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1. Introduction

As part of the UK Sustainable Hydrogen Energy Cdingm (UKSHEC) the Policy
Studies Institute (PSI) is undertaking work to explthe feasibility, from a socio-
economic perspective, of a range of possible agjpdins for hydrogen and fuel cell
technologies in future economies. A key part of finocess has been a scoping of the
current and projected technical performance leskl@rious components of hydrogen
and fuel cell systems, and an analysis of whictofaovould be most likely to drive
market penetration. PSI researchers produced discupapers, drawing on reviews of
the available literature, which were then submiftedconsultation to a range of UK
based independent expert stakeholders.

This paper summarises and discusses the outputdsifiree expert stakeholder
workshops, held in April and May 2006. The workshagere based around the following
themesPortable and Auxiliary Power Unit applications, Storage and distribution
infrastructure, andFuel Cell Vehicles. Each workshop was attended by stakeholders with
a particular expertise in the relevant sector,ianllided technology developers, systems
integrators, infrastructure providers, market asiglyand policy consultants. Participants
in each workshop discussed current and projectedd®f cost and performance of the
relevant technologies, as well as the possible etafkvers in each case.

The outputs of these workshops form a major paRSifs work on the economics of
hydrogen and fuel cell technologies; however, otinacial components in possible
hydrogen / fuel cell futures are hydrogen productechnologies, and the use of fuel
cells for stationary power. PSI discussion papeakgelalso been produced on these
sectors (Hawkins and Joffe, 2006; Hawkins et ad6}0and have been submitted for
individual consultation to stakeholders in the val# fields. The outputs of these
processes are not discussed here, but will beratesdjinto a future paper, which will
aim to cover in as comprehensive a manner as peshirange of interactions within
putative hydrogen / fuel cell energy systems, feotachnological transitions perspective,
and with insights for policy. All PSI discussiongeas can be found on the UKSHEC
social science website (www.psi.org.uk/ukshec).

This paper will first review the technical issuésost and performance, at current and
projected levels, as explored by the discussiorizagnd refined by the workshop
discussions. These issues, being somewhat speceémch sector, will be dealt with by
discussing the relevant outputs from each worksegarately. In the following sections
issues pertaining to market penetration, drivetstanhnology transfer will be discussed
in a more integrated fashion, drawing in insigintsrf all workshops where appropriate.

An important and overarching output of the workshejas that hydrogen, as a fuel, and
fuel cells, as potential conversion technologiesieninked but by no means inextricably
so- hydrogen could be used to power internal cotidrugngines (ICEs), just as certain

high temperature fuel cells are capable of runoimduels other than hydrogen, many of



them more widely and readily available. Thus irs théper general reference is
sometimes made to a hydrogen / fuel cell (H/FCheawy, implying a future economy
that makes some use of either hydrogen, fuel agllspth, taking into account the

potential interactions between hydrogen and fukd cehilst not associating one
inextricably with the other.



2. Technological / performanceissuesin each workshop

2.1 Portable fuel cells and Auxiliary Power Units

An early market entry point for fuel cell technoileg may be in providing small scale or
portable supplies of power, often for specialigileyations. The provision of electrical
power in off-grid situations is a function whicheficells have a strong potential to fill,
particularly as in many such situations alternapioever sources are usually expensive,
meaning that users may be prepared to pay prenfaumtise right functionality. In
addition fuel cells may be able to attract certasars because of particular beneficial
characteristics such as clean and silent operd®ioriable fuel cells were defined for the
purposes of this workshop by the discussion papgndlucci, 2006a) as includingicro
fuel cells, for providing portable power to electrical dexd&ich as laptops and mobile
phones; angortable generating systems, where fuel cells are used within a system to
provide portable off grid power for larger scalegerators, for applications including
outdoor leisure activities and military uses. Aiaty Power Units (APUs) are defined in
the discussion paper (Agnolucci, 2006b) as dewidgsh provide onboard electrical
power in vehicles, for onboard services energy aemneather than propulsion. Fuel cells
may become attractive in such a role in vehiclah wivery high number of high energy
onboard functions (such as air conditioning an@ém/ainment systems) and also for
providing power needs for overnight stays in hedwty vehicles- in current practice it is
not uncommon to leave the engine idling to provids energy from the vehicle’s
battery. In each application, however, fuel celsdrcompetitors, in particular in the case
of portable fuel cells, conventional lithium baiés; which are continually expanding in
storage capacity; conventional generators, whietcansiderably cheaper than fuel cell
generating systems; and in the case of APUs, tireased efficiency of onboard power
provided directly by the engine, combined with e&sed onboard electricity storage due
to hybrid technologies, and the increasing provisibelectrical services at truck stops.

Despite these apparent barriers to fuel cell patietrin portable and APU markets,
participants in this workshop were enthusiasticualloe prospects for fuel cells in these
markets, emphasising that despite the higher pestormance advantages over
incumbent technologies were already making themat&active prospect in certain
applications. An area of great interest is powepagable electronic devices,
particularly as increased functionality increasesdnergy demand of such appliances.
Military applications, for soldiers’ portable powgacks or for other field operations, are
also considered promising early stage niches,g®ehicosts will be accepted if the
required high specifications are met. Fuel cellgehthe potential to offer significantly
reduced weight compared to current alternatived tlhe benefit of silent operation. An
important niche for APUs is to provide power foeus motor homes and camper-vans,
where again their clean and silent operation mayabeed. It is worth noting that fuel
cells are already commercially available in sucpliaptions, some models carrying them
as standard. The prospects for APUs in heavy dutks was also thought very
promising, although possibly more so in the US, mlempetition with electrified truck



stops is less intense. The prospects for APUs giryionboard power on planes was
also thought by some patrticipants to have potential

The participants were on the whole optimistic gyawth in the number of market
segments in which portable and APU fuel cells caadhpete, would continue. Several
participants emphasised that the number of poténicne’ applications for portable and
APU fuel cells was so great, that aggregation e$¢hniche areas could eventually
encourage widespread production. In other wordsrder to achieve significant
production volumes it may not be necessary to o4 of the niche’ (see discussion
below), as the number of potential niche applicetizvas so large. However, there were
equally strong feelings that such applications thadpotential to ‘go mainstream’ as
well, if the energy using habits of what are noshe consumers, become more
widespread.

Key issues affecting this potential to move fromh@ to mainstream markets are price,
performance, and, particularly in the case of mfael cells, the extent of latent
consumer demand for increased energy storage. Theneertainty relating to all these
factors, which play out in the inter-relationshipgtween them.

The projections for price and market penetratiofuef cells in portable and APU
applications summarised in the discussion papegadgficci 2006a, 2006b) taken from
studies such as Darnell (2003) Lutsey et al (2@B)tonova et al (2003) and others,
were perceived in the workshop to be over optimistionsiderable uncertainty remained
over projections of such figures, and the uncetitsrnwvere to a large extent interrelated-
increased demand would stimulate increased pramyativestment and technological
learning, which would in turn bring down the primed stimulate further demand. Such a
process would imply a potential ‘snowball’ effeletading some participants to suggest
that penetration would ultimately be on the extrermmeassive or negligible. Disruptive
effects could also be bought about through techmoavations which bring about
massive reductions in cost.

Despite the uncertainties, participants remaindohogtic about the market pull of the
products. It was argued that in many cases, aallgihigher price would be accepted by
many consumers because of their interest in thitiaal benefits of fuel cells, such as
clean and silent operation, and in the case ofreleic equipment, the possibility of
vastly superior energy storage capacity. Whil& itot yet entirely clear whether fuel
cells will outstrip ongoing improvements in lithiubatteries, participants felt optimistic
that whereas batteries were reaching a platedweingotential for further performance
improvements, fuel cells had a much stronger l@ngntpotential. Participants were also
on the whole insistent that increased mobile endeggand from consumers, for
continuing expansion of mobile phone functionsfooionger use of laptops without
back up batteries or grid access, was inevitallie.sfrongest market at the moment for
such innovations was identified as being in Adiaugh it was felt that demand could
spread to the EU and elsewhere.



The workshop discussed whether a large penetratifuel cells in the portable power
and APU markets could improve the prospects for¢yen and fuel cells in other
sectors. Technology transfer might allow commersiaicess for fuel cells in one sector
to transfer to another. However, the participaeigeeled that the increasing
fragmentation in the types of fuel cells used inous applications, would make such
technology transfer difficult. They were on the Wwhmsistent that the most likely fuel
cell technologies in portable and APU applicatiarmsild be Direct Methanol Fuel Cells
(DMFCs) and high temperature Solid Oxide Fuel G@IBFCs). SOFCs in particular
would allow applications to make use of a fuel that already available within the
given user context. For APUs on board trucks, amthple generating systems, this is
likely to be diesel, and in other applications Jumiing camping vehicles, butane,
propane, and kerosene. Methanol would be requaeBKFCs, and this is being
considered as an option for portable electronilesarty this option begins to introduce
guestions in terms of provision of the refuellindrastructure. The use of reformers
combined with PEM fuel cells was thought to be ¢éapensive to be considered as an
early stage option.

This is in marked contrast to the automotive seeftuich is ever more strongly focussing
on PEM fuelled by pure hydrogen (as discussed belblere is therefore unlikely to be
too much direct technological transfer betweenpitieable and APU sector and the FCV
sector, although one participant raised the pdggibf some shared benefits in
membrane and catalyst technologies.

The role of fuel cells in portable and APU applicas in contributing to a low carbon or
hydrogen / fuel cell economy is therefore somevapen to question. Their reliance on
the whole on conventional fossil fuels mean thHaiugh the absence of combustion
delivers extremely low emissions of local pollugarihey will still emit carbon dioxide.

It might be argued that even where conventionalifégels are used, one might expect
some reduced carbon emissions from more efficisatal these fuels; however, the
prospects for success of fuel cells in this sest@m largely to rest on continued huge
increases in power demand from consumers, whichdymobably rebound on any
efficiency benefits from a carbon saving point @w.

Therefore, at the current state of technology dewaknt, it seems unlikely that the
portable and APU sectors will make much of a diceettribution to the development of
a wider, sustainable hydrogen / fuel cell econoatijpough they may themselves be very
successful. One possible route through which deweémts in this area could directly
transfer to automotive applications would be if elepments in DMFCs were so
successful that the technology became viable éorsprort. However, at present only a
handful of small vehicles have been built with DMF-@nd it does not seem to be a
technology that automotive manufacturers are dgtpersuing.

! Methanol, however, has the potential to be a larbaen fuel, if it is produced from ‘recycled’ CO2
emissions from industry combined with renewablenzes.



2.2 Storage and transportation

This workshop discussed the outputs of two worlgagers: Hawkins (2006), which
presented a literature review of technology and claracterisation for hydrogen storage
and distribution technologies, and Agnolucci (2008dich discussed the economic and
investment issues relating to the build up of hgeroinfrastructure, with particular
reference to the transport system.

2.2.1 Technical issues

Some storage and distribution technologies, pdailyucompressed gas, underground
and liquid state storage, and transportation bgkteund tube trailer, are considered
‘mature’, as their current use in providing hydroder the chemicals industry allows us
to have some knowledge about their costs. Howehisrkind of specialist use exerts
quite different demands on the storage and distabdechnologies, whereas if hydrogen
was to be used as a transport fuel, the energytdemsl cost of the infrastructure
technologies would have to improve. Such improvemeray not yet be being ‘pushed’
for by manufacturers, given the nature of curresaige, so it is possible that there
remains the potential for even greater improvementisese ‘mature’ technologies. Less
mature technologies, in particular metal and chahtigdride storage, are considered to
have greater potential for improvements, but muatettainty remains, as it is by no
means clear whether such technologies will magast the laboratory stage. With regard
to both mature and less mature technologies, esiphes laid on the possibility of
surprises (such as technological and material dpwents) which could completely
change the picture, and improve prospects for icetgghnologies.

The biggest changes in gaseous storage and defight come in the delivery pressure.
Infrastructure providers who currently deal wittdhygen are used to storing and
delivering it at a pressure of 200 bar. Vehicle ofaoturers are likely to design storage
tanks for higher pressure gas, potentially up 1@ &, in order to increase the driving
range of the vehicle. A higher delivered presstifeydrogen would result in greater
costs for infrastructure providers, therefore sdind of compromise would be likely to
be found.

Hydrogen pipeline costs are currently uncertaireyrare expected to be higher than gas,
but economies of scale and learning by doing ceutehtually make the cost difference
very small. The location of the infrastructure msimportant consideration, given the
impact which topography has on the cost. This emsigha the importance of a
geographically sensitive approach to considerirdydyen infrastructure costs.

2.2.2 Integrated view

The infrastructure paper presented comparisongarge of different storage and
transportation methods. A major piece of feedbactkhas process was that costs at any
part of the process of production, transportatioe storage, should be considered in
relation to the rest of the chain. For example cbs of compressing hydrogen for
distribution depends on the starting pressureh@ptessure at which the hydrogen is



produced. The costs of liquefaction for distribatisill be viewed differently depending
on whether the end use technology requires hydrogkeuid or gaseous form. The

liquefaction process also removes some impuriiesch may be considered a factored
in cost- depending on how crucial the purity of ftogen is for its end use applications.

Given the interactions between the various compisnaithe system, a technological or
other breakthrough in one area could radicallyr dfte picture, not just in terms of
overall viability, but also production-to-end useite choices and specific system
dynamics. For example breakthroughs in compresasdtprage might render
developments in solid state storage unnecessagyrextuction in the cost of liquefaction
could encourage the development of vehicles utgisin board liquid storage.

2.2.3 Regional perspective

Regional incremental developments based aroundgauahsport infrastructures were
seen as the most viable routes for early stagenfi@structure development. This allows
the infrastructure provider to supply to a demdrat is predictable and guaranteed.
Buses, with their relatively fixed drive cycleseadeal applications from the
infrastructure provider point of view. If askeddonsider how an infrastructure for
private light duty vehicles might develop, mosttg#pants imagined an incremental
development of filling stations spun out from th&astructure provided for buses,
allowing the infrastructure provider to remain &sse as possible to 100% utilisation at
all times, which was considered an important factaeducing the costs of investment.
On the vehicle manufacturing side, by contrast@mental infrastructure development
poses a problem to companies set up only for lscgée manufacture- their ideal
production levels would far overshoot what couldshpported by the initial
infrastructure. Under the incremental scenariagtoee, small specialist companies,
accustomed to low production levels would be thestrikely to provide the first private
light duty vehicles (LDVS).

The location, quantity and, cruciallgredictability of demand has a big impact on
infrastructure of choice- liquid and tube truckiops are relatively small incremental
investments, and flexible in responding to changetemand. Pipelines are inherently
less flexible, but for large volumes of demand barthe most economic option.
Therefore, what is most economical is almost cetiaichange as the infrastructure
develops. It was therefore proposed that earlyestagremental infrastructure could be
designed to be modular and moveable, so that Itddmieasily expanded, replaced or
relocated as demand profiles change.

Much of the requirements for hydrogen infrastruetwill be related to the kinds of
hydrogen vehicles that are being marketed, andurness’ perceptions of what they
should be used for. For example, if hydrogen veliare supposed to support long
distance travel, the infrastructure needs will ifeent to vehicles designed to operate
within a city. Infrastructure needs could be furtbenplified if it was considered that the
vehicle would only be used for a limited numbespécific journeys. For example,
commuting vehicles could be serviced by refuelfegjlities situated at workplaces.



It was also observed that the increasing use adirsriiechnologies such as satellite
navigation could alter consumers’ perceptions af nauch infrastructure is required.

2.3 FCVs

This workshop discussed the outputs of two paptasikins and Hughes (2006), a
literature review-based technological charactdaosadf fuel cell vehicles; and Agnolucci
(2006d), an economic analysis of the market prdsgdec fuel cell vehicles.

2.3.1 Performance and costs, current and projected

Following a ‘no-go’ decision on on-board reformimg the US DoE in 2005, research
and development in automotive fuel cells is nowadtrentirely focussed on PEM cells
fuelled by pure hydrogen.

The US DOE has set commercialisation targets for$=for the year 2015, and most of
the large manufacturers have responded by pregicommercialisation by this year.
Despite the lack of clarity regarding how realishiese promises are, (and the arguably
strong reasons to be sceptical about them), arestieg output of the FCV workshop
was that participants agreed that it would be bssat least in theory, to bring
performance and cost to the required levels toeaehat least low volume
commercialisation within the next decade. Whether in fact happens, or gets close to
happening, is highly dependant on the extent adstment from large manufacturers,
which will both influence and be influenced by tdent of market pull and the strength
of policy incentives that are put in place. Thapeacity of this relationship will be
discussed in greater detail below.

There are key uncertainties relating to how FCMsaemmercialise in the future, and
current cost projections may be misleading. Formgta, the TIAX (2005) study
forecasts the cost of fuel cell stacks based ocuh@nt construction of stack
architectures, but at the so far unattained pradludevel of 500,000. However, if stacks
were produced on such a scale, the stack archiéestould have to be completely
overhauled to facilitate the process. Thereforekmmons which can be drawn from
studies such as this were felt to be minimal.

Significant cost reduction may come about througingased integration of cells,
reducing the number of component parts, and fatiiy mass production. The cost of
the balance of plant (BOP) could be significandgluced, particularly if manufacturers
have sufficient incentive, due to increasing cetiaof demand, to design parts
specifically for fuel cells, rather than using dgs ‘borrowed’ from other technologies.
Standardisation is an important process for caliaon in general- currently
components must be designed to be compatible witid@ range of systems, making
them more expensive. Incremental improvements s aod performance can be
expected, but there is also a possibility of stegnge improvements, for example if
cheaper materials can be developed and used.



The extent of any such improvements is stronglyededpnt on the attitudes of car
companies to investing in the necessary reseacthl@velopment.

2.3.2 Niche transport applications

The role of the niche application in this processmicial, as it gives a technology a
chance to establish itself in order to begin to enpogress down the learning curve.
There are numerous possibilities for niche appbeat within the vehicle sector.
Although the debate around the viability of fuell @ehicles frequently focuses on how
close they are to meeting the equivalent performat@andards of mainstream vehicles
(such as driving range), workshop participants oleethat manufacturers are
increasingly designing to specific niche requiretaemhis allows performance in certain
areas (for example, storage) to be ‘frozen’, ireotd maximise performance in the areas
most crucial to the specific application. One segample is in warehouse applications
such as forklift trucks, where requirements suctuwability over rough ground can be
less stringent, but where attributes such as lowgsans, longer running time and fast
refuelling are particularly prized. Due to thepedfic conditions, fuel cells already
appear to be commercially viable in forklift truagplications. Another niche application
suggested in the workshop was for boats, in pdaticecreational tourist boats such as
London’s ‘Thames Clippers’- conventionally thesassads are highly polluting, but their
highly predictable drive cycles would generatelatieely unfluctuating demand for fuel.
Moreover, due to the onboard space, weight andwelaf hydrogen storage would be
much less of an issue than for cars. Currentlyetiecomparatively little activity on
hydrogen / fuel cell powered boats from manufacgyralthough indications are that it
may be a growing area.

Such applications may produce useful market erdigtp for fuel cell technologies-
however, if successful, penetration into wider netslcould still remain challenging.

2.3.2Larger markets

Private urban commuting vehicles

Given that large manufacturers are simply not pgbunanufacture in anything other
than large volumes, they are unlikely to find waygroducing low volumes of specialist
products, which would be crucial in an early stafjdevelopment with low demand.
Therefore it is the smaller, specialist companigch have a different attitude to risk
and are more able to manufacture at low volumeggwéeemed to be the most likely
candidates to produce early market entrants.

It was proposed that the earliest private fuel welfiicles to come to market would be
mopeds. A key market to focus on would be stylescmus urban commuters, and early
fuel cell models would be marketed as ‘lifestyl®ices’, avoiding direct price
comparisons with existing models. The strategylyike be most successful would be to
concentrate on rolling out the vehicles in a fewyweghtly defined geographical areas,
such as capital cities. This was the strategyHerSMART car, and would complement
well the incremental regional focussed infrastruetstrategy described above. There was
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some optimism for the prospects of a fuel cell gkshon the grounds that the motivations
behind car purchasing decisions are not entirgictd in a strictly functional sense.
Presentational, aesthetic and image related aspexts much part of the decision to buy
a car as its price and basic functionality. By aipg along such lines it was felt FCVs
should attempt to establish their own niches, augigrice comparisons with
conventional models. Workshop participants obsethiatisuch factors could be a major
influence on consumers, but did not raise the isg@mvironmental motivation as a
potentially strong driving force behind purchasdegisions.

Buses

Because of the serious risk in making large investshin infrastructure before a definite
demand is established, from the infrastructure iprvpoint of view, buses and public
transport projects are considered highly favourédiearly hydrogen developments, as
they can potentially provide a guaranteed and gtdathand for hydrogen. However, the
interest of vehicle manufacturers in providing tluses is difficult to gauge. The EU
CUTE project has on the whole reported successfibpmance of its buses in the
various cities involved. However, according to warkp participants, the London
hydrogen project has so far found it difficult tergrate interest from manufacturers in
providing the 10 buses needed by 2010. This majuleeo technical reasons- it was
proposed that there are currently still problemigding a reliable single 200kW stack.
Consequently buses tend to use multiple stackshadaanot benefit so easily from
simplification of BOP as it would apply to a singiack. It was also suggested that for
most automotive companies, the production voluroesdises would not justify the
investment. Although more specialist HDV compameght be more suited to this
market, participants observed that the HDV industypoom and bust’ in nature,
meaning that companies either don’t have the mondlye time to invest in fairly long
term projects, particularly where there is someeutainty. Related to this, despite the
strength of the mayor’s 2010 commitment, it is jjasesthat the industry is still sceptical
that this commitment will be secure in the longrtemhis is an issue which government,
both local and national, should attempt to addtéseugh developing clearer and long
term policy signals relating to the role of trandpo tackling climate change.

Fleet vehicles

Companies which operate fleets of vehicles are rmensitive to the impact of
operational costs than the average consumer. Coesty, incentives impacting on
running costs, such as exemptions from congesharges and fuel tax breaks may be
considered as being more effectively aimed at Velfieets than individual consumers.

For individual consumers however, up front invesitaeare much more apparent when
making purchasing decisions than long term runogjs. In either case, if policy and
fiscal incentives such as duty rebates on certagtsf or on vehicles, were to have a
strong effect, it would be important that they dddee seen as permanent enough to
generate consumer and manufacturer confidence.

Transition technologies
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The role of transition technologies was discusse¢tdeaworkshop. Hydrogen ICEs, or
vehicles running on alternative gas fuels suchoagpressed or liquid natural gas (CNG
or LNG ) or hythane (a hydrogen / natural gas migy be seen to offer an acceptable
transitional route to penetration of hydrogen A ftedl vehicles, for example through
facilitating the incremental development of hydnogefrastructure, or through
encouraging consumer familiarity with gaseous fudt®vever, concerns were raised at
the workshop that technological lock-in to thesghtelogies could occur before the
transition to more environmentally benign techna@sgccurs. From a policy point of
view, the benefits of encouraging early introductid transition technologies should be
carefully weighed up against a later deploymenhofe advanced technologies.

However, it was also stated that in general, prextesdfor alternative fuels and alternative
fuelled vehicles are not strong. Despite favouraloly and running costs of LNG and
CNG, uptake has been extremely slow.

Other cleaner vehicle technologies may not be densd as transition technologies, as
they lead in a different direction to hydrogen. B&ls, and continuing incremental
improvements in the efficiency of gasoline vehidleguding hybrid electric technology,
might delay and even avoid totally FC developmpatticularly as they may be seen to
offer nearer term more cost effective emissiongnggvon a CO2/£ basis. There is some
conflict here between a long term and short terampihg approach, between greater
rewards now or in the future.
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3. Key system issues and concepts

3.1 Niches and technology transfer

The concept of market niches has been identifieddoypus authors as being central to
theories of technological transition (see for exntpeels, 2002; Hoogma et al, 2002;
Eames and McDowall, 2006). In theory niches allbesprotected development of
technologies, which can then spill out into otherket spaces. The role of niches also
emerged strongly within workshop discussions asganportant to hydrogen / fuel cell
technology development, as there are particulaliGgjons where certain operational
characteristics of hydrogen / fuel cell technolsgiay be highly valued by certain users.

Clearly to have success with a niche marketingeggait is important to address the
product to a very specific section of the markéterE is also potential for effectively
creating new niches by selling fuel cell products into specificallygated markets
appealing to the preferences of a particular kincbasumer, which current incumbents
may not target, thus avoiding competition and tfugeeprice comparison altogether. For
example, pioneering FCV companies are likely tokegatheir vehicles as alternative
‘lifestyle choices’, rather than aiming to makerthimdistinguishable from the standard
incumbent ICE vehicles.

The theory of technological transfer suggestsniates give technologies a protected
market space in which their overall performanceleaimmproved, and crucially, their
cost can be brought down due to increasing proaluctf this happens, there is a much
greater opportunity for the technology to transteapplications in wider, mainstream
markets.

The extent to which this technology transfer cacuoaevith fuel cells was an important
area of discussion in the workshops. A major caioluwas that due to the variety of
fuel cell technologies being used, and the diffeegplications for which they are being
designed, there are ever more increasing divergandbe technological parameters of
each kind of appliance. This divergence meansthigapotential for technology transfer
between fuel cell niches within the various seci®tsghly restricted. As has been
observed, for example, niches developed withirptirtable power market are unlikely to
yield significant benefits to the development dflfaells in automotive markets, as the
types of fuel cells as well as the fuels used cheaarket are now almost always
different.

Within a particular market sector however, the ditdetween niches, and thus the
potential for technology transfer, are clearly mstionger. The efficiency, silent
operation and low pollution levels of portable faells mean that certain niche users may
prefer them to conventional technologies despiyé ksbst. A significant cost reduction,
and some key performance improvements, such asteengl volume reduction, would
allow them to penetrate in wider markets.
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On the other hand, efficiency and low pollutiondsymay be particularly attractive in
certain niche transport applications, for whichrageay pay higher premiums. Key
performance improvements such as vehicle rangek starability and cost reduction,
possibly assisted by policy incentives, could $eetéchnologies appeal to consumers in
a wider range of applications within the automoteetor.

It was observed in the workshops that standardisatill be a key factor in bringing
down the costs of technologies. It is also likélgttincreased standardisation will aid
technology transfer, as it will imply technologiggh high performance in enough key
areas (ie weight and volume of hydrogen storagegpdransient response, durability,
etc) to meet the needs of a variety of applications

From the perspective of consumer demand, in oatea hiche technology to spill over to
wider markets, there has to be a latent potengiadahd for that application within a
broader group of consumers, which is ready to bksetl as soon as the cost falls
enough. An example of this brought up within thekgbops was the latent consumer
demand for increased portable power. Similarly,rteéed for urban commuting transport
is a significant area of potential consumer demardch could be realised beyond an
initial niche market if the cost of the technoldggcame viable.

3.2 Integrated nature of system

As has been described under the infrastructuraistsan, a functioning hydrogen / fuel
cell system would operate with a high degree @gration, with each stage in the chain
highly responsive to developments and technologicids taking place at other stages.
As has been described, technical demands of entciseologies relating to the physical
state and pressure at which hydrogen is requiféatitdahe comparative economics of the
various production and distribution routes. Becaxfdhese whole chain linkages,
technical improvements which see a particular tetdgy come to dominate at one stage
in the chain, greatly affect which technologies aemviable at other stages. The
integrated nature of the system must be kept syongnind when designing policies to
encourage implementation- incentives for certaiht®logies must be backed up with
incentives likely to support the appropriate ch&alicy makers should also be aware of
the potential for success or failure in any oftbe&hnologies, and how this could alter the
viability of other components in the chain.

3.3 Circular demand / supply, cause and effect

The time frame for commercialisation of the variapglications of fuel cell technologies
was deemed to be uncertain, and dependent to sderd epon the attitudes of the
manufacturing companies. In portable, APU and FGirkets the time frame of
commercialisation is not critical to large compani¢hich have a large portfolio of
projects. Many of these companies have fuel celigtypes, but the extent to which they
will push to be the first to bring these to mariseftar from clear. It is likely to be the
smaller companies which are specialising more hod have a different approach to risk,
which would be the first to bring the technologythe market.
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When and whether large scale production will colmauais an area of great uncertainty,
but the workshops identified three key driving fsadn this process: demand, investment
and innovation, which impact upon each other im@going circular fashion, as
represented in Figure 1. This circularity is rootethe premise that the positive effect of
a learning curve is dependent on the number of woitd- however if increasing numbers
of units cannot be sold due to a high cost and ¢dalemand, progress down the learning
curve will not be made. Conversely, if the pricedraes acceptable to a significant
number of consumers, the increased demand willite increased production

volumes, and progress down the curve will be maskef. Government policy can have

a role in directing taxes and incentives to reridehnologies financially attractive to the
consumer, despite high manufacturing cost. Thisexample, may help FCVs to

broaden their initial niche market- where theirthgyrice might have limited their appeal
to a narrow niche, incentives could widen theireglgo a wide enough consumer base to
generate real economies of scale, which wouldrim ¢enerate greater manufacturer
confidence, investment, and increasing economissale, producing lower cost and in
turn, greater demand.

Technological innovation
produces products fit for a
wider range of purposes, at
lower cost, broadening
consumer demand

Government intervention
(reduced VED, fuel duty,

O parking charge:
(@}

Cost competitivene |

The benefits of greater
investment are increased
economies of scale,
learning by doing, specific
material improvements, and
technological innovation

Consumer
Technological Demand
Innovation

Q Niche requirements

Fashiol |

Environmental concerns

RN

Greater evidence of
consumer demand
encourages more
investment from
manufacturers

Investment LO O

from
manufacturers

Figure 1: The Circle of Demand, Investment and Innovation
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3.4 Uncertainties inherent in considering technoliogl transitions

A major conclusion from the workshops was that thise stage process admits
considerable elements of uncertainty at all stafjlesre is significant uncertainty
surrounding the extent of consumer demand for lyeind fuel cell products, and the
different fuel cell technologies elicited contrasgtiviews on the sensitivity of consumer
demand to price in respect of them. Some partitgpathe APU and portables
workshop expressed views that users would be ntetivi@ buy such products purely
based on their performance in certain applicatagenst incumbent technologies, rather
than by any fascination with owning a new technglfay its own sake- moreover it was
generally felt that such technological fetishisrech@ot be relied upon, as the
technologies have the potential to better incungdanthese specific applications. In the
case of vehicles however, it became harder to ingalgow the private benefits, in purely
functional terms, of a fuel cell vehicle could oefgh the performance of petrol ICEs.
Thus patrticipants in this workshop were more irainio discuss the benefits of fuel cells
in terms of less ‘logical’ consumer motives, sustfashion and an attraction to new
technologies for their own sake (although workspagicipants did not raise
environmental concern as being likely to be a majotivating factor for the individual
consumer). Participants in this workshop in patéicemphasised that much of the
decision making behind car purchases is not strdogical in a functional sense. Factors
such as presentation, image associations, andetiestban play a much larger role in car
buying decisions than what the consumer actuakygseFuel cell vehicles could be
potentially be made to have increased private litsrmdmpared to conventional ICES,
through policy engineering designed to stack tlmemics in their favour, such as
congestion charging, parking charges and roadngrittiat are weighted in favour of low
polluting vehicles.

As has been described, increased investment wdl g influencing factor on
technological change. However, there is also someentainty as to where and how
quickly technological change could happen. Worksharicipants stressed that most of
the technologies concerned are not ‘mature’, aptdessed confidence that some ‘step
change’ improvements in technologies could be dnbabout with significant

investment. A key technological change could dracally alter the viability of a
particular technology- however, precisely wherehsstep changes could occur remained
an area of uncertainty in the workshops.
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4. Policy making

Within the APU and portable workshop the role ofgmment policies was not greatly
stressed- rather the emphasis was placed on theadegwhich the private benefits of
the technology could bring about market penetratioaided. The FCV workshop
however focussed much more strongly on the rofgoeErnment in incentivising change,
with participants commenting that a ‘step changma@entives’ was required. Therefore
the policy incentives discussed in the workshapged here, relate predominantly to
vehicle applications.

There are different policy options available, whoduld have different impacts in terms
of the kinds of technologies and applications wlaoh incentivised, leading in turn
potentially to different routes of technology dex@hent. The effect of policies should
be considered in this forward looking manner, &&dint kinds of policy directions
could lead to quite different outcomes.

4.1 Heavy duty vehicles- Public Procurement

Several participants emphasised that a crucialdiep for fuel cell vehicles will be the
build up of public vehicles within regional spacparticularly cities, as such a strategy
would improve infrastructure logistics and demaisd management. This implies a
potentially strong role for local authorities whiekert some influence on the local public
transport system. London, which is something ofiansual case in that the mayor’s
office has a particularly significant role in proimg public transport vehicles through
Transport for London, was seen to be a leadernsirédgard, in the UK.

Workshop discussions reiterated the importancestfang long term signal to the
success of procurement activities. Manufacturegsire a certain level of confidence that
the demand for the technology is in place for trglterm, before investing in
developing it. The GLA has publicised a commitmenfO hydrogen vehicles on
London’s roads by 2010, however this alone doeyebappear to have stimulated a
significant increase in activity from manufacturers

4.2 Incentives for light duty vehicles

Another, slightly different emphasis to early stagployment, though not necessarily
incompatible with a public transport focus, is ¢@ds on incentives that may encourage
purchase of passenger vehicles. The point wasgiyromade in the FCV workshop that
the first small scale vehicles would be low rangean commuting vehicles. It is
therefore worth considering how policies might offecentives to the individual
consumer for the use of such vehicles within, amgbarneys to and from urban centres.

Exemption from Low Emission Zone charges could th@@portant instrument,

particularly as such schemes usually focus on uab@as, and would thus coincide with
the most promising early market for fuel cell védsc The workshop also raised road
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pricing schemes, and a more radical approach tfasg access to certain roads for
high emission vehicles, combined with the abildytiade emissions in order to gain
access.

It was also mentioned that the objectives of th@wus policies should be clarified in
order not to conflict with one another- for examiilere seems to be some confusion as
to whether the priority of the London congestioarge should be local emissions,
carbon emissions, or traffic congestion. This hgsicant implications for hydrogen, as
shall be discussed below. The workshop suggesétdhé various schemes should be
linked up into an ‘intelligent system’ making udet@lemetric technologies, and a trading
system.

Another type of business incentive mentioned invilbekshops was the possibility of
using planning laws as an instrument to increasattractiveness of low carbon
vehicles. For example, when companies apply fomg=ion to build new premises, they
could be allocated additional parking spaces fardarbon vehicles only.

The prospect of reduced running costs, which mayhée&ombined effect of the kinds of
measures described, may make hydrogen vehiclesattoaetive to companies operating
fleets of vehicles within urban areas. Fleet owensl to have a longer term view of
costs, and may be attracted by reductions in rgnoasts despite higher capital costs.

For individual consumers however, the impact ofitedpost tends to appear far more
significant than operational costs, which are seldonsidered by consumers in as much
detail. Therefore, the operational benefits wowddenhto be fairly clear cut to encourage
general consumers to purchase the vehicles. Howéweworkshop described
mechanisms such as purchase grants as being tkelyetb be seen used in the US. Such
policies, which are aimed directly at reducing Itieden of capital investment for the
individual consumer may have a greater impact oantivising the purchase of fuel cell
vehicles by individual consumers.

4.3 Supply side investment incentives

As well as providing incentives on the demand sigegntives for the companies which
are likely to produce hydrogen / fuel cell techrypés might facilitate greater investment
in the technologies. Workshop discussions condigtemphasised the important role of
small and medium scale enterprises in early segfeblogy development, as the large
scale companies are not set up to manufacture dbwhproduction levels that would be
required at the early stages. Consequently, it tiighnferred that any business and
investment incentives which are developed witheawto incentivising hydrogen / fuel
cell development, should be constructed to be feala to small and medium scale
enterprises. Larger companies would be more liteegin at the later stages, when
production numbers justified their investment.
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4.4 Extent of government intervention to ensure keglicy objectives are
met

It was observed in the workshops that even assuenmgirogen supply chain could be
generated in something close to market condititresmarket might not choose the
supply chain which most closely met key policy atijes, such as diversity of supply
and carbon reduction. Therefore, increased usgdrblgen that met both of these key
objectives may require some significant policy iaé&ation.

All measures are likely to be technology blind- lewer, due to the significantly higher
cost of hydrogen / fuel cell technologies compdeedther potentially low carbon but
nearer term options, such as hybrids and eleagticles, if measures were really to
incentivise hydrogen technologies they would havied weighted to give increased
incentives to very low carbon options. It was olsedrin the workshops that policy
makers may be tempted to favour measures whichegjual incentives to near term
incrementally improved technologies, which wouldypde more immediate benefits in
terms of CO2 reduction / £. However, such policreght not allow the development of
potentially more radical technologies, which colglad to a less than optimal solution in
the long term.

Moreover, the variety of hydrogen WTW chains ava#antroduces a complexity into
the coordination of low carbon technology policiesr example, dispensation could be
made within a low emission charging zone for thenegtion of hydrogen powered
vehicles. Whilst the impact of this measure wowddubequivocal in terms of local
pollution, depending on the production route oftilgdrogen powering the vehicles, the
overall effect on carbon emissions could be a gégé reduction, or even a net increase.

In summary, a major output of the workshops wasibécies need to be carefully
coordinated to avoid giving out mixed messagess Trhiolves coordinating the various
incentives and penalties that could potentiallynygosed on individual consumers, and
rationalising the various aims towards which su&asures could be directed. These
measures should also be considered in the ligbthefr signals sent out to the
manufacturing industry, both to companies who mighable to provide public transport
vehicles and infrastructure, who require the canfizk of long term signals of
procurement intentions, and to the small scale emigs who could potentially provide
the first private vehicles, for whom favourable iness conditions and the incentivisation
of the potential consumer market will be important.
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5. Conclusions

Bringing key issues from all the workshops togetttee following aspects emerge as
being pertinent to all of them, and identify keykiages between all areas.

5.1 Regional-specific rather than generalised appoh to the ‘Hydrogen
Economy’

Various outputs of these workshops suggest thatidenng the hydrogen economy as a
transition that will happen to a large area orstaciety in general’ is far less meaningful
than considering it as something that will takecplan specific applications, at specific
locations or within specific regions. Briefly, tleegutputs are as follows:

» Technology: The first market entrants would be manufacturddwtproduction
volumes, by small innovative companies and to kachinarket segments

* Infrastructurelogistics: An incremental approach, initially on a regionrbgion
basis, was identified as the only feasible appraachfrastructure build up

* Infrastructurecosts: It is problematic to compare costs and performaenels
of storage and distribution technologies withowt tontext of the production
method and end use technology. This requires aeratahding of where and for
what purpose the hydrogen is being produced

As McDowall and Eames (2006) have noted, ‘thermisingle, shared vision of a
‘sustainable hydrogen economy”. Studying the fledity of hydrogen economies in
specific regions would help to avoid the unceriastmplied by this conclusion. It could
lend greater clarity to issues of public acceptigbhivhich is highly inter-related with
regional values and identities. It would also delia far greater degree of rigour to
discussions about the feasibility of future hydmgeonomies, which, as was observed in
one of the workshops, can be somewhat sabotagptbpgnents of opposing view

points choosing the most extreme illustrative exasp

5.2 Policy making under Uncertainty

Coping with uncertainty when scoping hydrogen [ tigdl futures emerged as a
significant issue within all workshops. This wasreoonly identified at the technology
development level, where participants stressegassibility of major improvements in
areas of performance hitherto undiscovered. Howeliscussions frequently related
such improvements as affecting and being affecyetthd extent of consumer demand, as
depicted in Figure 1. In this context uncertaingsvirequently characterised in ‘all or
nothing’ terms, where if the technology reachesbeessary level, its growth will be
huge, while if it doesn’t reach this ‘critical mggsenetration will be negligible. The
ranges of uncertainty are huge- they are far tgoifscant to ignore, but at the same time
the ranges are so great as to diminish the meaniggs of sensitivity analysis.

As Figure 1 also shows, the workshops (and pasiuthe FCV workshop) observed
that government policy incentives may be cruciaetting this cycle in motion, by
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stacking the economics in favour of these new teldwies in order to make them more
desirable to consumers.

However, it might be observed that there is andktkegruncertainty here relating to how
much intervention in these matters it will be pbksfor any government to make.
Policies which incentivise some technologies uguadive to penalise others, and the
impact of socio-political and cultural factors dw tstrength of policies which are
considered politically acceptable, should not béemastimated. As Anable et al (2006)
observe, transport ‘appears to be the least addeeea of policy for the public with
respect to tackling climate change’ and ‘finanpi@halties are the least supported’ within
this sector.

Within this context, the question again arisesoashat degree of intervention will be
tolerated by the political system, business intsrasd the public at large. The success of
hydrogen and fuel cells, the extent and speedeif genetration, and their success, if
they do penetrate, in meeting low carbon and sugiplsrsity policy objectives, being
heavily dependant on the extent of policy interi@mtare therefore equally dependent
on the acceptability of strong policy interventiorsociety in general. This is a key
uncertainty which must be considered in planningiairogen / fuel cell transitions.

5.3 Policy coordination

The workshops offered several conclusions relatngplicy implementation and
coordination. A variety of policy instruments weliscussed, but a key point was that the
various measures should be coordinated to avoidgymonflicting signals both to
consumers and potential manufacturers.

Given the relevance of a regional approach to hyeind fuel cell development, there
should be coordination between policies which oggeasthe regional level and national
level incentives. The most likely potential pulilienefits of hydrogen / fuel cells are
decarbonisation and reduction of local pollutioheTatter would be more likely to speak
to a local agenda, however the former could baieiarlong term goal within the
national context. The extent to which these diffiébjectives should be prioritised or
combined needs to be coordinated. Policies shdsidlee sensitive to the integrated
nature of hydrogen production, storage, distribuiad end use systems, and view a
potential system as an integrated whole.

Policies must also be constructed with long tertarkipathways in mind, and with some
sensitivity to the key areas of uncertainty thatendentified in the workshops. Some
judgement must be exercised in the balancing upeofelative benefits of near term, low
cost carbon reduction, against longer term, mopeesive but potentially deeper cuts.
Policy should attempt to account for the uncertamitelated to technology development
and the extent of public acceptance of measuregra=bto incentivise this development.
The impact of policy decisions should be viewethi context of long term
development, with an understanding of the diffefentls of technologies and
infrastructures different policies might be tunegtomoting, what kinds of transitions
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will be possible through these pathways, and whdtgoals might be achieved by each
route.
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