operated by a car club, it
would combine social andtedndogical road
transport innovations.

5.2Promoting the UK Fuel Cell Vehicle Niche

The next sedions investigate the use of measures that can be used to suppat the UK
FCV niche. In the language of SNM, the gplicaion d these suppat medanisms

aff ords protedion to the anerging niche. The measures include the use of regulatory
and econamic levers, aswell aslessvisible forms of suppat including the dlocaion d

resources, bulding of partnership networks and the use of demonstration rogrammes.

5.2.1Cleaner Vehicle Incentives

The use of regulation hes played an essential role in the reduction d the eavironmental
impad of road transport. Aswas discussd in sedion 2.1,European regulatory
instruments have included limits on regulated vehicle emissons and the phasing out of
leaded fuel. This processwill continue with the implementation o tighter vehicle
emisgon and fuel standards until at least 2006(seeAnnex 1). Sedion 4.2.1 ascussed
the use of other non-eanamic protedion measures used to increase the avail ability of
cleaner vehicles. These include the Californian sales mandate and the setting of “low-
cabon vehicle salestargets, proposed for usein the UK. Many of the regulatory

measures have been highly successul in adhieving their objedives. For example, the
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Euro standards have reduced regulated emissons from light-duty vehicles by over an

order of magnitude (DETR 19990).

However, there ae limitsto the gplicability of regulatory measures. Firstly, in the
UK, there is areluctanceto impase government led mandates on industry. The favoured
approadh has been for the government and industry to work in partnership towards
negotiated goals. One example of thisisthe setting up d the Cleaner Vehicle Task
Force established in 1997(DTI 2000. Seandy, regulation tends to focus on the supdy
side, rather than on cemand, which limits the extent of itsimpad. As noted by Foley,
ayou cannd mandae people to buy hydrogen vehicles” (Foley 2001). Thirdly, most
regulatory measures are gplied to incremental techndogies in cases where the st
penalty isrelatively low (e.g. caaytic converters). For moreradicd clean techndogies
with significant cost penalti es, econamic incentives have dso been necessary to effed
tedndogicd change (e.g. market up-take of LPG). Hence, the formation d the UK

TransportAction programmes to assst with the capital purchase of cleaner vehicles.

For these reasons, measures required to promote fuel cdl vehicleswill neal to
invalve the use of econamic incentives (in combination with regulatory todls). Before
considering what form these might take, the next sedion dscusses the current cost
streams asociated with road transport. Knowledge of the existing cost structure

provides valuable information about how cost incentives can best be gplied.
Existing cost structure

The present system of costs associated with road transport consists of fixed and variable
elements. The fixed partsinclude theinitial cgpital purchase and a series of annual
costs, which include Vehicle Excise Duty (VED), insurance premiums and the charge
for the annual MOT test. VED rates are dependent on ehicle type, size and level of

emisgons whil e insuranceis dependent on vehicle use, driver experience and their



29¢
propensity to beinvolved in acadents. Variable astsincurred duing vehicle operation
include fuel, maintenance and accesscharges (e.g. road tolls, parking charges), all of
which can depend on \ehicletype, level of use and degreeof accessrequired. The total
costs associated with vehicle use involve the summeation d all cost elements over the

lifetime of the vehicle.

For the purpaoses of comparative analysis, the establi shed technique for cdculating
lifetime st isto sum ead cost e ement using an appropriate discourt rate for future
payments. The result isthe Net Present Value (NPV) that is ameasure of the total costs
(present and future) in terms of a single present value.**° Thisisthe gproach adopted
by the LEAF2 model (seeChapter 3). (In pradice private users rarely take such a
rational approach to comparing costs of different vehicle options; the predominant costs
being the vehicle purchase and priceof fuel. However, the perspedive of the private
user can be modell ed using the NPV methodwith an appropriate (high) discount fador)

(DTI 2000.

Thetemporal distribution o costs for aternatively fuelled vehiclesis different to
that for conventional vehicles. Compared to petrol and desel ICEs, cleaner vehicles
tendto be asciated with higher capital costs and lower annual costs (fixed and
variable). More often than nd, cleaner fuelled vehicles offer the patential to off set
higher cepital costs by lower operational costs (e.g. lower fuel and maintenance
charges). However, discourting has the dfed of increasing the weight of up-front
expenditure and reducing the significance of future sts that acaue during vehicle
operation. Therefore, cleaner vehicle options are & a disadvantage if analysed using

current econamic methods (or the usual perception d cost of the private motorist).
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The negative dfed of discourting has aded as a barrier to a number of cleaner
techndogiesin general. For example, renewable energy projeds are relatively capital
intensive & compared to conventional power schemes. Although the operational costs
of renewable options are low (there being no fuel costs), the mwnventional options often
appea more favourable in adiscount analysis. Thisis one of the reasons why wind
power has taken so long to find a UK market niche. Wind farms have had to compete,
nat only against existing tedindogies, bu aso within the existing discourt costing
structure. Evidence of the true potential of wind energy is e by the fad that it has
succeeled in gaining accetancein the UK energy sedor despite this disadvantage

(Boyle 1996.
Existing econamic incentive mechansms

Incentive medhanisms are ather "demand led', the suppat being used to reducethe
costs for the user, or "supdy led', financial assstancebeing gven to the supgier of the
service The UK vehicle market has traditionally used demand led subsidies to suppat
cleaner fuel and techndogies.*** These can take the form of an upfront capital subsidy
or through areductionin any of the annual fixed or on-going variable @sts. Examples
include the PowerShift capital purchase subsidy, the introduction d variable Vehicle
Excise Duty (VED) rates banded by CO, or particulate enissons performance (see
Tables 5.3and 5.4**?and the road charging exemptions for cleaner vehicles using the
scheme proposed for Londonin 2003(EST 2002. There is evidenceto suggest that

many cleaner fuels and vehicleswould na have adieved the aurrent market share had

140 A full account of discounting analysisis given in Renewable Energy: Energy for a Sistainable Future
(Boyle 1996. With adiscournt rate of r, the future discounted rate of amount A in yea nis given by the
formula A(1-r)". Typica discourt rates used for private, businessand public use ae 20%, 15% and 6%.
141 Supply led incentives have been used within the vehicle sedor to subsidise the building of new fuel
infrastructure. Such suppart is given by the UK's CleanUp programme to assst with the install ation of
fast-fill natural gas refuelli ng points (EST 2007).
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nat cgpital vehicle subsidies (from PowerShift and elsewhere) been avail able (EST

20018.

Fuel duty incentives have dso been widely used within the transport sedor to
reduce ostsfor cleaner fuels. Typicdly, afavourable duty is applied for enough time to
alow the market to respond.Oncethe market is saure, duty rates are usually increased
in a staged manner to recoup some of the revenue lost as aresult of the incentive, taking
care not to reducethe fuel duty differential to zero. The control of fuel duty rates has
been succesdully used severa timesto stimulate deaner fuelsin the UK. For example,
the transitionsto bah ULSD and ULSPwere incentivised by modest fuel duty
differentials (of around 2 plitre). Theintroduction d LPG vehicles has also been
driven, in most part, by the low duty rates levied ongaseous fuels (seeTable 5.5). This

has resulted in over 20,000L PG vehicle sales and conversionsin 2001(EST 20011.

Table5.3: Variable VED ratesfor light-duty vehicles (2001)

Vgait‘;'%iﬁ:e VEDBandA | VEDBandB | VEDBandC | VED BandD

CO2 emissons | Upto 150g/km | 151-165g/km | 166185g/km | Over 185g/km

Cleaner vehicle £90 £110 £130 £150
Petrol car £100 £120 £140 £155
Diesdl car £110 £130 £150 £160

Table5.4: Variable VED ratesfor heavy-duty vehicles (2001)

Vehicle Excise
Duty Bands A B C D E F G
Standard £165 | £200 | £450 | £650 | £1,200 | £1500 | £1,850
VED rate
RPC*
VED rate £160 £120 £210 £280 £700 £1,000 £1,350
*Reduced Poll ution Certificae
Table5.5: UK fuel duty rates 2001-:2002
Fuel type Fuel Duty
Ultra-Low Sulphur Petrol / Diesel (ULSP/ ULSD) 4582 plitre
Road Fuel Gases (LPG and CNG) 7.05 pkg
Methanol (MeOH), Eledricity, Hydrogen (H,) Zero

142 Light-duty vehicles are banded acmrding to their CO, emisgons. Heary-duty vehicles pay a reduced
VED rateif awarded with a Reduced Poll ution Certificate.
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Until 2002, orators of pulic service vehicles have been eligible for an 80% fuel
duty rebate on desel fuel (worth £330milli on per yea) (Foley 2007). Thiswas
originaly introduced to subsidise pulic transport. Though successul in adchieving its
objedive, the rebate has had the dfed of reducing the impad of fuel duty differentials
between diesel and cleaner fuels. This has eff edively removed ore of the main
incentives to use deaner fuelsin the pulic transport sedor. As aresult, the Institute of
Publi c Policy Reseach (IPPR) has recommended the replaang of the rebate with a
mileage subsidy, which would al ow the government to subsidise bus srvices and
suppat the sedor's use of cleaner fuels. Thisislikely to beintroduced in 2002(Foley

2001).
Future dchallenges for exsting finarcial incentives

In 2001 the UK government raised £27.7 ldli on from road taxes (fuel duty £22.3
billi on, vehicle excise duty £5.4 hlli on) (DVLA 2002 representing around 106 of the
courtry'stotal tax revenue. In the same yea, the fuel duty on gaseous fuelswas 9 p/kg
(with the gas/petrol fuel duty diff erential guaranteed urtil 2004 and was zero-rated for
eledricity. For switching to gaseous fuels, this represents alossto the treasury of over
30 plitre (petrol equivalent). New variable VED rates (from March 200) and a new
company tax regime (from April 2002, designed to stimulate amove to lower CO,
emitting vehicles, will also result in areduction d total fuel tax revenue. Therefore, the
introduction d cleaner fuels and vehicles poses an interesting dilemmafor governments
who wish to incentivise deaner options, but depend onrevenue olleded through

taxation onfudl.

In areport onthisisaue, Parkhurst states that, “ it is foundthat taxation revenue
from car use will reduce ove the decade [in the UK], unlessincreasesin duty rates are

made. The exent of the reductionwill be strondy influenced by the rate of adogion o



297
alternative-fuel vehicles” (Parkhurst 2001). Estimates can be made of the changein
revenue that would foll ow from the use of fuel-efficient vehicles, alternative fuels and
new VED and company tax rates. If LPG and CNG vehicles comprise 10% of the ca
flee in 20102 Parkhurst predicts that the entinued application o current fuel duty
rates would result in an annual reduction o £2.1-£3.3 hlli on™**in revenue by 2012 (as
compared to 200Q. For this reason, the government may be tempted to increase fuel

duties for conventional and gaseous fuels to compensate for the lossin revenue.

However, there ae important pdliti cd reasons why the government will findit hard
to make upfor this hortfall by increasing fuel duties. Firstly, the UK pubicisarealy
highly sensitive to the relatively high rates of fuel duty placel on petrol and desdl, asis
evidenced by the ‘fuel crisis in 2000.Seandy, as the market for vehicles with high
fuel econamy improves, it may be perceived as unfair to owners of larger and dder
vehicles, if conventional fuel duties are increased. Thirdly, the market for alternative
fuelsand wehiclesis arealy very sensitive to the levels of fuel duty, which isused to
off set the higher vehicle st (in conjunction with PowerShift cagpital grants). Owners of
LPG cars are nat going to take kindly when the advantage of low fuel costsis removed.
For these threereasons, it will be difficult for the UK government to increase fuel duties

substantially over existing rates.**

If the prosped of fuel-efficient conventional and LPG vehiclesis problematic from
arevenue viewpoint, the advent of fuel cdl and hybrid eledric vehicles, which reduce
fuel use by 30-50%, will only serveto further exacebate the problem. Furthermore, the

likelihoodisthat the emerging FCV fled will be fuel-flexible, using several fuels

43 Thisisan adhievable target given annual salesin 2001 d over 20,000LPG carsin the UK (EST
200D.
144 Amount depends on the asaumptions made eout future traffic levels.
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including eledricity, natural gas, methanal, LPG and reformulated petrol. With the
exception d petrol, al these fuels are used in ather sedors (e.g. damestic heaing and
indwstrial processng). This sverely restricts the taxation ogions which a government
can impose. For example, in the domestic sedor, it isamost imposgble to dscriminate
between eledricity used for road vehicles and aher uses. Even taxing hydrogen will
beame increasingly complex as nontransport sedors begin to use fuel cdl CHP and
other heaing systems. In the words of Parkhurst, 2roadfuel duties may ceaseto bea

tenade cncept when thereis no traded comnodity as such to tax” (Parkhurst 2007).

The avarding of cgpital vehicle subsidiesis also likely to beaome problematic in
the long-term as an incentive medanism for cleaner vehicles. Although they are
undoultedly important in asssting the ealy stages of market introduction, they can
quickly beaome very expensive for the Treasury and adrain onlimited resources. For
example, PowerShift subsidies of around £100Qper LPG ca/conversion (avail able
since 1996 have been highly successul in accéerating the market to over 20,000sales
in 2001.If all these vehicles were avarded a caital grant, this cost to the Energy
Saving Trust would be over £20millionayea. Thisis sgnificantly more than their
annual budget. Therefore, capital subsidies need to be targeted and concentrated over

short time-scdes and reviewed at regular intervalsin the light of market resporse.
New econamic incentive mechansms

These limitations have led to the mnsideration d new subsidy mecdanisms that can
perform the samerole a a caital grant over alonger time-scae. Therewas, urtil 1992,
aspedal car-purchase tax, which if till i n place could have been used to provide a

purchase st differential between conventional and cleaner vehicles. A regopraisal of

1454 may be to the government's advantage to change to a new fuel such as hydrogen, as it will offer an
oppatunity to simultaneously introduce new fuel duties.
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thistax has led to the propacsal of a ‘fedoate’ scheme that uses a system of fees and
rebates. Unlike capital subsidies, which are esentialy a “carot’ with nostick’, feebate
schemes combine both “carrot' and “stick' within arevenue neutral padage. This works
by charging afeefor the purchase of the most pall uting vehicles and wsing this revenue
to award arebate for the purchase of cleaner fuelled vehicles (Hughes 1993. The
advantage of afeebate schemeisthat it provides maximum suppat at the ealy stages of
market transformation. When the cmnventional fled is gill | arge, oy asmall feeper

vehicleisrequired to suppat an emerging cleaner vehicle market.

This approach has been considered by the Canadian and Austrian governments who
are introducing car fedbate tax schemes with rates that vary acerding to engine size
(Europa 2002. In principle, this g/stem could be used in the UK for cleaner vehicles
with afedbate scheme based onthe aurrent VED bands. Vehicles with above average
CO, emissonswould be dharged afeeto subsidise vehicles with lower than average
emisgons. The alvantage of this approach isthat it would be atedhnd ogy-independent
incentive, providing assstanceto any vehicle techndogy that had the potential to

reduce greenhotse gas emissons.'#°

Whatever mix of incentivesis adopted, as more deaner fuels and wehicles are
introduced, the arrent vehicle taxation system will become increasingly complex to
implement and administer. Thereis, therefore, the need for a new incentive strategy to
ded with the complexity of a multi-fuell ed and multi-techndogy transport sedor, ore
that promotes cleaner techndogies withou favouring one techndogicd solution over
others. It will need to cope with revenue reduction in the short-term (due to the use of

fuel duty incentives), andto develop capital incentives that can be gplied over the
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long-term. Furthermore, for fuels that require dternative refuelli ng networks, it will

have to assst with the investment in new fudl infrastructure.

Given the limitations for using fuel dutiesto provide incentives for cleaner fuels
whil e maintaining government revenue, new road transport taxation ogions are being
considered.**” These include charging for the use of inter-urban roads (road
charging/tall s), entering urban areas (cordon charging) and accessto work-based
parking. These have been extensively assessed and are aurrently the subjed of much
paliti cd debate.**®*As of 2001,locd authoriti es have discretionary powers to introduce
hypothecaed urban cordontoll s and workplaceparking charges. Although London las
annourced the introduction d cordoncharging in 2003 there has been much debate
abou the exad charge that will be levied, the exemption groups all owed and the final

amourt of revenue expeded (EST 2002).4°

It has been estimated that if current fuel duties wereto be replaced by road charges,
this could be acomplished by imposing a charge of 8 plkm. However, thiswould be
considered relatively high as courtries such as France and Italy chargein theregion o
3-4 p’km (Parkhurst 2001). In any case, it would make senseto retain at least some
system of variable VED and targeted fuel duties (or introduce ageneralised carbontax)
so as to incentivise deaner and fuel-efficient vehicles. Therefore, future road taxation
revenues are likely to be raised through a mixture of taxation methods including VED,

fuel duty, VAT, road charging and parking charges.

1461 theory, afeebate scheme targeted on greenhouse gases sould be based on lifegycle CO, emissons.
However, thiswould be dmost impassble to administer for some fuels as hydrogen can be produced
from alarge number of primary energy sources, ead yielding different lifegycle emissons.

147 Only abrief discusson is presented here, the isaue not being central to the thesis.

148\ ore futuristic scenarios have ssssd the possbility of using the global satellit e positioning systems
(GPS) to monitor road movements in order to asssslevels of personal and commercial taxation. These
systems are drealy standard items on some new vehicles (Potter 2001).

139 At the time of writi ng (February 2002, the charge was st at £5 per (non-concessonary) vehicle.



301
Thisthesis now considers the use of anumber of suppat medanisms with which to
promote fuel cdl vehiclesin the UK. These include the provision d capital subsidies
for vehicles and fuel infrastructure, the use of fuel duty differentials to reduce operating

costs and the suppat of the fuel cdl vehicleindustrial base.

5.2.2Developing Economic Incentives for UK Fuel Cell Vehicles

Asdiscussd in Chapter 3, the general principles of Strategic Niche Management can be
used to construct an incentive strategy for cleaner vehicles. Once atechndogy has been
identified, SNM recommends that appropriate protedion measures sioud be gplied
whererequired (e.g. if lifetime costsinhibit market up-take). In the quantitative
extension d the management tool, QSNM, the level of protedion can be gauged by a
quantitative (cost and emissons) comparison d the deaner vehicle niche with the
conventional baseline. Through the introduction o suitable protedion measures (the
incentives), a level playing field' is formed, onw hich the anerging niche and the
existing regime can fairly compete. This all ows the niche a tanceto develop towards
its full potential and provides time for expedations of the new techndogy to stabili se.
After asuitable period, QSNM recommends the staged removal of protedion measures
in order that market forces can play their role in "dedding' the most cost -eff edive

techndogicd option.

An important principle of SNM isthat the incentives employed shoud nd favour
any singletechndogy. The incentives shoud be performanceled, the objedive (in this
case) being the reduction d environmental impad. This approach, therefore, is
particularly suited to suppating the fuel cdl niche(s) given the large number of fuel cdl
options avail able. Furthermore, if other techndogies do environmentall y outperform

fuel cdls, thiswould be esident from a performanceled approacd.
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It could be agued that an incentive strategy for fuel cdl vehiclesisfavouring a
particular techndogy (i.e. the fuel cdl). In resporse, this thesis argues that eat FCV
incentive can be seen as amecdhanism to negate the inherent advantage of the
conventional techndogy, which is continually suppated by the existing regime. Treaed
onan equal basis, the fuel cdl vehicleis able to show its true potential (which may be
inferior or superior to the baseline techndogy). This view of the purpose of niche
protedion aso ill ustrates the importance of the removal of incentives. Oncethe
patential of the new niche has been establi shed, it shoud be subjed to nama market

forces (in the long-term).

Therefore, applying QSNM to the FCV niche(s) requires the foll owing stages:
1. Spedfytechndogy performance citeria
2. ldentify beneficial fuel cdl vehicle options (acmrding to spedfied criteria).
3. Design and quantify suitable protedion measures.
4. Apply protedion measures if required for spedfied period.

5. Remove protedion measuresin a structured exit strategy.

Stages 1 and 2 have drealy been completed in previous chapters. Asdiscussed in
Chapter 1, this thesis takes the position that the fuel cdl tedindogy options that shoud
be suppated are those that significantly reduce bath Euro 4 NOx and greenhouse gases
by 75% (as defined in sedion 1.2.4. In Chapter 4, using the LEAF2 model, the lifetime
emisgons comparison identified four fuel cdl car options that off er emissonlevels at,
below or approaching both sustainable targets defined (seesedion 4.4.2. These ae
hydrogen fuelled FCVs using hydrogen produced from natural gas or from renewable
eledricity, and FCVsusing either LPG or natural gas. It aso identified two fuel cdl bus
niches with significant emisgon kenefits. These ae hydrogen fuelled FCV's using
hydrogen produced from natural gas or from renewable dedricity. These findings are

summarised in Tables4.15and 4.16.
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Based on this emissons assesanent, thisthesisrecommendsthat, in general,
thefuel cdl niche should be afforded protedion on the grounds of its ability to
reduceNOx and greenhouse gas emissons. In particular, the assesgnent
recommends drong support for the following gptions:

Hydrogen fuel cdl carsand buses using hydrogen produced from natural gas

or from renewable dedricity.

Hydrogen fuel cdl carsusing natural gasor liquefied petroleum gas as on-
board fuels.

Quartifying levds of ecnamic protedion wingthe LEAF2 model

The LEAF2 model wasintroduced to compare deaner vehicle techndogies acarding to
lifetime amissons and costs. Chapter 4 used the model to compare the lifetime
emisgons and cost impad of fuel cdl vehicle options with threebaseli nes (seesedion
4.4). Two (of the three econamic measures generated by the model are now used for
further analysis of the FCV niche. Thefirst of these isthe “lifetime private wst', which
isameasure of the eonamic impad from the perspedive of the user. The seoondisthe
“(puMic) cost-eff ediveness for ead emisson analysed. Thisisthe anisgons reduction
per pulic poundspent. These measures are now used to quantify the levels of

protection required by ead of the FCV options.

The following sedions refer to the measures of lifetime private wsts and (pubic)
cost-eff edivenessfor the FCV niche & predicted by the LEAF2 model. Using the input
data described in Chapter 4, the model generates the results shown in Figures 5.3-5.9for
cas. For brevity, the fuel cdl bus nicheisreferred to oy when necessary, the results
being similar to carsin most cases. For reference, the results of the bus data ae shown

in Annex 2.

Figures 5.3-5.9 comprise six sets of diagrams which are grouped in pairs for 2002

2007, 20072012and from 2012.Thefirst of ead pair shows results for cases where no
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cgpital subsidy or fuel duty incentiveis applied. The second shows results for cases
where a cpital subsidy and/or afuel duty incentive ae used. Thisisto explore the

effed of these protedion measures onthe lifetime private asts. A summary of the cases

exploredis saownis sownin Table 5.6.

Table5.6: Summary of the cases explored by LEAF2

Figure Period Capital Subsidy Fuel Duty
Figure 5.3 20022007 None None
Figure5.4 20022007 75% None
Figure 5.5 20072012 None None
Figure 5.6 20072012 50% None
Figure 5.7 From 2012 None None

Figure 5.8, 5.9 From 2012 None “Low', "High

Figures 5.3-5.7 are structured in the foll owing way. Each Figure is a set of four charts
labell ed (@) to (d) as foll ows:

(a) Lifetime Private Cost

(b) Lifetime Public Cost

(c) NOx Reduced per Public Pound

(d) GHGs Reduced per Public Pound

Figures 5.8-5.9 are sets of two chartslabelled (a) and (b) as hown.

Note that the threebaselines used are petrol ICE, petrol hybrid and BEV options. As
was noted in Chapter 4, the future ICE regime may merge with the hybrid niche.
Therefore, bah the petrol ICE and petrol hybrid ogions are used as the main baseli nes.
The BEV baselineisincluded to assessthe benefits of fuel cdl over battery eledric

vehicles.t>°

Keyfindings of LEARZ for lifetime private asts

Figure 5.3a(20022007), shows that, with noincentives, the hybrid and all FCV cases

are more expensive than petrol ICE baseline. Thisis espedally true for the FCV using
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hydrogen reformed from natural gas (which is most expensive option). The petrol
hybrid case is marginaly more wstly than the petrol ICE baseline. When 73% capital
subsidies are gplied (Figure 5.49), the hybrid and all FCV cases (with the exception o
the option wsing hydrogen from natural gas) are now equal or lower in cost than the

petrol |CE baseline.

In Figure 5.5a (20072012, asuming noincentives, the st difference has
narrowed. All FCV options are still more expensive than the petrol ICE baseline.
However, amost al FCV cases are dhegoer than the BEV baseline. An FCV using
hydrogen from natural gasis nolonger the most costly option, which is now the petrol
FCV case. Note that the petrol hybrid ogionis now marginally chegoer than the petrol
ICE baseline. When 50% capital subsidies are goplied (Figure 5.6a), the hybrid and all
FCV options are now equal or lower in cost than the petrol ICE baseline. It isalso
broadly true, that the FCV cases have lifetime wsts between the petrol ICE and petrol

hybrid option (which is one of the chegoest).

Figure 5.7a (from 2012 shows that, with noincentives, from 2012, theinitial
situation hes been reversed. Now the hybrid and all FCV cases are lesscostly than the
petrol ICE baseline. Thisis espedally true for the FCV case using hydrogen reformed
from natural gas (which isthe lowest cost option). In addition, al hydrogen FCV
options are lessexpensive than the petrol hybrid case. When fuel duty incentives are
used for FCV cases (Figures 5.8a and 5.9), lifetime private sts for hydrogen FCV's

are increased to the level of cost of the petrol hybrid baseline.

150N ote that, unlike BEV's, FCVsare sssumed to provide adequate vehicle range.
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Figure 5.3: Costs and cost-eff edtivenessof fuel cdl car 20022007 (no protedion)
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Figure 5.4: Costs and cost-eff edivenessof fuel cdl car 20022007 (capital grant)
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Figure 5.5: Costs and cost-eff edtivenessof fuel cdl car 2007#2012(no protedion)
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Figure 5.6: Costs and cost-eff edtivenessof fuel cdl car 2007#2012(capital grant)
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Figure 5.7: Costs and cost-eff ectivenessof fue cdl car from 2012 (no protedion)
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Niche protedion throughthe use of vehicle apital incentives™*

The results of the LEAF2 modelli ng show that, for the period 20022012,with no
capital asgstance, al FCV options are more expensive on alifetime private costing
basis (seeFigures 5.3a and 5.9). Therefore, fuel cdl vehicles will require eonamic
incentives over thistime-scde. After 2012 lifetime private wsts are predicted to be
lower than the petrol hybrid ogion, and therefore protedion measures are no longer

required (seeFigure 5.7a).1%2

The LEAF2 model aso shows that, for 20022007,a 75% cepital vehicle subsidy is

necessary to reducelifetime private cststo below the petrol ICE baseline for most FCV

151 Note that for the period 20022012 it is assumed that no fuel duty islevied on hydrogen fuel.
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options (seeFigure 5.4q). UK fuel cdl vehicles are drealy considered for PowerShift
demonstration grants, recaving 50% of additi onal capital costs.*>* The @ove results
show that, for 20022007,the fuel cdl niche would benefit from higher capital subsidies
than are avail able & of the end d 2001.From 2007#2012,a50% subsidy is sufficient to

reduceprivate aststo levels between the petrol ICE and hybrid cases (Figure 5.6a).

If the market take-up d FCVsoccaurs as expeded, by 2007there wmuld be of the
order of 10,000fuel cdl car salesin the UK with 100,008 sales predicted for 2012.1f
every vehicle sold were to attrad a caital subsidy, thiswould pu a strain onthe budget
of programmes such as PowerShift that has an annual budget measured in tens of
milli ons. Therefore, if the rate of FCV salesis as projeded, such schemes may have to
review the levels of awards they grant for fuel cdl cars. If they have not dore so by
2012,the volume of saleswill make the avarding of capital subsidies avery expensive
exercise. For example, if PowerShift grants were to be continued beyond 2012this
would result in asubsidy of around £1000 e car. Applied to every sae, thiswould
require an annual budget of £100milli on, pobably far in excessof future funds. Thisis
lessof aproblem for fuel cdl buses due to the small er numbers of vehiclesinvolved. A

50% subsidy in 2007for 100fuel cdl buses requires abudget of around £2milli on.

If it isdedded that further cgpital suppat for fuel cdl carsisrequired beyond
annual sales of 100,000 ehicles, ore optionis the use of fedates (as considered
above). Assuming annual sales of low-carboncars of around 200,000n 2012,a£100
feefor ead conventional vehicle would generate aound £180million per yea. This
could be used to provide arebate for all | ow-carbon \ehicles (DTLR 20018. With a

2010UK government target of around 200,0000w-carbon \ehicles, this would make

1521¢ the mst and performance predictions discussed in Chapter 4 turn out to be overly optimistic, the
niche may require further protedion beyond 2012
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available aound £900 gr car, enowgh to part-compensate for the alditional capital cost

of future FCVs. This has been incorporated into Table 5.7, which suggests athree stage

strategy for capital subsidy incentives.

Table5.7: Proposed capital subsidy strategy for low-carbon vehicles

Period PowerShift PowerShift subsidy FC car annual Annual capital
rate for FC cars sales (order of) subsidy
20022006 75% £7,500 100s £0.75 milli on
20072011 50% £1,500 10,0005 £15 milli on
2012onwards | Feebate scheme £1,000 100000s £100milli on

Therefore, on the basis of the above analysis, thisthesis recommends that:

All FCV options dhould be awarded 75% capital grantsfor the period 2002

2007(or aslong asvehicle pricepremium is50-100%).

All FCV options should be awarded 50% capital grantsfor the period of 2007

2012(or aslong asvehicle pricepremium is 15-50%).

No capital grants $ould be awarded to fuel cdl vehicles after 2012(aslong as

vehicle pricepremium islessthan 15%). If further capital support isrequired,

this $1ould be made using a feebate system based on a £100feefor conventional

cars. (Theuse of feebatesisnot assumed for the remainder of thisthesis.)

Thisisin agreament with the recommendations of the report Hy: driving to the

future by the Ingtitute of Public Policy Research (IPFR), which has proposed new UK

measures to suppat the energing hydrogen FCV niche (Foley 2001). These include

extension d the TransportAction cgpital subsidies to include "Hydrogen Shift' grants

for hydrogen buses.

153 E¢tabli shed vehicle technologies are digible for capital subsidies of up to 73% of additional costs.
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Niche protedion throughthe use of fuel duty incentives

In conjunction with cepital subsidies, the use of duty incentivesis a useful tod with
which to proted the FCV niche. As of 2002, ndfuel duty islevied on tydrogen used for
UK road transport. With a petrol fuel duty of around 4 pllitre, and assuming a douHing
of FCV fud efficiency, in effed, thereisalready afuel duty differential of around 23
p/litre (petrol equivalent). Thomas has proposed that this stuation shoud continue in
order to provide initial suppat for the fuel cdl vehicle niche. He states that, 2one could
argue that governments might reduce or even eliminate taxes on fuels for FCVs at least
initially. At thistime, for example, highway taxes are not colleded on batery dedric
vehicles’ (Thomas et al. 2000. Thispasitionis suppated by the LEAF2 model which
shows that, with the caital suppat measures described in the last sedion, most FCV
options have lower lifetime private @sts than the petrol ICE baseline (20072012 and
lessthan the petrol hybrid (from 2012).>* Therefore, the @ntinued zero-rating of fuel

duty for hydrogen over the period 20022012will ad as an effedive FCV incentive.

Therefore, thisthesisrecommendsthat, if fuel duty isto be applied to
hydrogen, it should not be applied before 2012 d the earliest. Fuel duty rateson
hydrogen carr ier fuels sould also be zelo-rated (or not increased if fuel duties

155

already apply)” over the same period.

From 2012, The LEAF2 model can be used to investigate what level of duties could
be gplied withou removing dl protedion afforded by the existing fuel duty incentive
measures.**® The model shows that “low' levels of fuel duties can be gplied without

lifetime private asts for hydrogen FCV's exceading those for petrol hybrids (seeFigure

154 The exception isthe petrol FCV option. However, asit shares the same fuel with petrol 1CE baseline

case, fuel duty incentives are not able to provide suppart for this option.
158 UK tuel duties are drealy levied on petrol, natural gas and LPG fuels.
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5.83). For those caes where fuel duties drealy exist (e.g. natura gas, LPG), the 2002

fuel duty rates have been assumed.

Figure 5.8: Costs and cost-eff edivenessof FCV from 2012(‘low’ fuel duty)

Vehicle Year Usage User DR Pub DR Fuel Duty Powershift
CAR 2012 Private 20% 6% LOW 0%
(a) Lifetime Private Cost (£) (b) Lifetime Public Cost (£)
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These low' duty rates predicted by the LEAF2 model for 2012 onwards are & foll ows:
Hydrogen — 75 pkg (0.75 gMJ) — (noroad fuel duty rate a of 2002
Methanad — 4 pllitre (0.26 gMJ) — (noroad fuel duty rate a of 2002
LPG -9 pkg (0.19 gMJ) — (duty rate of 9 p/kg as of 2002

CNG -9 pkg (0.10 gpMJ) — (duty rate of 9 p'kg as of 2002

These figures can be used to estimate the level of fuel duties that could be gplied to
FCV fuelsfrom 2012.As shown abowe, these duty rates would enable revenueto be
generated withou the total removal of (econamic) niche protedion. In the long-term,
they provide aguide asto level of dutiesthat could be levied onthese fuels. In the
short-term, they can be used to design arational exit strategy for the removal of niche

protedion measures. These points will be discussed in alater sedion.

15€¢ fuel duties are to be levied on FCV fuels, they should beintroduced in a staged manner with at least

12 months notice to industry to all ow market response.
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Cost-effedivenessof cleaner vehicle options

One output of the LEAF2 model not yet used in this analysisis the (pulic) cost-
effedivenessin reducing emissons. This measure is defined as the reductionin
emisson per unit pulic cost (seeChapter 3). The greder the level of cost-eff ediveness
the larger the reduction per puldic poundspent. Using the results for lifetime enisson
reductions and lifetime pulic cost, the LEAF2 model estimatestheratio of these
outputs for both NOx and greenhouse gases to provide two measures of cost-

eff edivenessper option considered. The results are shown in Figures 5.3c-5.7¢c and
5.3d:5.7d.Note that for cases where NOx and/or GHG emisson are increased relative

to petrol ICE baseline, zero cost-eff edivenessis recorded.

These results sow that, the levels of cost-eff edivenessrespondto changes (over
time) of the emissons and cost benefits associated with ead option. For 20022012,
with the exception d the grid-eledric FCV option, the fuel cdl options have broadly
equivalent performance on a wst-eff edive basis (Figures 5.3c-5.6c and 5.3d5.64).
However, their levels of cost-eff edivenessare lessthan for the petrol hybrid ogtion,
which generall y scores highest for reductions of NOx and GHG emissons. This means
that the hybrid baseline cae is providing a greaer reduction per poundinvested than is
provided by the fuel cdl options. (It shoud be noted that, for some cases, the adual

emisgonreductions are greder for FCVs - seesedion 4.4.1)

Of particular importance ae the levels of cost-eff edivenessfrom 2012,as these
represent the performance patential for ead vehicle techndogy in the long-term.
Figures 5.7c and 5.7dshow the mst-eff edivenessfor NOx and GHGs for all options.
Theresults show that, overall, the FCV options perform well on a mst-effedive basis.
For NOx, with the exception d the grid-eledric FCV option, they out perform BEV's,

which are asciated with an increasein lifecycle NOx emissons. For GHGs, al FCV



314
cases how a higher cost-eff edivenessthan the BEV option. The most important
result isthat the FCV case using hydrogen from reformed natural gas snowsthe
highest levels of cost-effediveness(for NOx and GHGSs) and theleve is higher than
for the petrol hybrid baseline. Thisresult refledsthe highest levels of emisson

reductions per unit cost offered by a cleaner vehicle technology.

Furthermore, attention shoud be given to the results for the petrol hybrid and
hydrogen FCV cases (using hydrogen generated from natural gas). Not only do the
figures show high cost-eff ediveness they also show negativelevels of cost-
eff ediveness(lines on charts extend below x-axis). Thisisinterpreted as areductionin
emisgons for reduced pulic unit cost. In ather words, na only do these techndogies
provide lifetime enissons benefits, they also achieve this at reduced cost to the pulic
purse. Thisis an important finding of this thesis, which therefore recommends:. In the
long-term (beyond 2012, particular niche support should be given to the petrol
hybrid and hydrogen FCV (from natural gas) optionsdueto their ability to

provide reduced NOx and GHG emisgons at reduced public cost.

Another finding isthat the FCV using renewable dedricity to generate hydrogen is
the seand most cost-eff edivenessfuel cdl optionfor NOx and GHGs. This capitali ses
onthe zero lifetime emissons offered by this option and assumes that renewable
eledricity will be equal in cost to ather power sources avail able from the national grid
by 2012.Therefore, thisthesis recommendsthe use of renewable dedricity, for the

production of hydrogen for FCV use.

A third important result foll ows from a cmmparison d FCVs using natural gas and
LPG. Both oggions were previously recommended for their ability to approach
sustainable anissonstargets by 2012.Thisanaysis showsthat their cost-eff ediveness

performanceis broadly similar. Therefore, bah onboard fuels offer similar emissons
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and cost benefits. However, natural gas would require very much more assstancewith
fuel infrastructure suppat than LPG.*’ Therefore, this thesis recommends that, used

asan on-board FCV fuel, LPG should be prioritised over the use of natural gas.
Strategic phase out of econamic incentives

Given the likelihoodthat fuel duty will continueto be used asa UK padlicy tod, this
thesis has used the LEAF2 moddl to estimate the levels of duty that could be levied on
FCV fuels after 2012 The model assumes that existing taxation measures continue to
apply beyond 2012and that any road charges introduced ower this period do nd favour
any particular vehicle type."®® The analysisis based onthe premise that no rew fuel
duties shoud beintroduwced before 2012,in order to stimulate the FCV niche.**® The
analysis also assumes that petrol hybrids will be successul in gaining a significant

market share by 2012,and therefore uses hybrids as the baseline for comparison.

The LEAF2 model has been used to cdculate the levels of fuel duty for FCV fuels
that result in fuel cdl cars having equal lifetime private wststo petrol hybrids (within
confidencelimits). This has been achieved by increasing fuel duties (from zero), urtil
the lifetime private wstsfor FCVs are broadly in line with those of the hybrid eledric
option (seeFigure 5.9a). Theresults are the "high' fuel duty estimates, which if

introduced from 2012,would lead to an approximate st parity with petrol hybrids.*®°

157 Reformul ated petrol, methanol and LPG require relatively low government suppart asis evidenced by

the existence of over 1000L PG refuelli ng paintsin the UK, most of which have been installed by the fuel
industry (EST 2001).

158AIthough cleaner fuelled vehicles may initially be supparted using incentives, all vehicles are likely to
be treaed equally in the long-term.

19rhis drategy would be unlikely to lead to major revenue loses alone due to the relatively low number
of FCV predicted by 2012 (around 100000).

160 ~ompare with 22002 fetrol duty of 45.8 plitre (1.4 pMJ).
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The results are:
Hydrogen + 180 gkg (1.5 pMJ) + (noroad fuel duty rate a of 2002
Methand £ 10 plitre (0.64 pMJ) £ (noroad fuel duty rate a of 2002
LPG £ 12 pkg (0.25 gMJ) £ (duty rate of 9 p'kg as of 2002

CNG £ 12 pkg (0.26 gMJ) £ (duty rate of 9 p'kg as of 2002

Figure 5.9: Costs and cost-eff edivenessof FCV from 2012(‘high’ fuel duty)

Vehicle Year Usage User DR Pub DR Fuel Duty Powershift
CAR 2012 Private 20% 6% HIGH 0%
(a) Lifetime Private Cost (£) (b) Lifetime Public Cost (£)
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Note from Figure 5.9 that an exad match of lifetime private wstsisnot possble
using fuel duty differentials because several cases sare the same fuel. For example, the
petrol hybrid and petrol FCV cases are bath lesscostly than the petrol ICE option dueto
higher fuel econamy. Asthey share the same fuel, nofuel duty leverage would be ale
to reducethe overall fuel cost differential. The same situation appli es to the three
hydrogen fuel cdl options asthey all use the same fuel. It also appliesto al vehicle

types that use LPG and retural gas, which have eisting and equal fuel duties.

Although thereis only effedively one fuel case for fuel cdl buses (hydrogen), a
similar procedure is foll owed. The LEAF2 model predicts avalue of 230 pkg for the
“high' fuel duty, which if introduced from 2012,would leal to an approximate st
parity with desel hybrids. Thisis aimost 30% higher than the ©high© rdter fuel cdl
cas. Thedifference aises due to the high fuel use by buses, which capitalise onthe low

pre-tax hydrogen costs to alarger extent than docars. Consequently, if the hydrogen
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fuel duty rate were set at 180 gkg, fuel cdl buses would continue to have lower lifetime
private qosts as compared to desel. Thiswould be to their advantage and could be
considered an additional suppat measure for the fuel cdl pulic transport sedor.

Therefore, this thesis will advocae the use of the ©high© fuel duty target for fuel cdl cas.

These figures are useful in determining what level of fuel duties could be
introduced orcethe fuel cdl vehicle market is aure (unlikely until 2012at the eali est)
and can be used to inform a phase out of protedion measures.*®* However, these results
neeal to be wnsidered alongside the (previous) discusson d cost-eff ediveness which
foundthat the FCV case using hydrogen from natural gas isthe most cost-eff edive
option. This suggests that the strategic phase out of suppat shoud favour (for atime)
this particular FCV option. This could be implemented through the delaying of the

introduction d fuel duties onrelevant fuels (e.g. hydrogen).

Based onthese considerations, this thesis propaoses the following phase out strategy

for econamic protedion measures used to suppat the fuel cdl vehicle niche.

After 2012, oncethelevel of 100,000 anual fuel cdl car sales hasbeen
achieved and the FCV pricepremium islessthan 15%, fuel dutieson FCV fuels
should be set to the ‘low’ levels, defined as:

Hydrogen — 75p/kg (0.63p/MJ) — (no road fuel duty rate as of 2002

Methanol — 4 p/litre (0.26p/MJ) — (no road fuel duty rate as of 2002

LPG -9 p/kg (0.19p/MJ) — (duty rate of 9 p/kg as of 2002

CNG —-9p/kg (0.10p/MJ) — (duty rate of 9 p/kg as of 2002

161 Other considerations need to be taken into acount when setti ngfuture tax levels. For example, the
fuel duty on road gases has been reduced from 15pkg in 1999to its present rate of 9p/kg in 2002 This
change, and the promise of afixed fuel duty differential until at least 2004 has been instrumental in
transforming the LPG vehicle market (EST 2007). If rates are increased, the 12pkg rate recommended
above would probably not damage the market. However, a significantly higher duty rate for LPG FCV's
would kill off the LPG ICE market at a stroke.
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Beyond 2012,if and when the FCV nicheis considered as‘seaure’ ,***fuel
dutieson FCV fuels sould beincreased in a staged manner to the *high’ levels,

defined as:

Hydrogen £ 180p/kg (1.5p/MJ) £ (no road fuel duty rate asof 2002
Methanol = 10p/litre (0.64p/MJ) £ (no road fuel duty rate as of 2002
LPG +12p/kg (0.25p/MJ) + (duty rate of 9 p/kg as of 2002

CNG +12p/kg (0.26p/MJ) + (duty rate of 9 p/kg as of 2002

In order to extend the protedion measures for the most cost effedive FCV option,
the fuel duty on hydrogen shoud remain at the “low' duty (for atime) when the duties

on aher fuels are increased to the "high' rate.

5.3Developing Rational Implementation Strategiesfor Fuel Cell Vehicles
The following two sedions draw the thesisto a conclusion. Based onthe discusgonin
Chapters 4 and 5, pevious findings are now used to construct arational implementation

strategy for fuel cdl vehiclesin the UK.

5.3.10ptimising UK Implementation Strategiesfor Fuel Cell Vehicles

The development of an implementation strategy isinformed by Quantitative Strategic
Niche Management, which advocaes the use of protedion measures to suppat the
emerging fuel cdl niche. The protedion measures employed include organisational,
regulatory and econamic incentives. Levels of protedion that have anumeric basis have

been quantified using the LEAF2 model.

In Chapter 4, the LEAF2 model applied to the FCV niche showed that six sub-

niches are worthy of promotion onthe basis of sustainability and cost-eff ediveness

162 The term “seaure’ has not been defined by thisthesis.
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These ae hydrogen fuel cdl buses and cars using hydrogen produced (off-board) from
natural gas or from renewable dedricity and fuel cdl cars using natural gas or LPG as
on-board fuels. Due to the wst-scde relationships identified in Chapter 4, the stean
reforming of natural gasisrecommended for hydrogen fuelled bus fleds of all sizeson
eanamic grounds. For cas, hydrogen stations servicing lessthan 10ca's (or home
refuelli ng), eledrolysisisidentified as the most cost-eff edive hydrogen production
method. For larger fleds (30 or more), steam reforming of natural gasisthe
recommended option. One of the most important findings of thisthesisisthat, in the
long-term (beyond 2012, particular suppat shoud be given to the FCV option wsing
hydrogen reformed on-site from natural gas. Thisisdueto its ability to offer
signifi cantly reduced NOx and GHG emisgons at reduced public cost. In addition,asa
result of having amore alvanced fuel infrastructure, LPG shoud be prioritised over the

use of natural gas as an onboard FCV fudl.

Busfleds areidentified as one of the first road transport appli cations for fuel cdls
due to their depot-based operation. This reduces the fuel infrastructural barriers related
to theinstalation d (initially costly) micro-scde hydrogen production dant. The higher
mileage asociated with fled operation also takes maximum advantage of the benefits
offered by lower fuel costs. Although the use of fuel cdlswithin the private ca sedor
will be more difficult to achieve, as cars comprise over 80% of the UK vehiclefled, it

isimportant that FCVs are (eventually) adopted by this market.
Non-emnamic protedion measures

One of the defining aspeds of Strategic Niche Management isitsidentificaion d the
importance of non-emnamic protedion measures, required for the successul suppat of
anew tedhndogicd niche. Central to this approac is the use of experiments that are

used to reducethe technicd and social uncertainties surroundng aradicd innowation.
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SNM raises important issues abou the way experiments are designed. In particular, it
recommends that demonstrations shoud promote second-order leaning (as defined in
Chapter 3). Thiscan be encouraged by the inclusion d a cmmprehensive set of

stakeholders to ensure that al i nterests are adequately represented.

Asnoted by Maruo in Chapter 4, theided experimenta network would include a
fuel cdl (and comporent) manufadurer, an automaker, afuel supgier, at lesst one
government agency, an acalemic body, and an organisation representing the views of
users. Therefore, in suppating demonstration projeds, pdicy makers oud ensure that
all these stakeholders are present within the network. Analysis of the thirteen transport
case studies introduced in Chapter 3 showed that users™? are often excluded from the
leaning process SNM therefore recommends that experiments sioud "incorporate
high profile users within the experimental network” (Weber et al. 1999. A modd of a
well-designed fuel cdl vehicle experiment isthe fuel cdl ZEbus projed conducted in
Palm Springs, California (seesedion 4.1.4. In additionto having Ballard and
XCELL SIS as partners, this demonstration included a highly motivated Transit Agency
(SunLine) who had proven commitment to cleaner vehicle techndogies. The buses were

operated onred routes, so invalving fare-paying passengers.

Chapter 4 also naed that, within the wider fuel cdl niche, co-operative strategies
between organisations are highly important. These can take the form of corporate
ventures (e.g. the Alliance) or puldic-private llaboration (e.g. Californian Fuel Cell

Partnership). According to Chris Fay, head d the British Shell:

"Working together, energy companies, car manuacturers and riche market
spedalists¥are pushing back the techndogical bariers of what can ke achieved.

Onethingiscertain. Longtermimprovementsin ar qudity can oy come abou
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through paitive partnership between government, regulators, manuacturers, the

energy industry and consumers. Partnership isthe key (Fay 1998).

Suppat for fuel cdl vehiclesin the UK will undoultedly involve the reinforcing of
existing organisational links. These aelikely to continue to be m-ordinated by the DTI,
and require the formation d new partnerships between establi shed and emerging

organisations.

The dhallenge posed by the introduction d hydrogen FCV s requires the use of an
effedive promotion programme. New agencies are likely to be needed for the -
ordination d educaion and awarenessraising adivities. If vehicle users are to be ale
to make the increasingly complex choices between fuel and vehicle types, educaion
programmes will be needed first for fled operators, then by the general pulic. The
design o effedive educaional material will it self require ahigh degree of
sophisticaionif the messages are to be adequately conveyed. Thisislikely to involve
the use of research into the pulic understanding of science andtecdhndogy. Thisis
because 3dlicytendsto assume that providing environmental information and
education will seaure ewironmental change, when behaviour isin fact intimately
dependent on pubic interpretation d theisaues’ (Eden 1996. Such research could be
co-ordinated by the TransportAction programme whose personnel have the gpropriate
skill sand accessto high guality information. In preparation, the Institute of Public
Policy Reseach (IPPR) advocaes the introduction d anational pulic educaionand
awarenessraising programme and the formation d a aossparty "10-Y ea Hydrogen

Strategy' (Foley 2007).

Given the high expedations for fuel cdls, the development of manufaduring

fadliti esin Britain would generate significant wedth and employment for the country

163 The term ©userso includes fleet operatopmssenger, drivers and/or consumers.
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over the cming decales. If thereisto be afuture UK industrial base for the R&D and
manufadure of fuel cdls, thiswill neel extensive suppart, at least over the period 2002
2012.Withou significant investment, there is the likelihoodthat the UK fuel cdl
vehicle niche will expand wsing imported vehicles and fuel infrastructure systems (as
has occurred in ather cleaner techndogy sedors sich as wind energy). Suppat for a
UK fud cdl industry islikely to be provided by the existing government initi atives
which include the DTI Foresight Vehicle Programme, New & Renewable Energy
Programme, Fuel Cell Programme and the Sustainable Techndogies Initi ative (see

sedion 4.2.).

Whil e the introduction o fuel cdl vehicles will | ead to major changes for motor
manufaduring, the energing industry will offer new oppartuniti es to the transport
sedor. The UK iswell placeal to capitalise onitstechndogicd base and design
expertise. Thiswill be espedally trueif the new approaches to vehicle design are
attempted, ores that capitali se on the benefits offered by full eledric tradion. These
design oppatunities were discussed in Chapter 4 (sedion 4.1.6 and include the use of
vehicles as mobhil e sources of power. Social transport innovetions such as car leasing
and Car Clubs (seesedion 5.1.4 also dffer the posshility of cgpitalising on the synergy
between cleaner techndogies and the devel opment of new (mohility) serviceindustries.
Marketing new techndogies through these ©payas-you-go© services has the dfed of
reducing the risk to the consumer, so increasing the diances of adoption. Thisthesis,
therefore, reacommends the development of new vehicle and mohility concepts with

suppat provided by industry and government (through the DTI).

Regulations will also ad as useful suppat measures for the fuel cdl vehicle niche.
Asof 2002, cleaner vehicles are dready being considered for exemptions from

propased road user charging schemes (e.g. Londoncordontoll due for 2003. Thistype
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of regulatory incentiveislikely to be widely applied with the introduction o Low
Emisson Zones, which are expeded in many cities from 2005.In a departure from the
traditional UK approadh, this thesis a'so reaommends the use of fled mandates that are
used or planned in California and several European courtries (seesedion 4.2.).
Applied to the UK situation, as recommended by the IPPR, ZEBUS mandates could be
used within the pullic transport sedor and considered for implementation at the locd
authority level (Foley 2001). These would be "negatiated” between Passenger Transport
Authorities and locd bus operators, passbly within the framework of ©Quality
Partnerships®. Other incentives proposed by thisthesis (and suppated by IPFR) include

the exemption d hydrogen vehicles from Company Car Tax and VED (Foley 2001).
Econamic protedion measures

Econamic incentives can be gplied through the use of capital subsidies (for vehicle and
fuel infrastructure) and through the use of advantageous fuel duties for hydrogen and
other hydrogen carier fuels. These measures have been quantitatively assessed for fuel
cdl vehicles using the LEAF2 model. For vehicle purchase, capital subsidies are
recommended (at least) over the period 20022012for al fuel cdl vehicles, irrespedive
of type, in arder to stimulate the wider fuel cdl vehicle niche. This shoud take the form
of subsidies st at the 75% rate (of additional costs) for 20022007and 5% rate for
20072012and administered through the PowerShift programme. As suggested by
Foley, this grant programme could be cdl ed the ©Hydrogen Shift© fund,whicbudd be
used to subsidise fuel cdl vehiclesof al types. Thisthesisintroducesthe cared that
the 75% rate shoud be given whil e the price premium is 50%-100%, the 50% rate for a

price premium of 15%-50%.

Beyond 2012jf FCV annual salesread 100,00 vehicles andthe vehicle price

premium is lessthan 15%, then nocapita subsidies are expeded to be needed.
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However, if further capital incentivises are required, this thesis recommends the
introduction d arevenue-neutral fedoate scheme, also administered through
PowerShift. To maintain similar terminalogy for the parall € subsidy programmes, this
could be known as the ©Carbon Shift© scheme. Thiswould levy a£100 puichaBeefor
al vehicles nat classed as ©lowcabon®© vehicles, the proceeals being sed to subsidise

©lowcarbon® vehicle sales.

The use of fuel duty incentivesis also identified by the LEAF2 model as part of a
padage of econamic measures. As of 2002, tydrogen is zero-rated for vehicle use. This
thesis recmmends that this stuation should continue in order to suppat the first fuel
cdl vehiclefleds. It also recommends that, if fuel duty isto be goplied to hydrogen, it
shoud na do so before 2012at the ealiest. With sales predicted for 2012 ¢ around
100,000 ehicles, the lossof revenue shoud be within accetable limits, and protedion
is provided for the period when the FCV niche requires most suppat. Similarly, fuel
duty rates on hydrogen carier fuels shoud also be zero-rated (e.g. methanadl), or not
increased if fuel duties already apply (e.g. LPG and retural gas). As part of thisfuel
duty strategy, thisthesis recommends that the UK Treasury annource amoratorium on
the impasition d fuel duty on hydrogen fuels until 2012at the ealiest. (For puldic
transport, this measure will need to be acompanied by areview of the Fuel Duty
Rebate, which removes most of the incentive off ered for pulic servicevehicles by the

use of afuel duty differential.)

If expansion d the fuel cdl nicheis successul, colleding revenue from hydrogen
fuel saleswill become necessary at some stage in order to recuplosses from the use of
fuel duty incentives. This requirement is consistent with the framework of QSNM,
which advocaes the phasing out of econamic protedion measures after an appropriate

time. For the fuel cdl vehicle niche, the end d full econamic protedion shoud
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commencewhen the level of annual FCV sales reates 100,000andthe FCV price
premium is lessthan 15%. If these aiteria ae met then, fuel dutieson FCV fuels $houd
initially be set to the “low' levels, which have been quantified by the LEAF2 model as
75 pkg for hydrogen, 4 glitre for methandl, and a continuation d 9 pkg for LPG and
natural gas. Beyond 2012jf and when the FCV nicheis considered as “seaure, fuel
dutieson FCV fuels $houd beincreased in a staged manner to the “high' levels, defined

as 180 pkg for hydrogen, 10 glitre for methanal, and 12 gkg for LPG and retural gas.

Although afuel duty of 230 gkg for hydrogen isindicated for fuel cdl buses (from
2012, this thesis reaommends that this sdor shoud be ale to benefit from an
additional incentive given that it combines atechnicd innovation with amore
sustainable transport mode. The rate of 180 kg (identified for cars) shoud therefore be
preferentially adopted. In addition, in order to extend the protedion measures for the
most cost-eff edive FCV vehicles (those using hydrogen produced from natural gas), the
fuel duty on hydrogen shoud remain at the "low' duty (for alonger time) when the
duties on aher fuels are increased to the "high' rate. Finally, the strategy of introducing
hydrogen and methand rates using the petrol/diesel hybrid as a baseline shoud be made
pubic, so increasing the duty's pdliti cd acceptability and seauring afuture revenue

Stream.

The caital suppat medhanisms discussed above have focused onreducing vehicle
costs. However, investment in new fuel infrastructure will also be required if the FCV
nicheisto succeeal. Although the LEAF2 model identified hydrogen FCV's using
hydrogen from reformed natural gas or renewable dedricity, as the two most cost-
effedive FCV casesfrom 2012, duing the period 20022012,these options are
asociated with high lifetime private and puldic costs. Even after incentives are used,

these options are till more expensive than the baselines. Therefore, during this period,
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hydrogen fuel stations using on-site reformers and/or eledrolysis units will require
fiscd suppat over this period. This thesis recommends that hydrogen refuelli ng points
based on ratural gas gean reformers and eledrolysis units houd be provided with

significant capital subsidies (at least) over the period d 20022012.

As of 2001,severa natura gas refuelli ng units for large CNG fleds have been
granted subsidies through the CleanUp programme (a sister programme to Power Shift).
Given the synergy between natural gas and hydrogen fudl infrastructures, it would
therefore sean reasonable to use this existing fundng scheme to subsidise hydrogen
fuel infrastructure during the ealy stages of market transformation. Thisisin agreement
with the goproach o the IPPR, which has propased a "Hydrogen Infrastructure Fund to
suppat theinstalation d anew hydrogen-refuelli ng network (Foley 2001). To ensure
maximum utili sation, all i nfrastructure projeds recaving funds would have the

contradual requirement of allowing puldic acces

5.3.2Conclusion

This sdion concludes by referring to the original objedives as %t out at the start of
the thesis. Chapter 1 began by assessng the usage and environmental impad of
conventional motorised road transport techndogies (fuels, vehicles and systems), which
are dominated by the use of petrol, diesel and the internal combustion engine. This
chapter developed criteriato define asustainable road transport system and, in dang so,
establi shed that conventional tedhndogiesfail in thisresped. Chapter 2 discussed
several ©adlternative© techndogies (natural gas, liquefied petroleum gas, battery eledric,
hybrid eledric and fuel cdl eedric vehicles) that could be used to reducethe
environmental impad of road transport, and included an initial analysis of their
technicd, social and econamic impads. The major part of this chapter detail ed the

multi ple energy paths that are avail able for fuel cdl road transport and identified the
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most viable fuel cdl vehicle tedindogies for usein the United Kingdom. Chapter 2
concluded by showing that, whereas petrol, diesd, liquefied petroleum gas and retural
gas fuels (used within an internal combustion engine) were not ableto provide a
significant reduction to greenhouse gas emissons, those techndogies that employed
eledric drivetrains could, in principle, deliver the magnitude of reductions necessary to

adhieve asustainable road transport system.

With aview to understanding how new vehicle types might most effedively reath
the marketplace Chapter 3 discussed several historicd approadhes to modelling
innowetion. After establi shing the inherent limitations of the more traditional innovetion
models (e.g. ©techndogy push©, ©market pull ©), the goproach adopted by Strategic Niche
Management (SNM) was propaosed. This socio-technicd anaytica and management
tod promotes "the aeation, cevdopment and controlled break down of test beds (Y4
demonstration projeds) for promising rew techndogies with the aim of learning abou
the desirability (for example in terms of sustainahilit y) and enharcing the rate of
diffusion d the new techndogy" (Kemp, Schot and Hoogma 1998. In accordancewith
the original objedives of the thesis, SNM was extended to include aquantitative
dimension through the aldition o alife-cycle anayticd tod, the Lifetime Evaluation o
Alternative Fuels (LEAF2) moddl. Thisled to the development of Quantitative Strategic
Niche Management (QSNM), which was used within the remainder of the thesisto
design arational implementation strategy for fuel cdl vehicle tecindogiesin the UK.
Applied to the fuel cdl techndogies considered most viable for UK road transport, the
thesis showed that three eergy conversion routes are most worthy of promotion onthe
basis of sustainability (acwrding to the defined criteria) and cost-eff ediveness(as
modelled by the LEAF2 model). For fuel cdl buses, these ae using hydrogen produced

off-board from natural gas and, for fuel cdl cars, using hydrogen, either produced off-
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board from natural gas or renewable dedricity, " or generated onboard from LPG

using areformer.

The primary objedive of the thesiswas to develop a rational implementation
strategy to support theintroduction of fuel cdl powered road transport systemsin
the United Kingdom. To this end, Chapters 4 and 5employed QSNM to provide
evidence of the need for demonstration projeds (experiments) to form adeveloping
tedindogical niche. The niche suppats the emerging techndogy by proteding it from
the inhibitory influence of the dominant regime (based onthe interna combustion
engine). The thesis identified the need for anumber on norenamic protedion
measures with which to suppat the anerging UK nichein order to accéerate
tecdhndogy diffusion. Identified measures included the promotion d organisational
partnerships (as fostered by the Cleaner Vehicle Task Force), the promotion o second
order (open ended) leaning throughou the partnership network, the need for national
government suppat (as provided by the Powering Future Vehicles drategy), the setting
up d al0yea nationa puldic educaion programme (as recommended by the IPFR)
and continuing suppat for the emerging fuel cdl i ndustrial base (through forums such
as the Foresight Vehicle Programme). Furthermore, the thesis made a cae for the
development of new transport innovations that could synergisticdly promote fuel cdl
vehicle tedhndogy, including the promotion d lightweight fuel cdl powered two-
wheders and the provision d new forms of mohility service such as Car Clubs. These
innovetions would reducethe eonamic and (perceived) technicd risks to future users
of fuel cdl vehicles and aso provide more @ntrol to manufadurersin the roll out of

new fuel cdl based mohility products.

164 Asnoted in Sedion 4.4, for fuel cdl ca fleds of lessthan 10 vehicles, eledrolysisisindicated as a
chegoer option than steam reforming of natural gas. For fleds over 30 vehicles, the reverseistrue.
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Through the gplicaion d the LEAF2 model, QSNM was aso able to quantify a
number of ecnamic protedion measures that would asgst the introduction o fuel cdl
vehicles. From 20022012,the thesis identified that cepital subsidies would continue to
be required (at least at their present level) for fuel cdl vehicles and rew hydrogen (or
hydrogen carier) fud infrastructure. (These aelikely to be made through the existing
TransportAction*®® programme alministered by the Energy Saving Trust.) QSNM also
confirmed the cntinuing need for fuel duty incentivesin the form of zero fuel duty on
hydrogen, eledricity and methand and reduced rates for LPG and retural gas (March
2002rates). The thesis howed that these suppat medhanisms would need to be
maintained urtil 2012at the ealiest. In acordance with the fundamental principles of
QSNM, the thesis also identified a protedion measure it strategy for fuel cdl vehicle
niches to enable market forcesto play their rolein techndogy seledion. Thisinvolved
an asessment of the period over which capital subsidies would be required and the
setting of upper limitsfor fuel duty rates that could be gplied to hydrogen and
hydrogen carier fuels once amarket niche had been establi shed. Using the LEAF2
model, the thesis foundthat, from 2012 onvards, if fuel cdl vehicle sales reatied
100,000 ehicles per annum andif the alditional vehicle caital cost represented less
than 19% of its conventional equivalent, then vehicle capital subsidies would nolonger
be required. If this dage was readied, fuel duty on hydrogen and hydrogen carrier fuels
could then be increased in a staged manner up to amaximum of 180 pgkg for hydrogen,

10 plitre for methanadl, and 12 kg for liquefied petroleum and retural gas.

Through the use of QSNM and the LEAF2 model, this thesis has $hown that fuel
cdl vehicles offer atecdhndogicd solutionthat could be used to form part of a

sustainable UK road transport system. Moreover, to maximise environmental benefit,

165 1he OTansportAction© programme was renamed ©TransportEnergy© in September 2002



33C
hydrogen generated from renewable energy and uili sed by afuel cdl could provide
zero-emisgon motorised mohility (onalife-cycle basis) at ressonable wst. However,
although this goa isrelatively well defined, the path of transition from a system based
onfosdl fuels and the internal combustion engine to ore using hydrogen and the fuel
cdl ishighly uncertain. Not only are there several competing technica solutions
(largely defined by the dhosen type of on-board fuel storage medanism), but also
significant obstades arise due to social and econamic inertiawithin the existing regime.
Therefore, if and when aregime shift occurs, the transition will be daraderised by its
complexity and chaos (in the mathematicd sense). To help manage this process this
thesis has adopted the goproach of Quantitative Strategic Niche Management to enable a
rational approach to the cnstruction d atransition strategy. Thisit achieves through
the balanced consideration d bath social and technicd aspeds of change. Informed by
the LEAF2 model, QSNM is able to design targeted incentives with which to
temporarily suppat the embryonic fuel cdl niche. As (hopefully) thisthesis has
demonstrated, this approad is siccessul in reducing some of the uncertainties, and
strengthening key expedations concerning the fuel cdl niche. However, many questions
remain. For example, even if Quantitative Strategic Niche Management is successul in
suppating the fuel cdl vehicle niche in the short-term, will market forces choaose or
predude the more sustainable options once protedionis removed?'°® To help answer
guestions such asthis, in what isafast moving field, the work undertaken by thisthesis
could be extended and continued in anumber of ways. Regarding the social elements of
the QSNM approacdh, emerging fuel cdl sub-niches could be further analysed to

investigate the interconredions between their often separate but parallel evolution (e.g.

166 Historicdly, market forces alone have not succeealed in delivering sustainable technologies. However,
in the UK over the past decale, there has been atrend in the energy market to replace oal and al use by
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stationary and mohil e gplicaions). It may be that there ae new co-operative strategies
that have yet to beidentified which could asgst the diffusion d fuel cdl products. Also,
further monitoring of the level and extent of expedations (using the gproach of
QSNM) isimportant so that the nea-term fuel cdl developments can be predicted (and
planned for) with some acairacy. Regarding technicd and econamic isaues, continuing
guantitative analysisisrequired to reducethe uncertainties associated with modelli ng of
the most promising fuel cdl vehicle techndogies. More aceirate modelli ng would help
to clarify the merits and demerits of the many possble techndogicd paths, strengthen
network expedations and help to focus reseach onthe most likely techndogy
candidates for success Furthermore, new techndogicd options are emerging all the
time (e.g. cabonstorage systems). These need to be quantitatively assessed to gauge
their environmental and econamic impad if used within afuel cdl road transport

system.

If this thesis were to make one definiti ve statement, it would be that the emergence
of new sustainable techndogiesis ahighly complex process $iaped by socia and
technicd forces, which can bah asdst and inhibit techndogy diffusion. Many of these
fadorsthat influencediffusion are aresult, na of the merits or otherwise of the new
techndogy itself, bu arise from the dynamics within the existing dominant regime.
Therefore, ©smart© strategies, such as thase designed usingSRIM, are required to
navigate the tortuous path from techndogicd to market niche. They need to address
social aswell astedhnicd isales, and incorporate amix of protedion measures and
market seledion medanisms. According to the founders of Constructive Techndogy
Assesgnent and Strategic Niche Management, the successof these strategies depends

onwhether "more appredation andspacewill emerge for broader negatiation

natural gas. This has led to agradual reduction in the cabon content of fuels, which could be interpreted
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processes, andwhether socio-tedhnical criticismwill be appredated as an essential
contribution in asociety which has boundits fate to techndogy" (Schot and Rip 1999.
In short, society has only just begunto lean about its use of, and its relationship to,
techndogy and the environment. Quantitative Strategic Niche Management shows us
that, if we choose @-operative strategies based onagreed rational protocols, we may be

able to find a wll edive path to a sustainable future.

asthe start of the transition to a zeo-carbon, hydrogen economy.



