UNIVERSITY OF WESTMINSTER

gRabh -

vvyy

WestminsterResearch
http://www.wmin.ac.uk/westminsterresearch

Forecasts, scenarios, visions, backcasts and roadmaps to the
hydrogen economy: a review of the hydrogen futures
literature.

William McDowall
Malcolm Eames

Policy Studies Institute

This is an electronic version of an article published in Energy Policy, 34 (11).
pp. 1236-1250, July 2006. The definitive version published in Energy Policy is
available online at:

http://www.elsevier.com/locate/enpol

The WestminsterResearch online digital archive at the University of Westminster
aims to make the research output of the University available to a wider audience.
Copyright and Moral Rights remain with the authors and/or copyright owners.
Users are permitted to download and/or print one copy for non-commercial private
study or research. Further distribution and any use of material from within this
archive for profit-making enterprises or for commercial gain is strictly forbidden.

Whilst further distribution of specific materials from within this archive is forbidden,
you may freely distribute the URL of WestminsterResearch.
(http://www.wmin.ac.uk/westminsterresearch).

In case of abuse or copyright appearing without permission e-mail wattsn@wmin.ac.uk.



wattsn
top stamp

wattsn
Middle

wattsn
Bottom


Title Forecasts, Scenarios, Visions, Backcasts and Roaalns to the Hydrogen
Economy: A Review of the Hydrogen Futures Literatue

Authors: William McDowall (w.mcdowall@psi.org.uk & Dr Malcolm Eames
(m.eames@psi.org.uk

Affiliations: Policy Studies Institute, 100 Park Village East, bndon, NW1 3SR
United Kingdom, www.psi.org.uk, +44 (20) 7468 0468.

Abstract:

Scenarios, roadmaps and similar foresight methoelsised to cope with uncertainty
in areas with long planning horizons, such as gnedjicy, and research into the
future of hydrogen energy has been no exceptiorth Situdies can play an
important role in the development of shared visiohthe future: creating powerful
expectations of the potential of emerging techniegnd mobilising resources
necessary for their realisation.

This paper reviews the hydrogen futures literatusgng a six-fold typology to map
the state of the art of scenario construction. Jdyeer then explores the expectations
embodied in the literature, through the ‘answergrovides to questions about the
future of hydrogen. What are the drivers, barriarsd challenges facing the
development of a hydrogen economy? What are thet&elynological building
blocks required? In what kinds of futures does bgdn become important? What
does a hydrogen economy look like, how and whers doevolve, and what does it
achieve?

The literature describes a diverse range of pasdiblures, from decentralised
systems based upon the small-scale renewablesgthrto centralised systems
reliant on nuclear energy or carbon-sequestrafitvere is a broad consensus that
the hydrogen economy emerges only slowly, if aldem‘Business as Usual’
scenarios. Rapid transitions to hydrogen occur amger conditions of strong
governmental support combined with, or as a resulinajor ‘discontinuities’ such
as shifts in society’s environmental values, ‘gardleanging’ technological
breakthroughs, or rapid increases in the oil pacespeed and intensity of climate
change.
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1. Introduction
Scenarios, roadmaps and similar foresight methaods iacreasingly used in

academia, government and industry as a meanspaigwith uncertainty in areas
with long planning horizons, such as energy or dpamt policy (Greeuw et al.
2000). Research into the future of hydrogen asramrgy carrier and the putative
‘hydrogen economy’ has been no exception. Theeerish contemporary literature,
spanning articles in academic peer reviewed josraald official or semi-official

policy documents, through to works of popular aday; exploring the future

potential of hydrogen energy.

Foresight methods and approaches can play an iamamle in the development

and propagation of shared visions of the futureating powerful expectations of

the economic, social and environmental potentiakwferging technologies; and

mobilising the intellectual, financial, politicahd institutional resources necessary
for their realisation (Weber 2004).

This paper presents an extensive review of theenti(English language) hydrogen
futures literature, and maps the state of the &rscenario construction around
hydrogen. The review undertaken for this work ig aa exhaustive list of all
hydrogen futures studies ever published. Rather,ailm has been to capture the
diversity of the current hydrogen futures literatiny identifying groups of studies,
and characterising them by asking questions abmit &ims, how they were put
together, what kinds of perspectives they haveheffuture and of technological

change, and over what sort of timescales eachdiypeidy tends to operate.

The paper is structured as follows. Section 2 lyridéscribes the search strategies
used to identify and analyse the hydrogen fututtesature. Section 3 presents a
simple typology that characterises this diversraiture according to the objectives,
methodology and narrative structure of the studiesussed. Six broadly distinct,
although not entirely exclusive, types of study adentified. These are: 1)
Forecasts; 2) Exploratory Scenarios; 3) Technicaeén@rios; 4) Visions; 5)
Backcasts/Pathways; and, 6) Roadmaps. Sectiomdptio@ides a second analytical
‘cut’ on this literature by interrogating it for éhanswers it provides to a series of

guestions about the future of the hydrogen economy:



* What are the drivers of a hydrogen economy?

* What are the barriers and challenges facing theldpment of a hydrogen
economy?

* In what kinds of future does hydrogen become inguft

* Which technologies are important and what doesdadgen economy look
like?

* How does a hydrogen economy develop and evolve?

* When does a hydrogen economy emerge? and

* What does a hydrogen economy achieve?

Finally, section 5 draws together some overarchomgrclusions and reflections.

2. Review Methodology

Studies were identified by using electronic jourdalabases and internet searches to
search for: ‘Hydrogen or fuel cells’ AND ‘economy’scenario’; ‘futures’;
‘roadmap’; ‘pathway’; ‘routemap’; ‘forecast’; ‘foseght’; ‘backcast(ing)’; ‘vision'.
Some studies were also brought to the attentiothefinvestigators by colleagues

working in the field.

Studies were included that described a hydrogedunedrcell future, or a strategy or
‘route’ by which a hydrogen or fuel cell future rhigdevelop. There was a focus on
those studies which were most relevant to the Ul diudies specific to other

countries were included (Andersen et al. 2004; #soa & Sigfusson 2000;

Australian Government 2003; Fuel Cells Canada; @gdxment of Energy 2002).

A total of 40 studies, published between 1996 &b@2were reviewed. Of these 11
focus on hydrogen or fuel cells in road transpwttjlst a handful looked only at
stationary fuel cell applications. Most studies sidered hydrogen or fuel cells in
more general contexts, including a variety of peittuin routes and uses. All of the
studies were analysed against a standard templaesure that the same elements
of each were captured and compared in a rigorodse#itient manner (McDowall

& Eames 2004).



3. A Typology of Hydrogen Futures

Our analysis identified six distinct though ovepay types of hydrogen futures
study. These can be further grouped into ‘descriptivel Sormative’ approaches.

See Table 1 below.

Table 1: A typology of hydrogen futures

Y This typology has been developed post-hoc: theviddal studies do not

necessarily identify themselves in the way in whioéy have been classified here.



3.1 Forecasts

Table 2. Studies classified as ‘Forecasts’

Two ‘roadmaps’ also included market forecasts a$ pathe study (Fuel Cells
Canada 2003; HyNet 2004).

Forecasts are characterised by the use of quarditatethods to predict futures
based on current trends, or based on surveys @freapinion (Kosugi et al. 2004).

They tend to explore shorter time scales (up toOROBlost used inputs such as
technological learning curves, demand projectifunsl, cost or oil price projections,

and the characteristics of competing technologiemodel market penetration of
fuel cells or hydrogen (Christidis et al. 2003; Bskima et al. 2004; Mima & Criqui

2003; Thomas et al. 1998). Some used ‘scenari@se(meaning variations in the
set of input assumptions) to explore the impactiierent factors on shaping the
future of hydrogen. The most basic forecast in litezature simply extrapolates
sales figures from 1996-2003 to project statiorfast cell market growth to 2020

(HyNet 2004).

Rates of adoption of hydrogen technologies areidersd to be largely a function
of their relative costs compared to alternativéntetogies. However, several of the

above studies also model the effects of policyri@stions such as carbon taxes.

In assessing what necessary developments must accorder for a hydrogen

economy to develop, these studies focus on contgelmological challenges (e.g.
price of fuel cell electricity per kwh). The ceritchallenge to a hydrogen economy
is seen as bringing down the costs of hydrogemtdohlies, along with creating the
necessary market conditions for penetration, sushthe establishment of a
refuelling infrastructure (sometimes assumed fa¥ purposes of the modelling

exercise).

Significant strengths of forecasting approaches Hrat they can provide:
guantitative targets for technology developmenbyjating a sense of performance
and cost necessary to compete successfully); atitatewe consistency check and



basis for exploring the importance of differentuasptions; and unlike many of the
other studies reviewed, they tend to view hydrogethe context of wider energy

systems and competing technologies.

However, forecasts, particularly over long timethons, have been widely
criticised for an overly deterministic view of tature (Berkhout & Hertin 2002;
Smil 2000), and of technological change (Geels &itS2000). Such criticisms
challenge the assumption that new technologiesIgimgplace old ones, without
perturbing the technological ‘regime’ or ‘paradigm’which they operate: creating
new markets, new institutions, and new user behasioand patterns of
consumption. By themselves, such forecasts mayf liemibed use in helping us to
understand the complex processes by which largantdagical systems are

transformed.

3.2 Exploratory scenarios

Table 3. Studies classified as ‘Exploratory Scenarios

Rather than extrapolating from existing trends,l@gtory scenarios seek to inform
policymaking by illuminating underlying drivers ohange, often drawing upon tacit
knowledge and expertise, to build internally cotesis storylines describing a

number of possible futures.

The exploratory scenarios reviewed here explorgdoierm (2030 — 2100) futures
and include trend-breaking developments. Howevehjlstv the possibility of
including ‘surprise’ elements is thought to be & lstrength of the exploratory
approach (van Notten et al. 2004; Schwartz 1996%, possibility was explicitly
discussed in only two of the exploratory studiegewed (Ohi 2002, Shell 2001),
and not by others which nonetheless invoked trgedding changes such as
sweeping shifts in social values (Barreto et al00Di Mario et al. 2003).
Similarly, though some authors have emphasisedniportance of participatory
techniques in exploratory scenario building, (8grkhout & Hertin 2002), only the



studies by Ohi (2002), Watson et al. (2004) andAbstralian Government (2003)

appear to have involved stakeholders in their dgraknt.

Unlike most of the other studies reviewed in theggr, several of the exploratory
studies made explicit reference to theories ofrietdgical change, such as Geels’
multi-level perspective of technological transiofGeels 2002; used by Andersen
et al. 2004 and Watson et al. 2004).

Three of the exploratory studies reviewed devebaptiag scenario sets e.g. the UK
Foresight Futures framework (Watson et al. 2004 thie IPCC SRES scenario B1
(Barreto et al. 2003; Di Mario et al. 2003). Thesedies explore the potential for
hydrogen within their ‘parent’ scenarios, and userdgitative models (such as
MESSAGE-MACRO, POLES, or the purpose-built THESt8)enrich and help

guantify the scenario outputs.

The other exploratory studies develop new scenamnk storylines to explore the
conditions under which a hydrogen future might lohf@Andersen et al. 2004,
Australian Government 2003; Kurani et al. 2003; @Bi02; Shell 2001). This
involves identifying sets of drivers that are likdlo be important in the future
development of hydrogen technologies and the tiiansio a ‘hydrogen economy’.
At least one study assumed the presence of stroaghygrogen policies, to
investigate the implications of such policies imaaiety of future worlds (Andersen
et al. 2004).

The exploratory scenarios stand out as having nsbrgctured approaches to
thinking about drivers, although they tend to engd®a those that operate at the
‘landscape’ level. This approach has been crititias being overly ‘top-down’

(Geels 2002b). However, when considering long tpagods it arguably provides a
useful means of capturing the broad dimensionfiahge. Table 2. (below) outlines
the dimensions chosen by the eight exploratory aterstudies, such as rate of

technological change, or type of governance.

Table 4: Major drivers in exploratory scenarios



An important feature of exploratory scenarios @t tfe storylines are not supposed
to be driven by a preconceived desirable end-pditdwever, many of the
exploratory scenario studies reviewed here incladeappy ending’ storyline, in
which CQ is dramatically reduced and society is reasonai off and secure.
These scenarios tend to involve rapid technologibahge integrated with a socially
responsible and globally co-ordinated society -hwitsignificant role for hydrogen.
This suggests a tendency for such exercises to amgmevith an unconscious

‘favourite’ — one that, in this case, is usuallgidedly pro-hydrogen.

3.3 Technical Scenarios

Table 5. Studies classified as ‘Technical Scenarios’

The approach of these studies is best summed kiyeHal (2004):

“...the purpose is not tpredict the uptake of alternative fuels or vehicles..., fouassess

the implications of a large-scale mosgapuld it be attempted

These studies explore different possible hydrogesed technological systems, and
assess the implications of these against a rangetefia, such as carbon emissions,
cost, and technical feasibility. Technical sceraace much more specific about the
systems envisaged for the future, and how thesatmigrk in technological terms.

Whilst such studies can make an important contiobuto assessing the feasibility
and desirability of alternative future systems,ytladten neglect the social and

cultural dimensions of technological change.

The future is viewed as a series of more or lestscstechnological options, rather
than storylines of technological change. Most efstudies (Eyre et al. 2002; Hart et
al. 2004; Ogden 1999; Sgrensen et al. 2004) makergions about future demand
for energy provided by hydrogen, and model posspitems that would meet that
demand. Of the five studies, three investigateptibiential for producing hydrogen

entirely from renewable resources.

The drivers for change are considered at the miawed-of carbon emissions and

energy security, while the major barriers identifere the higher costs of hydrogen



technologies, and the lack of renewable electrisitgplies. However, these studies
do not attempt to investigate the dynamics of trenditions to the modelled
systems, and therefore do not explore the broaafgors that would promote or
inhibit particular futures developing, or how a hygen infrastructure might

develop, as these issues are outside the scope ahalysis.

3.4 Visions

Table 6. Studies classified as ‘Visions’

There are two broad types of ‘vision’ identifiedtime literature. The first, and the
kind with which this section is concerned, are pitl by individuals or small

groups, outlining a desirable hydrogen future. Heeond is produced through
stakeholder workshops to provide the basis fobadrmapping’ exercise, and is an
attempt to generate a shared picture of a desifallee and way forward. This

latter type will be considered under ‘Roadmaps’.

Vision studies present, often rather utopian, tiaadescriptions of a future
hydrogen economy. In so doing they aim to show #hlaydrogen economy is both
plausible and desirable. These studies tend tchewrnical rather than analytical.
Their role is not to analyse or predict the futuhes strength of the approach is that
they expand the possibilities considered, and ereashared picture of what the
future could be. Timescales are generally undefiaéttiough visions are often set
further into the future than more formal futuregmxses. They also tend to include
more ‘surprise’ elements that break with currenéntis (e.g. technological
breakthroughs, shifts in social values). A notahisfit amongst these studies is a
paper by Bossel et al. (2003), which presents iarvisf an alternative to hydrogen,

the ‘liquid synthetic-hydrocarbon economy’.

Generally these visions depict a future where teldgical, infrastructural and
institutional changes go hand-in-hand with a doiftards greener social values and
a more egalitarian society. In the more radicalngas, the hydrogen economy
heralds no less than ‘the redistribution of powerearth’ (Rifkin 2002). Some even



frame a transition to a hydrogen economy as anitatgle development of human

‘progress’ — e.g. Dunn (2001).

While some see technological transitions as mardgeharough R&D investment,
demonstration projects, taxes, and strong govertnteadership (Dunn 2001;
Lovins & Williams 1999), others invoke a need fomjor shifts in social values
(Goltsov & Veziroglu 2001), or revolutionary techogical breakthroughs (Bockris
1999). However, most visions do not directly addréne dynamics of change or the

development of infrastructure.

The macro drivers of the transition to a hydrogeanemy are perceived to be its
potential societal benefits particularly with resp® climate change, but also fossil
fuel depletion, energy security, air pollution, angeo-political dominance’.
However, at a meso/micro level, government actems policy measures, such as
funding for demonstration projects, tax regimes| education programs, are seen as
critical to shaping the emergence of a hydrogemeery. Other ‘micro’ drivers
include the development of renewable energy andrdgygh technologies, and

potential synergies between building and vehickergynuse.

The degree of commonality amongst visions is stgkinot least because they tend
to gloss over potential areas of disagreement, sscthe potential role of carbon
sequestration or nuclear power. All the visionghwhe exception of Bossel et al.
(2003), see an eventual transition to a systemhictwhydrogen and electricity are
predominant energy carriers, and are used moressr ihnterchangeably. Vehicles
will be fuelled by direct hydrogen, not syntheticfossil hydrocarbons. Hydrogen
provides the ‘missing link’ for intermittent renelblas, allowing the entire world to
move to a zero carbon economy. A weakness of #iens is that they tend to gloss
over areas of disagreement (such as roles for sadbguestration or nuclear power),
and potential pitfalls or disadvantages associatgth the development of a

hydrogen economy.

10



3.5 Backcasts & Pathways

Table 7. Studies classified as ‘Backcasts & Pathivays

These studies all start with the assumption thatestorm of hydrogen economy is

desirable, and investigate possible paths by wthehtransition to that hydrogen

future might be attained. Indeed, this attenti@mgition issues is a key strength of
these studies. This normative scenario processa ihe spirit of backcasting, in

which a future vision is elaborated, and storylinesk back from that vision to the

present (Robinson 1982). However, none of thesdiesurepresent extensive
backcasting studies, nor do any refer explicitiitlte methodological literature on

backcasting or scenario building more generally.rRost, a clear picture of a future
hydrogen economy remains undefined, though goassametimes expressed as
targets (e.g. California Fuel Cell Partnership ¢éarfgr number of fuel cell vehicles

(FCVs) on the road).

Typical timescales range from 2020 to 2050. Oné/@alifornia study considers the
possible effects of ‘surprise’ and discontinuiti@espite the attention to transition
issues, few appear to draw explicitly on theorétitaratures on change in large
technological systems. Most rely on a simple tetdmopush/market pull models of
technological change. An exception is Farrell et (@001), which is heavily

informed by the multi-level ‘technological transitis’ theory of Geels (2002).

11



3.6 Roadmaps

Table 8. Studies classified as ‘Roadmaps’

Like backcasts, roadmaps assume the desirabilithydfogen, often defining a
(usually vague) vision, and outlining a series t@fps to get there. The difference
with backcasts/pathways is in the way that roadnvg@s the future, as explained

below.

In general, assumptions about the future are nalenexplicit or explored, leaving
‘business as usual’, or the continuation of curteahds as a default perspective.
Unlike in other futures studies, the future is didwl only in terms of the actions to
be taken and the targets to be met, rather th&womreling broader aspects of a future
world, or describing storylines. The future is teshinstrumentally, as a ‘policy

problem’, with the emphasis placed on what is tati@eved.

Most of these roadmaps combine three important.dhmstly, to identify barriers to
the emergence of a hydrogen future and the measeeded to overcome them.
They explore and, often graphically, communicate risationships between future
markets, technologies and policies (Phaal et ab3R0Secondly, most fulfil an
advocacy function. As a result it has been sugdettat many roadmaps create
unrealistically rosy expectations of a technologfisure (Geels & Smit 2000).
Lastly, the roadmapping process seeks to bringhegéey stakeholders to develop
a shared vision of the future: a common ‘scripéfiking agreed roles and cues for
action. Whilst this may also be an implicit functiof other types of scenario
studies, it is an explicit aims of many roadmappmtatives.

The great strength of the roadmapping approacheisdentification of barriers and
solutions to them, and generation of shared tar§eksle the process itself is often
important in terms of bringing together stakehaddier a common strategic forum,
the final roadmap itself also provides a measurainst) which progress can be

measured.

12



Building a roadmap usually involves groups of stetders identifying the drivers,
barriers, targets, and wider threats and opporamitSome roadmaps are less
inclusive, and are produced by advocates of pdatiqolicy routes. The approach is
very pragmatic. Policies are usually identified fioe short term (5-10 years), with
targets mapped out over the longer term (up to 20@Dbeyond). Such studies are

often dominated by rather linear market pull/tedbgy push perspectives.

4. What does the literature say about a hydrogen future?

Having outlined the main types of hydrogen futusasdies, the following section
examines what this literature tells us by examiniimganswers it provides to a series

of specific questions about the future of the hgéroeconomy,.

4.1 What are the drivers of a hydrogen economy?

The literature revealed divergent views on thediscthat will shape the future of
hydrogen energy. In many of the visions and expioyascenarios, for example, the
development of a hydrogen future is explicitly sesnbeing driven by shifting

social values, particularly the emergence of steorenvironmental values, but also
greater concern for social equity: the later bgyegceived to underpin a shift away
from centralised energy production and distributiowards more distributed forms

of generation.

Many of the visions suggest that the major techgiold barriers have been
overcome, or are readily solvable, as long as tigiqal will is there to provide
funding and support (e.g. Dunn 2001; Lovins & Wdiths 1999; Goltsov &
Veziroglu 2001; Rifkin 2002). These studies frarhe hydrogen economy as an
issue of politics — held back only by the inabilitfygovernments to take a lead.

In contrast, many other studies focus on technotdglrivers (Bockris 1999; Bossel
et al. 2003; Kosugi et al. 2004; Owen & Gordon 20@bme of these make the
implicit assumption that ‘if it works’, the hydrogeeconomy will be realised, while

others focus on costs, working on the principlg thhas to ‘work’ at a price that is

13



competitive with conventional technologies (Mima@&iqui 2003; Thomas et al.
1998).

The literature also includes divergent views on léaeel at which driving factors
should be considered. This means that the termei has many interpretations,
just as the terms ‘scenario’, ‘vision’ and ‘roadrhape used in a variety of different
contexts. Exploratory scenarios consider driversbéo broader societal changes
(social values, rate of technological change etd)jle other studies defined
government intervention and investment in R&D adrizer, or specific market

demands, such as that for backup power.

However, four overarching problems or policy ohbijges consistently stand out in
the literature as providing the underlying drivefs transition to a hydrogen future.

These are:

Climate change:Reducing carbon dioxide emissions is clearly adergid to be the
most important of these. Climate change is citedalyof the studies reviewed.
Indeed, seven of the studies refer only to clinchiZnge as a reason for a transition

to a hydrogen economy.

Energy security This encompasses a range of concerns over the fiature of oil
and gas reserves, their geopolitical sensitivityl docation, energy prices, and
vulnerability of centralised energy systems tockttdNo studies focused exclusively
on this aspect, and eighteen made no mention ofesecurity at all. Of the studies
that emphasise energy security (Arnasson & Sigfus®00; Australian
Government 2003; DTI 2004; Dunn 2001; NHA 2004 kiif2002; US Department

of Energy 2002), most are roadmaps or visions.

Local air quality: Many studies cited reductions in local air pobhatias a

significant benefit of a transition to a hydrogeoeomy, though only regionally
focused studies, such as those from London ando@ah (California Fuel Cell
Partnership 2001; London Hydrogen Action Plan 2@@den 1999; Thomas 1998)
gave this factor particular emphasis.

14



Competitiveness Seven studies refer to international competitegsnas an
important driver in the transition towards a hydrogconomy (Australian
Government 2003; Fuel Cells Canada 2003; Fuel C#{I2003; Greater London
Authority 2002; HyNet 2004; Owen & Gordon 2002; D8partment of Energy
2002).

A final less frequently cited objective is the putel of FCVs to reduce noise

pollution in urban areas.

4.2 Barriers & Challenges

The literature recognises a diverse range of bart@ethe development a hydrogen

economy. The three most prominent are:

o The absence of a hydrogen refuelling infrastructurthe difficulty of
establishing a market for FCVs in the absencerefelling infrastructure -

and vice versa.

o High costs: particularly of fuel cells and of lowrbon hydrogen production.

o Technological immaturity: hydrogen on-board storaged consequent
limited current driving range of hydrogen vehiclémited life-time of fuel
cells. Several other technological challenges agreciic to particular
hydrogen futures, and will be discussed in the extnbf the differing
technological architectures envisaged for hydrdgesection 4.4.

Other frequently cited barriers include safety, lmubcceptability, and the absence

of codes and standards.

There are also many barriers that are picked upnby a few studies, including: the
absence of surplus renewable electricity; socialuesa that disregard the
environment; a regulatory framework that curremstpports fossil fuels; ability of

incumbent technologies to adapt in the face of aditipn from hydrogen; limited

15



skills base; absence of global co-operation or plaaction; limited availability of
fuel cell components, particularly platinum; diffity of technological developers in
accessing capital; lack of demand for hydrogen yetg] and, social opposition,
uncertainty over viability and costs of carbon ssjration.

4.3 In what kinds of future does hydrogen become important?

The exploratory scenarios are rather consistendréfien emerges in future worlds
where there is medium-strong economic growth, aasat with rapid technological

development; and when

a) Concerns about the environment are strong, espewiben climate change
becomes obvious;

or,

b) When traditional energy supplies are expensiveubrerable.

Hydrogen does not emerge in worlds dominated byketaather than social values;
where climate change impacts are small; where tdobital development is slow;
and when economic growth stagnates. The developofehydrogen is patchy in
worlds of strong regional autonomy, with strongalat locally only in areas without

significant oil or gas reserves.

Does a hydrogen future rely on ‘step-changes’?

It is noteworthy that hydrogen generally emerdewly or not at all in ‘Business as
Usual’ type scenarios (Andersen et al. 2004; AliatraGovernment 2003; Di Mario
et al. 2003; Owen & Gordon 2002; Mima & Criqui 20@hi 2001).

In contrast, rapid penetration of hydrogen occurdy ovhen there is strong
government support (although typically even thisnist seen as a sufficient
condition: Andersen et al. 2004; Di Mario et al03}) or major ‘discontinuities’,
such as shifts in social values (Di Mario et al0200hi 2001), technological

16



breakthroughs that radically reduce costs (Ohil206hifts in the relative price of

oil (Andersen et al. 2004), or increases in theed@nd intensity of climate change.

17



4.4 What does the Hydrogen economy look like?

The drivers, barriers and challenges outlined alshape a wide range of possible
hydrogen economies, involving different technoladjic trajectories and

‘architectures’, demonstrating very different copitens of what is meant by a
‘hydrogen economy’. Only some (19) of the studies/le detail about the sources,
uses and modes of distribution of energy in a hyenofuture. Of those that do,
most fall into one of two broad technological atebiures: decentralised or

centralised, as illustrated below.

1) Decentralised architectures

Figure 1. Shows common building
Decentralised Hydrogen Production blocks of a decentralised hydrogen
production systems. Text size of
each building block indicates the
number of studies that envisage a
role for it.

Local biomass H,
Production

Stationary
applications

Natural Small scale
Gas SMR “Energy

Station”

Key technologies: Small scale
electrolysis and Steam Methane
Reforming of natural gas (SMR),

Refueling __»FCV/s renewables, ‘energy station’
Renewable  Small scale station stationary S;,Stemg y|:ue| Cell

electricity  electrolysis usliary Pover Vehicles (FCVs).

Units

Nuclear Reversible FC

electricity

These architectures are based on local productidnya@rogen, from electrolysis,
biomass processes, or steam reforming of natusal $@ame decentralised systems
envisage hydrogen production from local energy smar(such as small-scale
biomass conversion, or ‘micro’ renewables) whilaers seeenergyproduction as
remaining centralised, with energy transferred yalrbgen production units (in
homes or on forecourts) either as electricity dura gas. Decentralised hydrogen
production overcomes many of the infrastructuralribes facing a transition to

hydrogen.

18



Some studies (Foley 2001; NHA 2004), particulahpse with a focus on road
transport, see on-site hydrogen production asreitranal phase (for discussion of
how these technological architectures change, setowh For others,
decentralisation is a key feature of the hydrogesnemy, allowing the benefits of
distributed generation, home refuelling, and even‘temocratisation of energy’ —
empowering people by giving them control of ene(Byfkin 2002). Some of the
decentralised systems involve synergy between rdmesport and heat & power
sectors, with fuel cell vehicles (FCVs) both promgl mobile power and selling
power to the grid at times of peak demand (Austrabovernment 2003; Barreto et
al. 2003; Dunn 2001; Lovins & Williams 1999).

2) Centralised architectures

Figure 2. Shows common building
blocks of a centralised hydrogen
------------------------------- production systems. Text size of

Centralised Hydrogen Production

EZI';‘!ﬁcaﬂon ;Carbon . each building block indicates the
G Sequestration Stationary number of studies that envisage a
as . . H
applications role for it.
i LH2 Truck .
Biomass e FCVs Key Technologies: Carbon
Renewables Pipeline sequestration, Pipelines, renewables,
\ j w2 1o biomass, FCVs, Stationary fuel
Nuclear ‘ CenS.
electrolysis Cavern storage
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A centralised system can draw on a wider variety eoergy sources than
decentralised systems (coal gasification and nudlermal hydrogen generation,
for example, are largely incompatible with deceigeal systems) but it depends on
the development of a dedicated hydrogen distrilbutidrastructure. Many of the
centralised systems focus on hydrogen use in roatsgort, and envisage local
hydrogen pipeline grids linking early demonstratiprojects and fleet vehicle

refuelling depots, creating ‘hydrogen corridorsaireas of high demand.
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A third technological architecture, described bys8al et al. (2003) and Arnasson &
Sigfusson (2000), involves the use of hydrogen eaqtured carbon to synthesise
liquid hydrocarbon fuels, such as methanol. Theged hydrocarbon fuels can then
be used in FCVs with on-board reforming. It is @&duhat this can be compatible
with a low-carbon hydrogen economy, since the aaffoo the fuel is captured from

other sources (such as industrial emissions frortalmerocessing (Arnasson &

Sigfusson 2000), or biomass (Bossel et al. 2003).

Other very different technological architectures possible, e.g. the Shell scenarios,
initially at least, envisage hydrogen sold ‘in axbas a fuel cartridge, which it is

claimed breaks current distribution and infrastaeetparadigms (Shell 2001).

Many studies envisage a final mix of centralised aecentralised architectures,
with pipelines in areas of strong demand, and wlibth centralised and
decentralised production supplying the hydrogerketaor see one as a precursor to
the other.

Each architecture is dependent on key technologicéluilding blocks.

If government or industry support a particular #edture, or simply expect a
particular architecture to emerge, R&D will pricsg particular technological
challenges, which may be irrelevant for other gaesarchitectures. This highlights
the role that expectations and visions of the fitwan play in directing
technological change — a vision of a future architee defines the technological

challenges in the present.

The corollary of this is that a technological ‘kkmough’ may lead to a particular
architecture becoming dominant. For example, thesld@ment of low-cost liquid
hydrogen storage, or a (perceived) failure of setmrage and high-pressure tanks,
could rule out decentralised systems, given thbnelogical difficulties of small-
scale liquefaction. Similarly, a breakthrough intoyard reforming could make the
synthetic liquid hydrocarbon route more attractiobyiating the need for on-board
hydrogen storage. Breakthroughs in key technologipesd thus produce ‘emerging

irreversibilities’, leading to ‘lock-in’ or ‘path @pendency’ (see Arthur 1989; David
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1985; Rip & Schot 2003), a phenomenon cited byesanthors as a reason to avoid
R&D in particular technologies, such as on-boardhaeol refuelling (Lovins &
Williams 1999, NHA 2004).

For decentralised systems, the major technologiballenge is the expense of
hydrogen from small-scale natural gas reformersedactrolysers, while centralised
systems rely on the viability of a large-scale loggm distribution infrastructure,
and prospects for centralised systems are greatipreed by cost effective coal

gasification or nuclear-thermal water splitting.

Additional technological developments are necess$arythe envisaged hydrogen
economies to be low-carbon: plentiful and compegitienewable electricity, carbon
sequestration, or nuclear power. While fossil fuate seen by most studies as

transitional, some envisage a long term role fesilduels based on sequestration.

Key technologies for all pathways include improvieel cell power density and

longevity, improved fuel cell economics, and fudrage. Compressed hydrogen is
seen as the most likely option by most studiesyghosolid state storage is thought
to be a possible long term solution. Liquid hydnogéorage is considered to have a

transitional role in some studies..

The basis on which studies reject particular boddblocks varies, from the ‘purely
technological’ rejection of liquid storage as h@ssly energetically inefficient, to
the rejection of components that fail to meet pooals. For example, studies with
an emphasis on climate change reject carbon-emittyadrogen technologies, while
studies concerned with energy security focus oionally abundant resources, such
as coal in the United States and Australia, winB@mmark, and hydroelectricity in

Iceland.

In summary, the literature envisages a range otrdggh economies, which are
described in terms of alternative technologicahdectures. The future of hydrogen
is thus contested. The roles of carbon sequestratiaclear energy, renewable
electricity, on-board reforming of hydrocarbons &hd viability of pipelines and

trucked hydrogen are all areas of particular delaai@ uncertainty. The basis on
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which different elements, or ‘building blocks’, airecluded or rejected varies, but
there are also shared elements. Almost all incliug# cell vehicles, and most
include strong roles for renewables. Steam methefoeming is widely expected to
be the principal method of producing hydrogen othex short-to-medium term.
Finally it should be noted that crucial technol@agidetails are often omitted. For
example, many studies suggest a role for fuel celldistributed electricity

generation, but do not specify the type of fuel, aalfuel used.

4.5 Evolution of hydrogen economies

As noted above much of the literature seeks taonithate pathways to a hydrogen
future. Whilst there is considerable variation he ttransition paths described, a

number of patterns are apparent, e.g.

1) From decentralised to centralised: Most studessthe decentralised route as the
key to by-passing the infrastructural problem, bame (e.g. US Department of
Energy 2002) see centralised production as cominsyy through the ‘link-up’ of
demonstration projects and the creation of ‘hydnodeghways’ or ‘corridors’

fuelled with industrially produced hydrogen.

2) From fossil fuels to renewables: Most studiestbe ultimate hydrogen economy
as fuelled entirely by renewables, with electri@tyd hydrogen as the dominant, and
largely interchangeable energy carriers. Fossisfuend nuclear, are described, in

some studies, as transitional technologies, oddas’.

There are also disagreements about system evallimre is broad agreement that
fleet vehicles, refuelled at depots, will be thesinlikely entry point of hydrogen
into road transport (despite evidence from othtarative fuels that fleets may be
poor early markets; McNutt & Rodgers 2004). Howevénere is marked
disagreement about the types of fuel cell vehitteg will be first to enter the
market. One line of argument is that the technolegjgts for small passenger cars
to decrease greatly in weight, thus to some extehticing the power and storage

requirements of fuel cell systems, and that sughéhcars’ are the ideal strategy for
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a hydrogen transition (Lovins & Williams 1999). @tk argue that large heavy
goods vehicles are more appropriate early adopsénse the space and weight
requirements are less stringent — especially wusHipping (Arnasson & Sigfusson
2000; Farrell et al. 2001). The ability of fuel lseto provide auxiliary power for

services (especially IT) inside luxury and largehiees (such as SUVs), could
provide convenience that will offset minor losseglriving range and performance
(Kurani et al. 2003).

Another area of disagreement concerns the sequenicgroduction of FCVs and
stationary fuel cells, with views differing abouthiwh are likely to enter and

dominate markets first.

4.6 Early learning: the importance of niche markets in technology

development

A variety of early niche markets are either recegdior advocated as providing an
important stage for the development of a hydrogesmemy. Most of these early
markets or technologies are described as overcowmwsg barriers, by providing

niche applications that allow learning and scalenemies, as well as increasing
public familiarity. The role of learning in nichelications is stressed in many
approaches to technological change (e.g. Kemp,tSchkmogma 1998).

1) H; Internal Combustion Engine vehicles — Hydrogen 1@Es far cheaper than
FCVs, and are likely to remain so for some yeah®ifTadoption could provide low
pollution vehicles that help stimulate a market hgdrogen, and provide a means
for public familiarity with hydrogen as a fuel.

2) Portable electronics and consumer goods — Wisledn as the most likely early
fuel cell market, growth in micro and small fuellcgales is thought likely to help

drive down fuel cell prices, and push fuel cellgmability and familiarity.

3) Remote and off-grid power — Would bring down B@stem costs, allowing

cheaper small scale electrolysis or steam metrefoeming.
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4) Premium/backup power — as above. It is argued stationary fuel cells for
backup or premium power, using the ‘energy statioohcept described above,
could potentially become nodes for hydrogen reig!|

6) Injection of hydrogen into natural gas mix (up 20%), and either using the
mixture directly to lower emissions, or separat dglas and hydrogen, and using the

natural gas network as a nascent hydrogen pipeéheork (Andersen et al. 2004)

7) Auxiliary power units (APUs) for vehicles — APWsuld provide electricity in
vehicles much more efficiently than current systeam&l remain available when the
engine is off, making them attractive to the miltaand long-haul trucks in
particular (Lutsey et al. 2003). The cost challenfye APUs are much less daunting

than for automotive cells.

8) Ships — not constrained by size and weight ashnais passenger cars, so storage
is less of an issue. Can provide both reductionfu& cell costs, and learning

processes that will stimulate progress (Farredll. €2001).
8) Demonstration projects — Currently the largestrkat for fuel cells. Public
authorities and companies eager to demonstrate ¢ament to high technology and

green values are providing a niche demand for foells, allowing cost

improvements through scale economies and learning.

4.7 When does a hydrogen economy emerge?
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Figure 3. Shows estimated dates for a transitianfteel cell based transport system.

Figure 3 above sketches the estimates made fdrahsition to fuel cell vehicles, a
‘building block’ common to all but a few of the hyajen futures studies. We have
included estimates from two studies that were noluded in the review, as their
major focus is other than hydrogen (IEA 2003; RAI2). The chart is a graphical
aid, rather than formal plotting of estimates (thexis is not standardised and is
inevitably somewhat subjective), but serves tcstiate both the diversity of views
on a likely timetable for transition, and some coomnthreads. The chart shows
predictions of what is likely or possible, rathbam proposed targets, which have
not been plotted. Where studies straddle categaiesg the Y axis, different

possible futures were considered in the study wdifiering levels of FCV

penetration, each assumed to be equally likely.

4.8 Policies

Many studies recommend particular policy paths, antumber of approaches are
evident. At one extreme, one study advocates ‘Ghadtion of a new environmental

consciousness of the general public of all coustribased on scientific, highly
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reliable predictions” (Goltsov & Veziroglu 2001).tl@r studies, rather more

prosaically, propose the variety of specific measuwutlined below.

The four most commonly advocated policy measures ar
o Increased R&D funding (often targeted at specifiobems, particularly
storage);
o Public education programmes;
o Infrastructure development (sometimes through é&stabent and ‘link up’
of demonstration projects);

o Tax incentives for hydrogen fuel and vehicles.

Other commonly recommended policies include: thgeligpment of codes &
standards; mandates for zero emission vehiclesngion of hydrogen through
government and industry champions; clear governmamiport to stimulate
confidence and attract investment. Other recommenda include support for
renewables; development and dissemination of ar cleansition strategy’ to
provide confidence and reduce uncertainty; targetslow carbon vehicles; and

improving the fuel cells skills base.

In the policy recommendations proposed, there tension between the risks of
‘winner-picking’, and of ‘lock-in’. A winner pickig strategy, involving definition
of the technologies of the future, is high risk @ndguably unrealistic — we can never
know the best technology in advance. Conversely,iramemental approach,
avoiding picking winners by providing a goal-oriedt policy framework (e.g.
incentives for low carbon vehicles), may be subjéxt ‘lock-in’ to current

technological trajectories, which only winner-piegipolicies can break.

4.9 What does a hydrogen economy achieve?

Six studies address the extent to which a tramsitm a hydrogen future will
ameliorate C@ emissions (Barreto et al. 2003; Di Mario et al020Eyre et al.
2002; Hart et al. 2003; Owen & Gordon 2002; Watsbal. 2004). All conclude that

hydrogen, and in particular fuel cell vehicles, caake a significant impact on
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reducing carbon emissions in the long term. Howetreee of these (Eyre et al.
2002; and Hart et al. 2003; Owen & Gordon 2002)gssted that the benefits from a
transfer to hydrogen will only occur after 2030-20%and that moving to a
hydrogen-based road transport system before tHikely to increase total carbon
emissions (either on a wells-to-wheels basis, myuph the displacement of carbon

gains from renewable electricity).

5. Discussion and conclusions

Futures in Hydrogen: The state of the art

The literature reveals a range of sophisticated etspdexploratory narrative
techniques, simplistic trend extrapolations, rhetrarguments, and strategic plans.
Very few used participatory techniques, with thetabte exception of many
roadmaps, and two of the exploratory studies. Nohethe backcast studies
represented a major and theoretically grounded daesting exercise. Of all the
studies describing hydrogen futures, only four madg reference to theoretical

literatures of technological change.

The six types of study reveal five ways of congitpiand understanding the future

of hydrogen energy and hydrogen technologies:

i) As a product competing in a largely context-freekatplace (forecasts)

i) As a possibility among many as broader changesdiety unfold (exploratory
scenarios)

iii) As a sequence of possible technological systemardrmitectures. (technical
scenarios)

iv) As a normative vision of a future world, in whiclydnogen saves society
(visions)

v) As a solution to specific problems, and thus a qgyolgoal (backcasts and

roadmaps)
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What is wrong with the hydrogen futurist’s toolbox?

Q

The general lack of theory leads to several ofcivamon futures ‘pitfalls’
identified by Geels & Smit (2000): for example, efetinism and a pre-
occupation with new, ‘exotic’ technologies. Furtimere, many of the
studies that lack a theoretical background ‘motled’ effects of technology
policies in their depiction of a hydrogen transitionaking assumptions
about the effects of policies on innovation andfudion of new

technologies, but without making the basis for ¢h@ssumptions explicit.
Lack of transparency and participation.
Lack of distinctness or clarity in the roadmaps

Predictions, forecasts and targets are recyclatiariterature, deployed as
arguments to confirm particular views of the futurather than treated as
best guesses under uncertainty, and targets tdmel ecycled as predictions
(e.g. the London Hydrogen Action Plan picks up étssgrom the Japanese

Vision).

The literature tends to provide a rather top dovawy emphasising global
and national drivers whilst paying little attentitmmthe local challenges and

opportunities associated with particular geogragihaceas

Few studies seek to systematically assess the dirsadtainability impacts
of a large-scale transition to a hydrogen econoBoyfor example there is
little attempt to deal with product lifecycle andaste/de-commissioning
issues — such as the possible toxicity of fuel cethponents or hydrogen

storage materials.

Many of the studies reviewed tend to treat prospectevelopments in
hydrogen in relative isolation, rather than as edsdee features of
overarching energy and transport systems. As altrdsey tend to give
insufficient attention to the broader systems cleangequired for the
envisaged hydrogen futures to be achieved, for pl@amith respect to the

primary energy basis of particular Hydrogen routes.
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Moreover, many of the descriptive futures appeatisplay a pro-hydrogen bias, as
is clear from the way that barriers to a hydrogemgition are considered. For
example, the difficulty of storing hydrogen, a ftino of its low mass, is framed not

as a disadvantage, but as a technological ‘chadleng

On the basis of the above one could argue that tleem need for more critical
theoretically informed studies, explicitly addregpgithe sustainability, energy and
transport policy implications, and socio-technot@didynamics of the transition
hydrogen. However, this criticism needs to be ggtirest the broader function of
much of this literature in stimulating imaginatitieinking and so ‘opening up’
different possible socio-economic and technologitdlres, rather of ‘closing
down’ possible options on the basis of inevitablycamplete knowledge.
Furthermore, whilst this review has drawn attentionthe lack of rigour in the
treatment of technological change and socio-teethniansitions found in much of
the hydrogen futures literature, one needs baldnseagainst the limited predictive

utility of current theoretical approaches to thssees.

What can we learn from the hydrogen futures literatire?

The literature represents a rich resource desgithe diversity of opinions about
possible and desirable hydrogen futures, demomsirttat the hydrogen economy
is not a simple, single idea. Moreover, this diitgref opinions extends beyond
possible hydrogen systems, and includes the @itemi which those systems are
understood and evaluated, implying that purely ietdgical understandings alone

will be unable to define a single ‘sustainable logdmn economy’.

More specifically, the questions explored in set#oprovide insights into specific

areas:

o Amidst a range of opinions about the types of fadtat will shape the
future of hydrogen, four major policy drivers aradent in the literature:
climate change, energy security, air pollution, geiceived competitive

advantage in developing hydrogen technologies.
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o Three major barriers are also clear: infrastrugtteennological immaturity,
and cost.

o In ‘business as usual’ scenarios, hydrogen emesigedy or not at all. In
this literature, hydrogen only emerges quickly vehgovernments take
strong action in the face of climate change or sgcidears, or radical

technological or social change occur.
o There is no agreement on what a ‘hydrogen economyht look like.

o Despite uncertainty about how a hydrogen econonflyewierge and evolve,
a series of ‘promising niches’ were identified #sypg important roles in a
transition. Widely divergent views exist on theelik dates of ‘market entry’

for fuel cell vehicles.

o There is considerable uncertainty over what, iimgeiof greenhouse gas
emissions, a transition to hydrogen energy wouldiea® in the short to

medium term.

Conclusion: No Hydrogen Economy, but many hydrogen

economies.

Shared visions and expectations of the future @pdwerful forces in the shaping
of technology, directing and constraining reseaftbrts by providing a mental map
of future ‘possibility space’; recruiting suppontobilising resources; and providing
a ‘protected space’ for new and emergent techneogvhose future promise can do
much to offset their present poor performance (&&elSmit 2000; van Lente,
1993). The Hydrogen Economy is one such vision, thet range of possible
hydrogen economies depicted in this review dematestihat the shape of a future
hydrogen economy is contested rather than sharey disagreements focus on the
sources of hydrogen, with disputes over the rolesuzlear power and carbon
sequestration, while another set of disagreemestssfon the configuration of

infrastructure.
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It may be that the indistinctness of the ‘hydrogeonomy’ is part of the key to its
rhetorical power. Berkhout (2004), borrowing a @erdrom Bijker's work on the
Social Construction of Technology (Bijker 1995)aiahs that visions with greater
‘interpretive flexibility’ have a greater ability to compete among multipdesible

images of the future. This could help explain whgny of the roadmaps fail to
specify what is meant by a hydrogen economy — thkeny vagueness allows

hydrogen to become ‘all things to all men’.
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Table 1.
Caption:

Table 1: A typology of hydrogen futures

Forecastsuse formal quantitative extrapolation and modgllio predict
likely futures from current trends.

Exploratory scenariosexplore possible futures. They emphasise drivgrs,
and do not specify a predetermined desirable extd &iwards which
must storylines progress.

Descriptive

Technical scenariosexplore possible future technological systems baged
on hydrogen. They emphasise the technical feasilaitid implications of
different options, rather than explore how diffaririures might unfold.

Visions are elaborations of a desirable and (more or |[gassible future.
They emphasise the benefits of hydrogen rathertti@pathways through
which a hydrogen future might be achieved.

Backcasts and pathwaystart with a predetermined ‘end’ point — a
desirable and plausible future. They then investigassible pathways t@
that point.

o
=
+—

@®©

S

S

@)
Z

Roadmapsdescribe a sequence of measures designed to lmaog &

desirable future. Studies from the previous fowugs, or elements of
these groups, frequently form the basis for thatifleation of specific
measures, but not always.
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Table 2.

Caption:

Table 3. Studies classified as ‘Exploratory Scenarios

Forecasts

Christidis et al.
2003

Brief description
Study using the IPTS Transport Technologies mamekplore fuel cell vehicle
market penetration with business as usual projestiplus sensitivity to oil price,
industry decisions, and carbon policies.

Fukushima et al.
2004

Uses quantitative model to project diffusion ofidalxide fuel cells for power
generation in Japan, exploring sensitivity to texbgical change, component
availability and recycling, and fuel price.

Kosugi et al. 2004

A survey of expert opinion used to provide predics of fuel cell technological
development.

Mima & Criqui
2003

Uses New & Renewable Technologies module of the PWwBrld energy model
to forecast penetration of fuel cells into botHisteary and mobile applications, an
explore the impacts of technology breakthroughsaplker natural gas, and carbon
policies.

Thomas et al. 1998

Uses a market penetration model to predict fuéedlicle uptake under the
California Zero Emission Vehicle mandate, and cal@d returns on investment,

and social cost/benefit ratios.
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Table 3.

Caption:

Table 3.

Exploratory scenarios

Andersen et al.

Brief description
Participatory exercise based on the developmeqtialitative scenarios to describ
possible contexts for hydrogen development, folidlg workshops to generate

2004 targets for hydrogen technologies.

Australian Develops qualitative scenarios for high, medium lamdhydrogen uptake.
Government Explores the combinations of drivers that mightrpasydrogen economy.
2003

Barreto et al.
2003

Elaborates on the SRES-B1 scenario developed b€ .IHydrogen is
introduced in a qualitative scenario, and thisentquantified using MESSAGE-
MACRO

Uses the SRES B1 scenario as a baseline around twodhternative hydrogen

D

zDé%arlo etal. scenarios are explored, with low and high hydrogetake. Each of the scenarios
are then quantified.

Kurani et al Explores.the growth in three setg of infra§tructtrm15port, communications, and

2003 ’ power grids, and uses these socio-technical treneigplore the future for FCVs a$
mobile communications and power platforms.
Three qualitative scenarios, structured aroundaftechnological change and

Ohi 2002 dominant social values, are used to explore passiltires for hydrogen and R&D
strategies that are robust across scenarios.

sh Explores two scenario storylines, one of which dess a possible future for

ell 2001 - S A

hydrogen arising from a radical innovation in hygko storage.

Watson et al Uses the UK DTI Foresight Futures framework tq(ﬂtjtﬁ four qualitatiye

2004 ) scenarios. The prospects for hydrogen in eachrdifféworld’ are examined and

quantified.
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Table 4.

Caption:

Table 4: Major drivers in exploratory scenarios

Study Dimensions Assum_ed
correlations

Australian Rate of economic growth Economic growth define{

Government | Strength of social & environmental values energy price, and to a

2003 Rate of technological change large extent technologicy

Conventional energy price change. Environmental

values strongest in
highest growth world,
lowest in low growth
world.

Ohi 2002 Environmental & Social activism Strong social values can]

Rate of technological change

make increased R&D
funding politically
acceptable, driving faste
technological change

Andersen et

Not expressed as ‘dimensions for change’ in

tHenvironmental concerns

al. 2004 study itself — these are inferred. vary according to the
Balance of power: market vs. state market vs state
Severity of climate change impacts relationship, with the
Security of oil supplies most market-oriented
scenario having least
concern.
Watson et al.| Used the dimensions of the UK Foresight: Assumes that
2004 Strength of social & environmental values technological change,
Governance system: autonomy-globalisation| rates of economic growth
etc are ultimately derived
from these fundamental
dimensions of change.
Shell 2001 Resource scarcity Assumed correlations ng
Technological advance clear
Social and personal priorities
Di Mario et | Used the dimensions of the IPCC Special Strong environmental
al. 2003 Report on Emissions Scenarios values and globally co-
B1 world only (see above), rates of hydrogen| ordinated decision-
penetration within this determined by making allow steady and
government support. sustained economic
growth.
Kurani et al. | Explored only one future — characterised by | Assumed correlation
2003 three driving dimensions between the three

Growth in mobility
Growth in mobile energy demand
Growth in mobile communications

dimensions.

Barreto et al.
2003

Used the dimensions of the IPCC Special
Report on Emissions Scenarios

B1 world — high environmental values, strong
globally co-ordinated decision-making.

Strong environmental
values and globally co-
ordinated decision-

sustained economic

making allow steady and

growth.
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Table 5.

Caption:

Table 5. Studies classified as ‘Technical Scenarios’

Technical Scenarios

Eyre et al. 2002

Brief description
Uses qualitative scenarios to define energy dersanditions in 2050, and then
examined the carbon emissions of alternative pless#ishnological systems that
would meet that demand.

Hart et al. 2003

Examines implications of supplying transport enedgynand with renewably

produced hydrogen or biofuels, given estimatedd8D2ransport demand. Models
penetration of different combinations of vehicle dnel technology, and examines$
the carbon impacts.

Ogden 1999

Outlines five alternative possible systems thatld@oeet projected transport
demand for southern California in 2020, and calesgldhe investment costs
associated with each.

Sgrensen et al.
2004

Describes two possible technological systems basdd/drogen and wind
electricity, matching hour by hour electricity demdaand for each system
calculates the total wind supply and hydrogen gg@ystem needed to meet that
demand.

Winebrake &
Creswick 2003

Uses the Analytic Hierarchy Process to explorebibeefits and disadvantages of
alternative fuel cell vehicle fuel configuratiomsd conducts a sensitivity analysis
exploring how robust the findings are in the fatdifferent dominant social
values.
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Table 6

Caption:

Table 6. Studies classified as ‘Visions’

Brief description

Arnason & Describes a possible future for Iceland, basedyoindgen and renewably
Sigfusson 2000 | produced methanol.

Bockris 1999 Describes a solar-hydrogen futureHerWS

Bossel et al. Presents an argument against the use of hydrogefua$ and provides a
2003 possible alternative — a synthetic liquid hydrocarleconomy.

D Presents hydrogen as the fuel of the future, ardrifees a vision of what a
unn 2001 L

hydrogen economy will involve.
Goltsov & Presents a vision of the ‘hydrogen civilisationfuture world posed as the only
Veziroglu 2001 | alternative to continued dependence on fossil fuels
Describes a future hydrogen economy, and outlioesesof the components of
the transition, in the form of super-efficient veles and synergy between mobi
and stationary power.
Outlines a decentralised and democratic visiomefftiture for hydrogen and
Rifkin 2002 energy, drawing parallels with the internet, artdoiducing the concept of the
‘hydrogen energy web'.
Draws a parallel between the Apollo programme togpeman on the moon, and
the challenge of energy independence and hydrafgstribes how hydrogen
could become the dominant fuel within a decade.

Lovins &
Williams 1999

Schwartz &
Randall 2003
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Table 7.

Caption:

Table 7. Studies classified as ‘Backcasts & Pathivays

California
Fuel Cell
Partnership
2001

Brief description
Outlines criteria for defining successful comméisition, and then explores
specific barriers and threats to achieving thatess, and four possible transition
pathways based on four different fuels: hydrogegthanol, gasoline, and ethanol

Explores policies and pathways by which hydrogeghinbe introduced into

Backcasts & Pathways

i

Foley 2001
transport.
Fuel Cells UK | Presents a vision of the future for fuel cellsha UK, and explores the important
2003 trends that will set the context for the transitiowards that vision.
Mauro et al. Presents two alternatiye tran;ition routes to adxyeh economy, a cent(alised
1996 route, and a decgntralls_ed ‘_\/lllage path’, explgrine potential for off-grid and
remote community applications.
Owen & Technical analysis of two routes towards commesciaable fuel cell vehicles, an
Gordon 2002 | evaluation of the alternative routes in terms ofisewheels carbon emissions.
Wurster 2002 | Explores how a hydrogen refuellingasfructure might develop.
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Table 8.
Caption:

Table 8. Studies classified as ‘Roadmaps’

Roadmaps

Brief description
Outlines the actions and decision points for theettgoment of hydrogen

DTl 2004 .

technologies

Outlines steps that need to be taken in 2005, 281i® 2020 in order to achieve loyw
EST 2002 X

carbon transport in the UK.

Stakeholder workshop process used to generatedane milestones in key areas
Fuel Cells for fuel cell development, and to develop a striatagtion plan outlining specific
Canada 2003 '

measures.
Greater London | Describes a series of actions for the Greater Lodghority to promote the
Authority 2002 | development of hydrogen in London.

Builds on a hydrogen vision for Europe, and outlitie®lines and necessary actign
Hynet 2004 . >

for the visions to be realised.

A study based on workshops to identify key goatshfarogen commercialisation,
NHA 2004 and barriers and solutions to those goals, in dalproduce a realistic and

plausible roadmap for hydrogen development.

Toshiaki 2003

Presentation outlining Japan’s strategic targetfuel cell and hydrogen
development.

US Department
of Energy 2002

Roadmap developed through stakeholder workshop gspoetlining key targets

and milestones in the development of a US hydregemomy.
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Captions to Illustrations

Figure 1. Shows common building blocks of a deedised hydrogen production systems.
Text size of each building block indicates the nundfestudies that envisage a role
for it. Key technologies: Small scale electrolyasigl Steam Methane Reforming of
natural gas (SMR), renewables, ‘energy stationtisiary systems, Fuel Cell
Vehicles (FCVs).

Figure 2. Shows common building blocks of a cdised hydrogen production systems. Text
size of each building block indicates the numbestaflies that envisage a role for
it. Key Technologies: Carbon sequestration, Pipsjinenewables, biomass, FCVs,
Stationary fuel cells.

Figure 3. Shows estimated dates for a transitanfuel cell based transport system.
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Centralised Hydrogen Production
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