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Executive Summary

Hydrogen has the potential to provide a sustainabtesecure energy system. However, there is no
consensus on what a hydrogen future should loak kikd deep disagreements are emerging over
the energy sources and types of infrastructuresthaild be included or rejected.

This report presents the results of an exercisgeireloping a set of visions of possible hydrogen
futures for the UK, and subjecting those visionsatgarticipatory multi-criteria sustainability

appraisal, with a view to exploring the broader @nsions of sustainability around hydrogen
systems. The work is part of a backcasting scermogect, which aims to develop visions of a
sustainable hydrogen future, and then explore thbways by which those visions might be
achieved.

This report aims to:
Present the six UKSHEC Hydrogen Visions, represgnpiossible hydrogen futures for the
UK
Report the findings of a multi-criteria sustainépibppraisal of those six visions
Draw conclusions about the uncertainties, diffengatspectives, and key issues that are
important in considering how hydrogen energy mighitribute to sustainability
Highlight lessons for research and policy

What does vision appraisal tell us?

Visions of the future are important in technologiichange, helping to create a shared sense of
purpose about priorities and policies. Howeverjovis are often contested, and hydrogen ig no
exception: there is no single agreed vision of stanable hydrogen economy. This work is based
on an understanding that where uncertainties age,land where there are different social pricsitie
involved, it is not possible to identify a singledb or ‘optimal’ solution. The six future visions |
this study are not intended as predictions. Thenolgies they comprise could be configured into

a wide range of possible future hydrogen systems,hgbrid systems, involving some components
of a number of visions, may be much more likelystéad, the visions are intended to cover |the
broad range of possibilities in a manageable nurobeisions. This means that the results carjnot
be seen as advocating or endorsing any one ofisieng alone, but as a way of learning about|the
important perspectives, issues, and uncertaintigsdurround the hydrogen debate. The aim is to
promote thinking about the sort of systems thatdasrable and achievable in the long term, and to
use the visions to open up discussion around hd¥erdnt hydrogen systems might meet

sustainability objectives.

How were the visions developed and appraised?

The six UKSHEC visions were developed through aerg\of the hydrogen futures literature, and
on the basis of a workshop bringing together 40hyKrogen stakeholders. Each vision consists of
a description and diagram of a technological systeatuding the production, distribution and end-
use of hydrogen. The six visions were appraised hyarel of 15 expert stakeholders, with
backgrounds in government, research, industry, emdronmental campaigning, using a Multi-
Criteria Mapping method.



Hydrogen is not automatically a sustainable optiBarticipants recognised a range of
circumstances in which hydrogen energy might be $estainable than the current system
or some non-hydrogen business as usual futures.etwhydrogen was perceived as
having the potential to deliver substantial susthility benefits over a wide range of issues.

The panel identified carbon emissions as the singlest important dimension of
sustainability with respect to the hydrogen futures

Even for issues with relatively well characteriseatadsources (such as wells-to-wheels
carbon studies) there were debates about how eaihblogical systems could be expected
to perform in real world applications.

There is significant uncertainty over the futuretsaand performance of the technologies,
and these uncertainties have important impactserlikely sustainability of the different
futures. In particular, there are uncertaintiesceoning: the performance and costs of
carbon capture and storage, nuclear power, pipglsmaall scale steam methane reformers,
fuel cells and hydrogen storage technologies.

There is a wide range of rationales for rankingedlght futures (e.g. political implications
vs. technical appraisals of likely system perforognSome of these issues are amenable to
further research, others are based on normatiwee\jadgements about the way in which
society should operate, and are therefore likelpdaa continuing source of disagreement
and dissent. Nuclear power, the degree of decésatian, and feasibility were key areas
dividing participants’ appraisals.

For those concerned about nuclear power, oppositias as much to do with social and
political aspects as environmental concerns.

Assumptions about technological change are impbrado some routes mean that we
close off others? This is an area that furtheraresemight cast some light on.

‘Business as usual’ or the market alone are thotmlie unlikely to deliver any of the
visions, at least in the short term.

Recommendations for Policy

While carbon emissions were recognised to be thet mportant single determinant of the
sustainability of a hydrogen energy system, theeeaawide range of other criteria that are
seen as important. Issues other than carbon and reesi to be considered if the
introduction of hydrogen is truly to deliver greaseistainability.

Hydrogen policy must also be robust in the faceun€ertainties about future context
conditions, such as future availability and pridenatural gas, and public attitudes to
technology. The future of political frameworks ardurarbon and climate change is a key
uncertainty affecting the perceived feasibilitytloé visions.

The broad interest coalition promoting hydrogenragile. If hydrogen systems develop,
there is significant potential for future sociahflict over the shape and direction that those
systems take.



Robust research policy should address ‘backstapin@ogies — for example, that explore
the possibility that hydrogen storage technolofadso improve significantly.

Recommendations for Research

Public acceptability research needs to take a whpitems approach, including primary
energy as well as just the use of hydrogen asla$tiedies that only examine the public’s
attitudes to the safety or end-use of hydrogersatation are likely to be of little use in
understanding future conflicts.

Research into social issues must move beyond nagquegtions of public acceptance:
control, state intervention, access, and consuimegice may all be important. While pubic
acceptability is important, there appear to be teoaoncerns about the potential social
impacts of hydrogen systems.

Combining scenario approaches with multi-critenmraisal provides a valuable tool for
exploring and mapping the perspectives, issues wmugrtainties involved in long-term
strategic technology choice. The approach coulétw#ully explored in other contexts. In
particular, many of the issues raised as imporfanthydrogen would not have been
discussed and explored with reliance on a moreondyrframed approach.



1. Introduction

A ‘hydrogen economy’ has the potential to provitle basis for a sustainable and secure energy
system. The wide and growing attention that it tex®ived has lead to a rich literature of studies,
promoting and exploring different possible hydrodatures, and suggesting strategies for how a
hydrogen economy might be achieved.

However, despite broad agreement that hydrogen thaspotential to make a significant
contribution to sustainable energy policy goals, literature suggests that the future of hydrogen i
deeply contested. Visions of a hydrogen futurectet®mbine and reconfigure individual hydrogen
generation, distribution, and end-use technologismore or less mutually compatible energy and
transportation systems, which embody deeply caostlesind conflicting views of sustainability.
There is no single, shared vision of a ‘sustainablelrogen economy’. Rather, different
organisations and individuals produce visions afmketations of possible hydrogen economies that
reflect their own interests and agendas (Eames 20a6).

For some, hydrogen is a means of maintaining cursgatems, structures and ways of life; for
others, it has the potential to radically re-ortl@nsport and energy in ways that may facilitate
broader social change. Brown et al (2000) haventichighlighted the way in which technological
futures become spaces in which a variety of cursental interests and agendas compete, and this
appears to be true of hydrogen.

Despite the range of different possible hydrogestesys that the literature embodies, there appears
to be little systematic attempt to appraise thatiet sustainability or desirability of different
hydrogen futures. Those few studies that do attempitrovide integrated appraisals of different
hydrogen options tend to do so on the basis ofdiéaria (typically carbon emissions, cost, and air
pollutants, e.g. Granovskii et al 2006), or with @attempt to engage different legitimate
perspectives on problem framings, weightings, amdr@a definition (see, for example, the studies
by Afgan & Carvallo 2004; Row et al 2002).

This study aims to open up the debate about thegivel sustainability of alternative possible
hydrogen systems, and to explore not only the t@odgical uncertainties around hydrogen, but also
the divergent values and social priorities thatlkedy to make a consensus view of a ‘sustainable’
hydrogen economy difficult. In order to do this, navel methodology has been developed,
combining a participatory ‘visioning’ exercise with multi-criteria evaluation technique, Multi-
Criteria Mapping.

The work forms initial findings from part of a widpackage of socio-economic research, funded by
the EPSRC’'s SUPERGEN programme, that is developirggtaof ‘backcasting’ scenarios to
illustrate how the UK might move to a sustainabldrbgen energy system. The work aims to:

Identify a small number of credible futures forustainable hydrogen economy

Drawing upon the knowledge of expert stakeholdewsstruct a set of technically-defined,
plausible and internally-consistent scenarios, athways, describing how these futures
might be achieved

Use these scenarios to generate a ‘road map’ fdigficritical decision points when action

may be needed

This paper first outlines the theoretical backgimforming the work. Section two then describes
the development of the methodology used to devatapappraise a set of visions. The visions are



presented in section three, and the results ohfigaisal in section 4. Section 5 then reflects on
these findings, and explores what the appraisds ta$. Finally, section 6 draws out some
conclusions and insights for policy.

Scenarios and Backcasting

Predictive forecasting approaches to studying tteré are ill-suited to the long time scales, great
uncertainties, and technological, social and ecanarhange that any transition to a hydrogen
economy will entail. Increasing recognition of fhmitations of predictive forecasts have lead te th
emergence of a wide range of alternative ‘foresightl scenario building techniques (Smil 2000;
Berkhout & Hertin 2002). These approaches avoidiptiet, seeking instead to explore alternative
possible futures and challenge tacit assumptionsitattne future, in order to promote policies that
are more robust in the face of future uncertainties

‘Backcasting’ is a normative scenario building taled to provide insights into how long-term
goals might be reached. As such, it is an apprpfiarm of analysis for a project tasked with
investigating how a hydrogen economy might be adgdeBackcasting essentially entailedking
back from a desirable ...situation in the far futtwehe present, in order to make steps towards the
future now” (Vergragt & Green, 2001). Rather than attemptimgnap out what might happen, the
backcasting perspective emphasises what might be, dw, as Robinson puts it (1990)ie major
distinguishing characteristic of backcasting isancern, not with what futures are likely to happen,
but with how desirable futures can be attaihed

Backcasting usually involves a number of key steps:

Characterising relevant aspects of the curreng stiathe world

‘Visioning’ a desirable future world

Writing of scenario storylines articulating a limit number of pathways from the current
state of the world to this desirable future

Evaluating these pathways to identify key decisiomis and policy recommendations

Through focusing on distant goals, the backcaspagspective helps decision makers to move
beyond the immediate and everyday barriers to ppertunities for long-term strategic action. The
approach has informed a number of recent futurtetiest in a range of areas (e.g. Vergragt & Green
2001; Banister et al 2000; Tuinstra et al 2002; Wan Bosch et al 2005).

In addition to generating insights into possiblngition routes, one of the aims of backcastirtg is
create a shared vision that unites actors andtédess co-operation (Van den Bosch et al. 2005).

Technological Expectations

The idea that the development of a shared ‘visarthe future can help bring that future about is
supported by the emerging literature on technokldgiexpectations, which suggests that
expectations have an important role in the trajgobd technological development.

Technological expectations may be implicit assuori shared within a more or less formal
network of actors, they may be embodied in physargities such prototypes or demonstration
projects, or they may be articulated through shapegbts and narratives, such as those provided by
foresight processes. Expectations and visions t@ngguiding role in technological development,
as ‘guiding visions’ (Kemp et al 1998) teitbilder (Dierkes et al 1996). As Van Lente (1993)
argues, “one should not think that promises arengmily an element of the tactics and PR-
vocabulary of firms.... They seem to be importantia actual shaping of a technology itself”.



Van Lente and Dierkes et al. identify several waigtons and expectations influence the dynamics
and direction of technological development, witthie constraints of the physically possible:
Expectations legitimate and justify actions, suchttes establishment of demonstration
projects or spin-out units.
Expectations provide meaning for scientists andreegs, who define their activities with
respect to social and economic goals, as well agamnds based purely on curiosity.
Positive expectations mobilise funds and suppatt In terms of finance and investment,
but also in terms of political and regulatory backi
Shared expectations facilitate agenda buildingaigthment around particular technologies,
creating a technological community through the ghment of societies, user groups,
industry associations and so on.
Expectations reduce uncertainty in decision-makifigchnology developers use shared
‘scripts’ of the future to understand ‘likely’ aredor development and to understand ‘the
way things are going’ to structure their decisiowdthin an evolutionary perspective of
technological change, this implies that the ‘seamgace’ for innovations becomes
constrained, and that the generation of new ideab tachnologies is shaped by the
expectations and visions of technologists.

When positive expectations and visions of a padity technology become widespread, they can
make such technological developments more likely.

Scenarios, ‘visions’ and other foresight tools @b simply describe possible futures, they can also
play a performative role in creating and shapingeexations abouhefuture (Weber 2004). Indeed,
many, although by no means all, studies of techgyofatures are explicitly intended to promote or
legitimate a particular future (Phaal et al. 200 ssell and Williams talk of visions as “resoufces
used to mobilise and shape expectations, whichirim énlist support, and help create momentum
behind the technology (Russell & Williams 200360).

It is not surprising then, that future visions beeoa rhetorical space in which present socialdmttl
are fought.

Multi-Criteria Appraisal

The idea of a single, shared vision of a ‘sustdm#ilydrogen economy’ is problematic. We have
already noted the way in which the future of hydmogs a contested rhetorical space, in which
social groups with different agendas and interestapete (see also Eames et al 2006). There is no
single and agreed definition of a ‘sustainable bgeén economy’, and the deeply contested values
embodied in the debate suggest that a consenswsofia sustainable hydrogen economy may be
impossible. In practical terms, this means thatualys attempting to articulate a desired future
hydrogen economy must take very seriously the issuevhose desires are being expressed
(Robinson 2003).

This implies a need for an open and transparentegin the building of scenarios, and using
participatory approaches as a route to ‘socialnieg (e.g. Robinson 2003; Brown et al 2003).

However, it also suggests that there is value allehging the sustainability of the proposed vision

in a more systematic and critical fashion. Withriéiaal approach to the construction of visions, a
backcasting study can go beyond helping policy mske think strategically about the future. In

addition, the process of articulating and challagghormative visions of the future becomes an
opportunity for real deliberation and debate alsmdial priorities with respect to new technologies.
As Berkhout et al. (2004) argueht real value of the notion of the “guiding visian does not lie,

as is often implied, in its apparently unprobleroatormative policy credentials. Quite the contrary:
by focusing on the role of guiding visions, attentis concentrated on the importance of legitimate



and effective deliberation and learning, and on ttricial role of providing for plurality,
reversibility and sustained dissént.

The challenge, then, is to find an approach toowisippraisal that recognises both the significant
uncertainties involved in long-term futures, and tiffering perspectives, values, and framings of
the debate.

Recent debates within the field of environmentdigyocappraisal have highlighted the weaknesses
of traditional approaches such as cost-benefityaigl especially wherettie facts are uncertain,
values in dispute, stakes high, and decisions ufgénntowicz & Ravetz 1994). Critiques of such
approaches stem from recognition that they areedids alternative problem framings, criteria
definitions, and hence different social perspestivihat there is no uniquely rational way to
aggregate different dimensions of value along glsimetric; and that their treatment of uncertainty
is frequently insufficient (Munda 2004, Stirling99).

Proposed alternatives to traditional technical ajgat include a broad array of multi-criteria,

participatory, and deliberative techniques, akmfpting to deal with what Vatn calls the problem of
‘institutionalising social choice’ (Vatn 2005). Marof these have been applied to problems in
energy policy (Pohekar & Ramachandran 2004; Stai)62 Giampietro et al 2006). The

uncertainties and contested values embodied intelelabout the future of hydrogen make such
approaches appropriate to the challenges of exgjoend ‘opening up’ debates around the
sustainability of possible hydrogen alternativese Ttext section describes how a participatory
multi-criteria tool was selected and adapted foe us this study with long term technological

futures.



2. Methodology and Research Design: Combining Parti  cipatory
Backcasting and Multi-criteria Analysis

An overview of the project stages is provided gufie 2.1, with the project areas discussed in this
paper represented in black. Project elements ih loeees involved the participation of external
stakeholders.

Stakeholder Scopin

identification @rviews

. Literature
1. Scoping Review

o \\ Visioning Vision
2. Vision Development Workshop | development| Consultation

3. Multi-Criteria
Sustainability Appraisal

Multi-criteria

mapping
interviews

Panel recruitment
& preparatory
interviews

Figure 2.1 Overview of the UKSHEC Scenarios Project

Who takes part in a participatory process is cead fundamental importance to both the
legitimacy and value of the outcomes. Identifyimgl &ngaging appropriate stakeholders, i.e. those
with either relevant knowledge or an interest ia tutcome of the appraisal process, is therefore
critical. The focus of this current study has beenathieve broad transdisciplinary expert
participation, rather than to involve lay citize@early wider publics have an interest in the fatu

of hydrogen. However, resource constraints dictatathall engagement procedure, and it was felt
that at this stage of opening up the debate tcngeraf more detailed views, expert contributions
would be most relevant. Furthermore, our intent®to expose the visions to wider publics within
the forthcoming social acceptability work streanited UKSHEC project.

Stakeholders were identified through a review ofmbership of relevant UK steering groups,

partnerships and networks associated with hydregengy, and through a process of ‘mapping’ the
key areas of the hydrogen production, supply amdwee chains to ensure that participants from all
relevant sectors were invited to take part in sfon@. Scoping interviews with key members of the

‘hydrogen community’ were also used to elicit viealsout who should be involved in the process.
Efforts were made to ensure that there were sadptes well as enthusiastic, viewpoints

represented in particular at the appraisal stage.
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Different stages of the study required differemels of stakeholder engagement, commitment, and
expertise. The ‘visioning’ workshop used to inforime tdevelopment of the visions aimed to
represent as wide a range of stakeholder opinigrossible, and involved more than 40 participants.
The expert panel for appraising the sustainabiitythe visions was necessarily much smaller,
involving 15 participants from a range of backgrdsinParticipants were asked to take part as
individuals with an informed background, ratherrites representatives of their institutions. The
purposive sampling approach used, which aimed imlwe participants from a range of
backgrounds, as well as the small number of pp#itis, clearly means that the results from this
work can not be extrapolated to the public at laggeeven to the UK hydrogen community as a
whole. Rather, the results of the appraisal proviggght into the range of arguments and
perspectives, and illustrate the some of the mongenitious issues at stake.

The expert panel comprised 15 individuals, all basethe UK, from a range of professional and
disciplinary backgrounds.

Nuclear Industry Expert

Carbon Trust Analyst

DTI Policy Maker (Department for Trade and Industry)
Fuel Cell Industry Participant

Sustainable Energy Consultant

Industrial Gases Industry Participant

Energy Technology Researcher
Environmental Campaigner

Health & Safety Regulator

Energy Policy Researcher

Senior Oil Industry Participant

DfT Policy Maker (Department for Transport)
Automotive Industry Participant

Regional Government Policy Maker

Climate Scientist

"#

The challenge in putting together a set of hydrdggures was to create a small number of credible,
transparent and internally consistent end poiras skrike a balance between the specificity of the
future visions on the one hand, and coverage ofdgeh ‘possibility space’ on the other.

In differentiating a set of futures that aim to nap a possibility space, a number of approaches ar
possible. Previous exercises have frequently fatuse the social and economic worlds (and
drivers) in which alternative technological systeams thought to be more or less likely to evolve
(e.g. Watson et al 2004). However, in order to ajer the relative sustainability of the choices
facing us with respect to hydrogen, the UKSHEC orisi are principally defined in terms of
technologies and infrastructures, so that the aggdravill reflect views on technological systems,
rather than simply on the desirability of partiausacial worlds.

! Given what we know of the co-evolution and co-tarition of socio-technical systems, this distinction is
obviously problematic, as technologies and socialeshre inevitably and intimately intertwined. Howev
in terms of the scenario writing process it is a usdifitinction to bear in mind.
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In September 2004, the team convened the UKSHEQGddgd Vision Workshop, which brought
together more than 40 stakeholders from governnieshistry and academia to develop visions of
what a sustainable hydrogen economy might look(likeDowall & Eames 2004).

The team then drew on the outputs of the worksladqmg with insights from the literature, to
develop a set of visions which sought to captueertimge of prevalent views about what a hydrogen
future might or should look like. These visions qoised:

structured narrative storylines describing archaftynfigurations of hydrogen production,
infrastructure (storage and distribution) and esd-echnologies

indicative quantitative indicators to provide a senof the scale of technological
deployment implied

systems diagrams providing pictorial representatiminreach vision

The credibility, transparency and internal consise of the visions was then tested through
consultation with our stakeholders, and the visi@fsed. This consultation was also designed to
ensure that the visions covered a broad enougherahgossible hydrogen futures and that no
relevant future was excluded from the subsequeslysis. Clearly, the technologies making up the
visions could be configured in a wide variety ofysaand not all possibilities are outlined in the
vision set. Rather, the aim has been to cover émge of possibility found in debates around
hydrogen. This implies a need for care in the priation of the results, to ensure that the
inclusion of a technological component seen as stasable by the panel does not lead to the
rejection of other components within the same wisio

Furthermore, the six future visions in this studg aot intended as predictions. The technologies
they comprise could be configured into a wide ranfgossible future hydrogen systems, and
hybrid systems, involving some components of a renmdd visions, may be much more likely.
Instead, the visions are intended to cover thedraage of possibilities in a manageable number of
visions. The aim is to promote thinking about the 6 systems that are desirable and achievable
in the long term, and to open up discussion ardumd different hydrogen systems might meet
sustainability objectives. This means that the ltestannot be seen as advocating or endorsing any
one of the visions alone, but they are rather totHmught of as tools for learning about the
important technologies, issues, and uncertaintiassurround the hydrogen debate.

The full hydrogen visions are outlined in section 3

$% &# %

A wide variety of methods exists for participatanylti-criteria appraisal (for a review see DLTR
1998, or Pohekar and Ramachandran 2004 for applicato energy). Davies et al (2003; p. 31)
recognise this proliferation of methods, and whit¢ing a growing body of good practice, identify
a need for ‘fit-for-purpose’ techniques.

The long-term and uncertain nature of the visiohe contested values underlying different
perspectives, and the need for any appraisal to aype the debate beyond narrow technical
concerns, implied a need for a method that allowgi@pants the space to frame their own
appraisal, rather than provide narrowly defineduispinto a pre-determined decision structure.
Furthermore, an approach aimed at opening up diffgperspectives on the debate should not seek
to create consensus where none exists, but shadkd ® highlight the reasons and values
underlying any conflicts.

Multi-criteria mapping (MCM) is a method developby Stirling with an emphasis on capturing
alternative framings and value-based perspecti@&slig & Mayer 1999, Stirling 1999). The

12



approach is based on the understanding that teemetinecessarily a single ‘best’ solution, or as
Stirling puts it: ‘the aim is to explore the way in which differerdtpies of strategic choices may
change, depending on the view that is taken —aptdscribe a particular ‘best choicé’(Stirling,
2005). Multi-Criteria Mapping thus maps the sengigs of performance according to different
perspectives, uncertainties and framing assumptions

The MCM Process

In terms of process, MCM is conducted through &eseaf two to three hour, one-to-one interviews

with expert stakeholders, using a dedicated soévwackage developed at SPRU (for details of the
interview procedure, see the MCM Interview Proto&iirling 2004). Interviews were recorded and

transcribed, providing a rich source of information participants’ deliberations, reasoning and

arguments. A brief overview of the method is owttirbelow, and further details are available from

the MCM Manual (Stirling 2004).

The interview takes the participant through a stmex series of stages, as illustrated in figuge 2.

Identify Consider
criteria ranks

Assign
weights

Assess
scores

Explore
uncertainties

Figure 2.2 The Multi-Criteria Mapping Process

Discuss VisiongAt this stage, participants are invited for ggheomments about the set of
visions, and are invited to introduce any that tfem} are missing from the appraisal.

Define Criteria.Participants define their own criteria, and discagactly what is meant by
each criterion. Two kinds of criteria are possibteteria under which the visions are
scored relative to each other, apdnciples on the basis of which a vision is either
acceptable or unacceptable.

Assess Score®articipants go through each criterion, and gigeh vision a performance
score under that criterion. Scores are made omtaimaay scale — it is the intervals between
scores, rather than absolute values, that maRarticipants use any scale with which they
feel comfortable, typically 1-10 or 1-100, with higy scores indicating better performance.
It should be noted that even where good quantdalata are available, it is not possible to
use these data directly, since scores represendetree to which one vision geferredto
another, under a particular criterion (Stirling 20(. 21). This clearly involves some
degree of subjective judgement.

Explore Uncertainty During scoring, participants are asked to prowidé one score but

two, the first on the basis of most optimistic asptions, the second under pessimistic
assumptions. This captures the degree of uncertaimdtyariability around the performance
of particular visions under a given criterion. Raptaints are asked to talk about their

13



assumptions behind these different scores, and dbaditative data is recorded and
transcribed. This capturesncertainty about how well the vision will actually work,
variability within the vision (use of more or less of a patie supply option, for example),
andsensitivityto wider context conditions, such as future ndtgaas prices.

Assign WeightsOnce scoring is complete, participants recordr therceptions of the
relative importance of different criteria in rangioverall vision performance.

Consider Ranksinally, the software produces a visual ‘mapttod rankings of the visions,

using a weighted sum method. Participants canle@verall picture that their appraisal

has produced, and are invited to reflect on whethisrappears to conform to their initial

expectations and feelings. If not, participants wake a back-up of the original appraisal,
and explore other weighting schemes, or revisiir theteria and scoring. This is not an

attempt to ‘fix’ the results, but to allow partieipts to confront possible inconsistencies in
their appraisal, or areas that they feel they nayehunderplayed or overplayed.

For this study, the qualitative material was traitexl and explored using NVivo (a qualitative
research software tool), while the quantitativepatg were analysed with MCM Analyst, a bespoke
software tool developed at SPRU.

Adapting the MCM tool for use with long-term futures

Previous applications of the MCM approach have lve the appraisal of technological options,
and the approach has not previously been usedpraiap long-term futures in the context of a
backcasting exercise. As a result, some amendrteettie technique were necessary.

First, in previous MCM work the options assesseddicited directly from the expert participants.
In this exercise, the core set of visions to besssd were the product of the extensive stakeholder
consultation process set out above. However, irrord ensure that significant futures were not
arbitrarily excluded, participants in the experhglawere offered the opportunity to add additional
visions for assessment during their individual M@ierviews.

Second, MCM has in the past avoided imposing anya§@x ante grouping of issues or criteria, in
an attempt to keep the process of appraisal asagppossible. In the current study, which expiicitl
attempted to appraise sustainability, a set of ete ariteria groupings were used to prompt
participants to consider the classic elements sfasuability: environmental, economic, and social
issues; as well as an important aspect of energjgypm particular: energy security. In order to
avoid restricting the framing of the appraisalsthese categories, participants were invited to
identify criteria outside that framework (in anhet’ category) if they felt it appropriate, and wer
also invited to work outside of those putative eniét groupings if they felt it did not reflect thei
views.

Third, the appraised scenario set, in additionh® gix visions outlined in section 3, contained a
‘status quo’ or reference scenario, describingctimeent systems for energy and transport in the UK.
This was also appraised, as a way of providingretmark comparison for the different visions.

Finally, the plausibility and sustainability of féifent visions are inevitably contingent upon
implicit framing assumptions about the wider future.g. framing assumptions concerning
geopolitical and social stability, rates of climateange, resource availability and fuel prices, smd

on. While an MCM study attempts to record such frajrassumptions, these are often implicit and
remain tacit. In order to more fully explore papnts’ framing assumptions, at the end of the
interview participants were therefore confrontedhwa pair of external “sideswipe” scenarios -
rapid climate changandsustained oil and gas crisithat would challenge tacit assumptions about
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the wider contexts in which the hydrogen visiongmisit. After reading through these, participants
were asked for brief comments on how such a seemaight change their appraisal, both in terms
of the criteria selected, the performance of visiander those criteria, and the relative importance
of criteria. This allowed the investigators to exploalbeit it in a brief, qualitative fashion, the
importance of tacit framing assumptions in the apgal, and the robustness of the ‘desirability and
plausibility’ of the visions in the light of theselevant major uncertainties. The opportunity to
explore the importance of such sideswipes or ssepris often cited as one of the advantages of
scenario approaches, although in practice, sugpaserarely explored (Van Notten et al 2005).

Box 2.1. Description of sideswipe scenarios

Rapid Climate Change
Draws on a scenario developed for the Pentagoretsr Bchwartz and Doug Randall (2003).

In this scenario, the most pessimistic assessndntbmate scientists are borne out. By 2010, a
sharp increase in ‘extreme weather events’ hasrbecobvious. At the same time, evidence is
mounting that the thermohaline cycle that poweesGhlf Stream is collapsing, bringing significant
cooling to Northern Europe, along with a marked iteclin precipitation. By 2015, climate
scientists and forecasters are facing new chaleragethe models and simulations developed pver
decades are inadequate to deal with increasingbyedlictable patterns. As a result of the Gulf

Stream collapse, Europe is hardest hit by climaienge, and in particular Scandinavian countries
struggle to stem emigration, as life becomes irgingdy difficult. Elsewhere, in Siberia and
Northern Canada, warming leads to the melting nflta, which starts to release large quantities of
carbon dioxide and methane, contributing to a diicf@edback. Melting icecaps and reduced snow
cover also contribute to feedback by reducing taghés albedo. By 2020, disruptions to fopd
supply are causing widespread conflict and sufferin

Sustained Oil and Gas Crisis

Draws on US National Intelligence Committee scevgafior the Middle East and Eurasia (N|C
2004), and the Japanese METCstical scenarig METI 2001).

While oil shortages per se, as predicted by sonaogists (e.g. Campbell), do not occur, oil flaw
problems and market uncertainty arise from cordlict oil regions, and rapidly rising demand|in
Asia. The US democratisation experiment in Iraq figilare, with Iraq becoming a long-term fail¢d
state, mired in civil war. Increasing Islamic fungntalism finally erupts into revolution in Saydi
Arabia, and while conflict itself is short livedprefidence in the oil industry is severely damagex,
is oil infrastructure. In Iran, the deeply unpopuiaeocracy is finally toppled leading to long-term

internal conflict as the new government struggtesdntain fundamentalist counter-coups, creating
further shocks and uncertainty in oil and gas matkRussia continues its slide into poverty,
economic stagnation, and energy resource dependandea xenophobic backlash in around 2015
mirrors that of Iran in 1950-1953, when the oil ustty was seen as a symbol of national
subjugation by foreign powers and corrupt oligard@entinuing instability in other oil & gaps
producing states, including Nigeria, Venezuela, tnase in Central Asia and the Caucasus, ledad to
an oil price that fluctuates unpredictably aroumdaaerage $100/bl, never falling below $40/bl

between now and 2050.
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3. Visions of a Hydrogen Economy for the UK

As outlined in section 2.3, the construction of Bi€SHEC hydrogen visions drew on the existing
hydrogen futures literature, and on a stakeholderkshop in September 2004. This section
presents the six visions, with a summary in Boxf8ltbwed by the full description as presented to
the expert panel. Full details of the developmérhe visions can be found in Eames & McDowall

(2005).

[

I G
~ | central Hydrogen has become the dqminant transport fue_l,ialpxdoduced centrally from
2 Pipeline mixture of clean coal and fossil fuels (with C-seqragin), nuclear power, and large-
o scale renewables. Hydrogen is distributed as a gasdigadied pipeline.
o
73 Hydrogen produced locally from natural gas is the aami road transport fuel. THe
c Forecourt L . . . .
® g Reforming existing natura! gas network provides the.dellveryalsﬂructurg, and hydrogen |is
= generated on-site by steam methane reforming aethelling station.
50
L .‘g Liquid hydrogen produced by nuclear power and lssgale renewable installatiops
§_ o Liquid has become the dominant transport fuel. There is &mniational market in liquid
2 ; Hydrogen hydrogen. This is largely a scenario of substitutigith current energy and transpgrt
E g paradigms remaining unchanged.
é Renewably produced hydrogen again provides the damhitransport fuel. In thig
o Synthetic case, however, it is ‘packaged’.ir_l the form of a sgtithliquid hydrog:ar_bonl, such 3s
=3 liauid fuels methanol, to overcome the difficulties of hydrogenrage and distribution. The
< 1qul carbon for fuel synthesis comes from biomass and framfltke gases of carbon-
intensive industries.
Gaseous hydrogen is not only the dominant road tranfyer Many buildings alsc
use fuel cell CHP systems running on hydrogen. Disteith renewable generatign
= ? Ubiquitous | predominates, reducing need for long distance trasssom and distribution, and
o 5 Hydrogen allowing hydrogen to compete directly with electsicas the main energy vector fpr
o5 the provision of domestic and commercial heat andegpoRegional grids of hydrogen
oj '%,': pipelines connect (predominantly local) hydrogen $iappvith local needs.
SD-,'% Hydrogen is not only the dominant road transport,fitelalso plays a vital rol
53 Electricity providing distributed energy storage to overcome ithtermittency problems
= Store renewabk_a ele_ctrlcny generation. H_ydrogen is predudocally in small ;cal
electrolysis units for forecourt refuelling and oesstorage for use in domestic ahd
commercial CHP units at times of peak electricity dadilimited supply.

These futures differ in relation to the end-usesyafrogen, the means of hydrogen generation and
storage, and the degree of centralisation/decésata@n of its production and supply. In terms of
time scales, the intention is to imagine them faowmh into the future that substantial
infrastructural changes are conceivable, but ndasmto the future that the technologies envishge
today will be obsolete. They have therefore notnbeenstructed around an exact future date, but
might nevertheless be thought of as located somendreund the 2040-2050 mark.

The visions are differentiated according to thecpised role of hydrogen (as a transport fuel only,
or as providing both transport and broader eneegyices), and the degree to which the system is
centralised or decentralised.
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Figure 3.1 showing how the visions are differentiated

The Synthetic Liquid FueVision has been included as an ‘alternative’ tyjson, exploring the
possibility that renewable hydrogen can be packdgedse in a synthetic liquid fuel, that is easier
to transport and store.

e (o

Vision 1. Central Pipeline

In this future, hydrogen has become the dominaadl tbansport fuel. Hydrogen-powered lorries,

buses and passenger cars — and even motor cyletage-become widespread, using PEM fuel cells.
There is some use of hydrogen fuel cell systemsffegrid and back-up power, but this is a niche

market with little significance for the wider engrgystem. Hydrogen is also used as a marine
transport fuel, and there is increasing interesthim use of hydrogen as an aviation fuel, with

significant R&D and demonstration activities indlarea.

There are three major hydrogen production routésignfuture. Hydrogen is produced from:
Nuclear power, either electrolytically, or throudimect thermal or chemical routes in high
temperature reactors (such as the Sulphur-lodineegs).

Fossil fuel plant, both coal gasification and nat@as reforming, with sequestration of the
carbon dioxide;

Large renewable electrolysis installations, prinllypkarge offshore wind farms and marine
power stations around the UK'’s coastline

Energy for road transport is distributed as gaseoydrogen. Heat and power for industrial,
commercial and domestic use continue to be suppljeithe electricity and natural gas grids. There
is a hydrogen pipeline infrastructure connectingdpiction facilities with refuelling stations in
major centres of hydrogen use, such as city ceaindsalong motorways, and supplying ports and
airports. In areas of very low demand, hydrogepr@sided by truck, much as petrol is distributed
today. On-board storage is in solid state or cosg@me gas tanks; there is medium term bulk storage
in salt caverns and on-the-forecourt storage inlsihte stores.

Key technologies:

Onboard (compressed or solid state) storage
Fuel Cell Vehicles
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Pipelines and stationary bulk storage

Clean coal and carbon sequestration

Thermal or thermo-chemical production of hydrogehigh temperature reactors
Large scale electrolysis

Vision draws on: E4Techt al. (2004), Ogden (1999), interviews. This centraliggs-based future
was a feature in the visions workshop, particuldriym the group focused on energy security
(McDowall & Eames 2004).

If transport demand remains much as it is todaig, fiture would require the following hydrogen
production capacity:
- Coal gasification: 40.6 million tonnes of coal, % of UK coal consumption in 2008,
Steam methane reforming: 250TWh, or 23-25% of UK gansumption in 2008y
32 Sizewell B sized nuclear power plants (1.2GWadmurces assumed electrolysis rather
than thermal routesyr
27,700 3MW wind turbines (compared to 1,200 wintbitues currently installed in the UK)

Nuclear
Power
Centralised
Renewables
Refuelling
Hydrogen Pipeline station

Fossil fuels, with
sequestration

Figure 3.2 Central Pipeline

Vision 2. Forecourt Reforming

Hydrogen produced locally from natural gas is tlwnohant road transport fuel. The existing
natural gas network provides the delivery infrastinee, and hydrogen is generated on-site by steam
methane reforming at the refuelling station.

The role of hydrogen is restricted to use as aspart fuel. Hydrogen-powered lorries, buses and
passenger cars have become widespread, using PEIdeflse and storing hydrogen onboard as a
compressed gas or in solid stores. Hydrogen isymex from natural gas, reformed at refuelling
stations.

Energy for transport is thus distributed as natgi@d, which plays a leading role in the energy
system. As well as providing fuel for transport, shduildings are equipped with a CHP unit
(possibly fuel cell) running on natural gas. Theraéme use of hydrogen fuel cell systems for off-
grid and back-up power, but this is a niche maxkith little significance for the wider energy
system. There is little significant hydrogen distition infrastructure, as hydrogen is produced at
refuelling stations, where it is needed. Local etdgsis or hydrogen trucks have a niche role where
natural gas networks are poor. Hydrogen is stotefaelling stations as compressed gas or in
solid storage media. There is no large scale, leng-storage of hydrogen.
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Natural Gas reforming on-site,
gaseous hydrogen refuelling

Natural Gas Grid

Figure 3.3 Forecourt Reforming

Key Technologies:
Small scale natural gas reformers
Onboard (compressed or solid state) storage
Fuel Cell Vehicles

Vision draws on: interviews, workshop participaimshe UK competitiveness group (McDowall &
Eames, 2004)

If transport demand remains much as it is todag, ftiture would require 270-346 TWh of natural
gas to satisfy demand for hydrogen for transpaytivalent to 24-31% of UK gas consumption in
2003.

Vision 3. Liquid Hydrogen

Liquid hydrogen produced by nuclear power and lagpde renewable installations has become the
dominant fuel for both road and marine transpotter€ is an international market in liquid
hydrogen. This is largely a scenario of substitytiaith current energy and transport paradigms
remaining unchanged.

Hydrogen powered lorries, buses and passenger t@re become widespread, using either
‘flexible-fuel’ combustion engines or PEM fuel cellslowever, the size of on-board liquid
hydrogen fuel tanks remains an issue for smallgr cars — where a niche market for battery
vehicles exists.

In this future, liquid hydrogen is an internatidgatraded product, produced from nuclear power
(either electrolytically or by direct thermal oreshical routes in high temperature reactors), and
from large scale renewable installations, many bictv are outside the UK. Regions of the world

with large renewable resources, particularly solgmiroelectric and wind, supply much of the

world’s demand for hydrogen.

While energy for transport is distributed as hyanogheat and power for industrial, commercial and
domestic use continue to be supplied by the etdtriand natural gas grids. Hydrogen is

distributed primarily as a liquid, by tanker, trand road, serving a network of refuelling stations
around the UK. On-board storage is in cryogeni&samvith liquid hydrogen. There is also bulk

storage of liquid hydrogen at refuelling stations &uel depots.
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Nuclear Power

Liquid Hydrogen . .
Tanker R_efqellmg station
(liquid hydrogen)
Centralised
Renewables

Figure 3.4 Liquid Hydrogen

Key technologies:
Liquid hydrogen storage
Direct solar hydrogen production
Cryogenic technologies
New nuclear power
Fuel cell vehicle
Vision draws on: BMW (2004), Ogden (1999).

Neither the GM nor the CONCAWE study provide weHlvtheels energy for nuclear-liquid
hydrogen or renewables-liquid hydrogen pathwayd, vae therefore have not calculated indicative
generation capacities for this pathway.

Vision 4. Synthetic Liquid Fuels

Renewably produced hydrogen again provides the mlmhitransport fuel. In this case, however, it

is ‘packaged’ in the form of a synthetic liquid mgdarbon, such as methanol (or other alternatives,
such as formic acid), to overcome the difficultidshydrogen storage and distribution. The carbon
for fuel synthesis comes from biomass and fronfltreegases of carbon-intensive industries.

Hydrogen is produced from electrolysis based oreweales, particularly wind and marine
installations around the UK’s coastline. The hydnogs then used as a feedstock for the production
of methanol, adding hydrogen to carbon derived flaamass or from carbon intensive industries.

Energy for heat and power is distributed as eletgri energy for transport is distributed as
methanol. Fuel distribution infrastructures remiairgely as they do today, with liquid fuel tankers
serving refuelling stations from large fuel depdthis future has little need of hydrogen storage.
Hydrogen is ‘stored’ in the form of a hydrocarbaelf which is used much as petrol is today.

20



\ Liquid fuel tanker

H2 source
(Renewables)

Fuel Synthesis Plant

Refuelling station

(synthetic fuel)
Carbon source

(biomass; industry)

Figure 3.5 Synthetic Liquid Fuel

Key Technologies:
synthetic liquid fuel production

Vision draws on Bosseit al. (2003); Arnasson & Sigfusson (2000).

No wells-to-wheels energy data were found for théghway, though a recent feasibility study
claimed that up to 62% of the renewable electrimifyut can be stored as methanol (Mignard et al
2003).

Vision 5. Ubiquitous Hydrogen

Renewably produced hydrogen is a major energyeardior heat and power as well as the dominant
transport fuel. A national hydrogen pipeline grighes most buildings. Many homes and businesses
use fuel cell CHP systems running on hydrogen,iiirdcommon to refuel your vehicle at home.
Hydrogen is produced from a mix of larger centedisnd smaller-scale distributed renewables and
biomass.

Hydrogen-powered lorries, buses and passengehasesbecome widespread, and hydrogen is also
a major means of distributing energy for heat aoder competing with electricity in much the
same way as natural gas does today.

Hydrogen is produced both centrally and locallyingsa variety of technologies, with a significant
proportion from distributed renewables (such asdwiarbines and building-integrated PV) and
biomass (such as wood from short rotation coppiu farestry, agricultural, food industry and
municipal waste streams via gasification, and frevat biomass’ such as grasses and sewage
sludge via fermentation). Large scale renewablerdneh installations operate in renewable-rich
areas (e.g. highland Scotland, and offshore zoriggswind, tidal, and wave power potential), and
some limited fossil fuel production of hydrogenwgiequestration of GO

An extensive hydrogen pipeline network competes wie electricity grid as the dominant means
of distributing energy for all sectors: transptwat & power. The hydrogen pipeline infrastructure
has become ubiquitous, driven by the twin demarfdgehbicle refuelling and stationary use of
hydrogen for the provision of heat & power in mi€&iP units. Vehicle refuelling is common in
homes and businesses, and it is possible to ‘plugéhicles and sell electricity to the local
electricity grid. On-board storage is in solid star compressed gas tanks. The hydrogen pipeline
network represents significant storage capacity thia is supplemented with large scale storage in
salt caverns and refuelling station installations.
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Biomass Domestic use of hydrogen
gasification — CHP and cooking fuel

Refuelling Stations
(gaseous
Hvdroaen

Fossil fuels,
with
sequestration
Hydrogen Grid — supplying
most buildings

Figure 3.6 Ubiquitous Hydrogen

Key Technologies:
- Pipelines & stationary bulk storage
‘Smart’ networks
Hydrogen CHP (probably SOFC)
Onboard (compressed or solid state) storage
Fuel Cell vehicles

Vision draws on: Rifkin 2002, Lovins & Williams (29)

If transport demand remains much as it is todayviging hydrogerfor transport onlyin this future
would require either:
47-57 millions tonnes of dry short rotation coppiiemass, about 4.7-5.7 million hectares,
assuming average Yyield of 10 tonnes per hectareetween %- of the UK’s agricultural
land including grazing lanay
27,700 3MW wind turbines
Clearly significantly more capacity would be re@airfor the heat and power loads envisaged in this
future.

Vision 6. Electricity Store

Hydrogen, produced through onsite electrolysithésdominant road transport fuel, and also plays a
vital role overcoming the intermittency problems af renewables-based electricity system.
Hydrogen production is flexible, and can respondiddable electricity supply conditions, easing
load-balancing. Since hydrogen is produced onsiequires no distribution infrastructure. Locally-
stored hydrogen provides back-up power for domesti commercial CHP units at times of peak
electricity demand/limited supply.

Large scale renewables have achieved near totaindtion of electricity generation, particularly
offshore wind and marine installations around théddastline.
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Electricity is the dominant energy carrier with gags hydrogen serving only as the storage
medium and vehicle fuel. There is therefore no hgdrodistribution infrastructure. Hydrogen is
produced (electrolytically) and stored onsite ifuedling stations or in private homes. Hydrogen is
stored in solid state or compressed gas tanks.

Onsite Electrolysis;
Gaseous Hydrogen

Electricitv Grid Refuelling

Renewable
Electricity

Onsite electrolysis, home
refuelling and some CHP

Figure 3.7 Electricity Store

Key technologies:
- Small scale electrolysis
Onboard and small-scale stationary (compressedlior state) storage
‘Smart’ networks
Hydrogen CHP
Reversible stationary fuel cells

Vision draws on: interviews, Sorensehal. This future came through strongly from the workshop
group focused on climate change (McDowall & Ean2€94). The Energy White PapeFEuel cells
also have the potential to help renewables prodouare stable supplies. Hydrogen can be
generated when electricity demand is less than behg generated by the renewable energy
source. This can then be converted to electriadytie fuel cell when electricity demand exceeds
that being generated by the renewable energy sdurc8

If transport demand remains much as it is todaig thture would around 27,600 3MW wind
turbines, for transport alone. There are currer|200 wind turbines in the UK. Clearly
significantly more capacity would be required foe theat and power loads envisaged in this future.

Status Quo Vision

In addition to the six visions, the following ‘stigt quo’ vision was included for the purposes of
appraisal.

Hydrogen plays a negligible role in energy and gt systems. Transport is dominated by ail,
refined in large centralised refineries into peantl diesel for internal combustion vehicles indroa
transport, and kerosene and fuel oil for aviatiod ahipping. Transport fuel is distributed by road
tanker from refineries to refuelling stations.

Power is provided by the electricity grid, and éngrated from a combination of centralised natural
gas, coal, and nuclear plant. Renewable generaiarsmall proportion of total electricity supply.
Heat is largely provided through the natural gasl,gand most homes have a domestic boiler
burning natural gas for hot water and space heatlhhgmall percentage of heat and power supply
are co-generated in CHP plants, mostly in industry.
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4. Results: Appraising the Sustainability of Hydrog en Futures

This section gives an overview of initial resultedeoutputs from the multi-criteria appraisal. It is
comprised of four parts, the first of which desestparticipants’ engagement with the process, and
their responses to the visions, criteria develogmssoring and weighting. The second part then
explores the picture of rankings that the MCM agm@&lyhas produced, and discusses rankings in
terms of the major criteria and issues. Part thmegorts the patterns of uncertainties and
dependencies on which the rankings depend. Fintilly,fourth part explores how this ranking
picture changes under different perspectives, lopmng participants’ appraisals first in terms of
their institutional backgrounds, and then in tewfshe attitudes towards the dynamics and social
implications of technology.

$ + .

Visions

In general participants were happy to appraisestieof futures developed. None felt that major
elements of a possible hydrogen future were obWousissing. One participant defined an
additional vision, while a further two explored higs of two of the UKSHEC visions. These
additional visions are described in the box below.

Box 4.1. Additions to the Six UKSHEC Visions

The Health and Safety Regulatartroduced a vision based on the European ‘Natdhlresearch
project. This vision involves the use of hydrogeoni a range of centralised sources, including
nuclear power, natural gas reforming, and coalfigasion with sequestration of the carbon dioxide.

Hydrogen is then injected into natural gas gridsdistribution. Natural gas-hydrogen blends are

used directly in domestic boilers and gas cookard,hydrogen is separated from natural gas to|fuel
vehicles. TheCarbon Trust Analysglso raised this as relevant for the transitioron@ of the
visions, but not as a viable vision in itself: thar than it being a final scenario, what's the
role ...in the transition”

The Automotive Industry Participanbtroduced a hybrid betwedriquid HydrogenandUbiquitous
Hydrogen In this vision, local renewable hydrogen supplazsl heat and power needs, much as in
Ubiquitous Hydrogenbut where there is insufficient local resourégid hydrogen imports would
satisfy transport energy demand. It was argued dlaie, thelLiquid Hydrogenvision did not
adequately represent the strengths of using liqudfogen in vehicles, as it ignored heat and power
markets.

The Environmental Campaigneintroduced a hybrid betweeklectricity Storeand Ubiquitous
Hydrogen to emphasise perceived synergies between theetkaticity and hybrid networks. As
with both Electricity Storeand Ubiquitous Hydrogenthe emphasis was on renewable sources of
hydrogen.

The Sustainable Energy Consultaahd the Industrial Gases Industry Participaritad concerns
over the apparent arbitrariness of the inclusioexalusion of particular primary energy pathways
from particular infrastructures. Thi&utomotive Industry Participardlso had concerns about the
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consistency of comparing transport-only futureshwthose that saw wider roles for hydrogen.
However, none felt that these constrained thelitalo participate in their appraisal.

There were two common reservations about the dettufes.
The first concerned the way in which the visionsevigtamed, as most felt that the most
likely future would be some sort of hybrid or mik the visions presented, and that the
futures were artificially parcelled up. While mgtrticipants acknowledged that this was
an inevitable feature of using scenarios, at least felt that by dividing up hydrogen
futures, the project would downplay the versatildaf hydrogen in a diverse energy
system, which was felt to be one of its key streagt

The second was a general problem with considerihg afsnapshot’ in the long-distant
future, rather than considering the transition edoy which a future was obtained, or the
strategies through which such a future might beughd about. This may be partly
because the participants are accustomed to evajustiiategies and policies, but are not
so used to evaluating possible alternative goasgef@l found this difficult.

The scenarios contain significant scope for inetigtion. This meant that participants were not
always focusing on the same elements of each ofifliens, sometimes making direct comparison
of their appraisals problematic. For example, undegious criteria relating to local environmental

impacts, some participants focused on the impboatiof downstream hydrogen use in transport,
while others concentrated on the upstream impbaatiof the primary energy mix. This of course

reflects the dynamics of wider public debates alendrgy, with different interests, groups and
analysts focusing on different areas of likely dausible futures. However, it does mean that
aggregation of different individuals appraisals trhesconducted with caution.

Several participants clearly identified ‘favouritésr least favourites) during the process of tagki
through the details of the visions, in advance ofisidering criteria and scoring. THenergy
Technology Researchezommenting oriForecourt Reformingexclaimed: this is what I'm afraid
of’, but saw it as potentially one of the most likeljhe Regional Government Policy-Maker
commenting onCentral Pipeling said ‘the cynic in me thinks we’ll end up doing thathis
tendency for participants to bring prior prejudidesappraisal is to some extent inevitable in a
participatory approach.

Specific comments on each of the visions priopjoraisal

The following provides a summary of participantstish discussion of the visions, prior to
undertaking the appraisal, and reflect the genseake of the extent to which the visions were
considered plausible and attractive.

Central Pipeline All participants recognised this future as playia well established role in
hydrogen debates. For some, it is the most stifaigtdird system, with the only difficulty being the
large upfront infrastructure requirement. As 8enior Oil Industry Participanput it: “I think this

is one of the more credible scenarios. The idea yoa're going to have a grid linking the
centralised sources is, | think is absolutely righor others, it represents a perpetuation ofkihd

of ‘big energy’ solutions that have failed in theashp and have had negative social and
environmental consequences. Three participants tifiglt, if hydrogen was being supplied by
pipeline for transport, then it would probably bsed for stationary power as well. Tl&arbon
Trust Analystkaid that “Central pipeline means that hydrogeawviailable at a large scale in nodes,
that has an obvious fit with transport infrastruefuhydrogen stations etc. But it does actually
suggest that there are other roles for hydrogem?nStance as despatchable load. So if you've got
that much hydrogen available at that price, yesspart would be likely to be the biggest use for it
but others would be willing to pay for it”. In caast, theSustainable Energy Consultants highly

25



sceptical that hydrogen fuel could be delivered abst that would enable it to compete with grid
electricity in stationary applications.

Forecourt ReformingEight participants saw this as having little raka viable ‘end-point’ vision,
but spoke of it as having a valuable role to playaatransitional step in terms of infrastructure
development. Th&egional Government Policy Maksaid that “I mean this is certainly something
| think we should do now, but it wouldn’t be whdié want to end up.” However, there was some
support for it as an ‘end point’ vision. TRaistainable Energy Consultafbr example, commented
that “It might even be an end stage. Well, a twdiity end stage where we still have natural gas
and we want to make as efficient use of it as pdessiAn interesting feature of this vision was the
debate over its practicality, with the panel shaysharply opposing views on the feasibility of
widespread distributed natural gas reforming. Bjisstion is revisited in section 4.3.

Liquid Hydrogen Several participants felt that this was one ef lgast likely, or most incomplete,
visions presented in the set. While the rationatdricluding it was generally accepted, severdl fel
that this vision, as presented, was not a serianslidate for a hydrogen future. This was mostly
clearly summed up by th8ustainable Energy Consultanvho said simply “I don’t buy it".
However, the technologies within the vision werefalt to be relevant and worth exploring. The
Industrial Gases Industry Participafelt it was not likely, but broadly plausible: &hechnology’s
known, it's a current way of distributing hydrogen, if you can justify the investment in the plant
and you know there’s a market there, then... It dbestem unreasonable to me.” The feeling
overall seemed to be that while liquefied hydrogerikely to play an important role in the
distribution and storage of hydrogen in some cirstamces, the sole use of liquid is unlikely. The
Health and Safety Regulatchallenged the rationale for the vision, whictpart was based on the
possibility of a failure of gaseous or solid hydeagonboard storage systems to improve, by arguing
that the automotive industry seemed to be produpiogotypes with adequate range (250 miles).
The Senior Oil Industry Employee argued that theagadvantage of liquid hydrogen is its purity,
and that unless fuel cells can be made more rasiBigpoisoning, purity concerns may close off
some routes.

Synthetic Liquid FuelUnlike the other visions, this was new to manythe participants, but in
general it was thought to be an interesting additiothe overall set. ThHadustrial Gases Industry
Participantand theRegional Government Policy Makieoth feltthat it was not plausible, given the
apparent direction of automotive firm R&D, which sveeen to have ‘turned its back’ on synthetic
fuels such as methanol. TBF| Policy Makerhad been sceptical at the scoping interview staigie,
was more positive in the MCM interview: “I was stiegl because... all the vehicle manufacturers
seem to be assuming gaseous hydrogen as storpgesibly solid-state hydrogen storage as being
the means of introducing fuel cell vehicles. Havingked at the arguments for synthetic liquid
fuels, | think there’s definitely a case to be métkre.” Six participants expressed some unease at
the likely carbon balance of the vision.

Ubiquitous HydrogenOpinion on this vision was sharply divided, andhe words of th€arbon
Trust Analystit was seen as the “most interesting and most cexnpf the [visions]”. The
Sustainable Energy Consultaté¢scribed this vision as “a pipedream”, a basiaaite-looking but
ultimately implausible future, because of the thedymamic and efficiency issues around
distributing energy for stationary applications taglrogen. For others, it is the most obviously
sensible and desirable system. Hreergy Technology ResearcHelt that this future required most
innovation, and that it was possibly the least gilale, without a major natural gas crisis. Theel
Cell Industry Participantdrew parallels betweddbiquitous Hydrogerand the old town gas system,
only with locally appropriate low-carbon resourc&sommon attitude to this vision summed up by
the DTI Policy Maker who commented that “it's credible when there drezally any alternatives
left”.
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Electricity Store All participants recognised this as a major édrthe hydrogen debate. Most saw
it as only viable in the very long term, given iitdiance on renewables, and tinelustrial Gases
Industry ParticipantandDfT Policy Makemnwere concerned that pursuit of this vision woddd to
less efficient use of limited renewable electricéypplies. Some participants (including the
Automotive Industry Participanthe Senior Oil Industry Participantthe Regional Government
Policy Makej) felt that a likely amendment would be to have sdmdrogen distribution by truck
or pipeline in addition to the onsite generatioanir electrolysis, but accepted that this was the
dominant feature of the vision. Tuclear Industry Experfelt that the inclusion of nuclear power
in this vision would make it more robust and maradible.

Criteria

Between them, the 15 members of the expert parigledea total of 98 criteria, of which many
seemed to be very similar across different pardicip (e.g. various criteria exploring carbon
emissions and security of supply), reflecting themthant concerns frequently discussed in
hydrogen debates. Of all the criteria against whiighvisions were scored, only one was treated as
a matter of principle. ThEnvironmental Campaignerould not countenance any vision involving
the use of nuclear power. In addition, at least ttieers considered ruling out nuclear power. The
Regional Government Policy Makeonsidered ruling out on principle anything invaly nuclear
power or carbon capture and storage, but ultimadelsided that the issues associated with these
would come out clearly through scored criteria. Hmergy Policy Research@ommented that “I
don't think really with climate change you can raleything out on principle.... | think it would be
very nice to say you should rule out nuclear powprst don't think you can”.

Under ‘social’, seven of the participants considevaly social acceptability — and the way in which
this was defined and scored suggested it was s#ien as a feasibility barrier rather than a broader
component of sustainability. This reflects assummgi@bout the nature of social resistance to
technological change.

All participants developed a criterion that in somay reflected the performance of the visions in
terms of global climate change, and all but@tienate Scientishlso developed at least one criterion
looking at other aspects of the environmental perémce of the vision.

For many participants, the selection of criteriaowgf the extent to which the debate around
hydrogen is shaped by (UK) government policy pties; the oft-repeated ‘drivers’ for hydrogen:

climate, security, and air quality; and the mainmriea, cost. Indeed, some participants’ appraisals
included only criteria that are included in currgualicy objectives related to hydrogen, unlike

previous applications of MCM (e.g. Stiring & Mayel999), which have found that most

participants include criteria that go well beyomikéng policy appraisals.

Although many of the criteria appear to overlapnemf these have subtle differences in emphasis.
More easily measurable criteria, such as those opnédhntly dealing with greenhouse gas
emissions, were relatively consistently definedoasrparticipants, although even here there were
some differences (between ‘global impacts’ andboaremissions’, for example). Others, such as
costs and security, exhibited a wider range ofedat definitions. For example, the precise
definitions of ‘energy security’ criteria includatifferences around the importance of diversity of
supply, or the security profile of particular fuets the reserves of fuel available within the UK
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Table 4.1 Showing full list of criteria

Participant

Criteria Group

Criteria

Nuclear Industry
Expert

Environmental

GHG Emissions

Local air quality

Toxicity

Visual impact
Social Socio-political acceptability
Economic Affordability of h2 fuel

Energy Security

Security of primary supply

Diversity of primary energy sources

Other

Quality of supply (in terms of day to day level of service)

Technical feasibility & potential

Carbon Trust
Analyst

Environmental

Global Impacts

Regional Impacts

Local Impacts

Access to energy services

Social Public acceptability
Cost of fuel
Economic Impact on UK Economy
Degree of consumer choice
Energy Security Security/diversity

DTI Policy Maker

Environmental

Carbon Emissions

Other environmental Issues

Social Social acceptability

Economic Impact on UK economy
Impacts on local economy

Energy Security Security

Other Healt.h 'e?nd safety
Feasibility

Fuel Cell Industry

Carbon Emissions

Participant Environmental Local air quality
Other environmental impacts
Social Social acceptability
. Fuel Cost
Economic - P
Business case feasibility
Energy Security Supply Security
Sustainable Environmental Cost effec_tlve Carbor_1 Reductions
Energy Local environmental impact
Consultant

Economic

Upstream Energy Security

Economic Attractiveness

Industrial Gases

Environmental

Carbon Emissions

Indu'st'ry Local Air quality
Participant ) Upfront capital costs
Economic -
Ongoing fuel cost
Energy Security Security of supply
Energy Greenhouse Gas
technology . Local Air Quality
researcher Environmental

Other environmental impacts

Biodiversity
Social Public Acceptability
Economic Cost
Energy Security Rgsource Scarcity
Diversity of supply

Environmental
Campaigner

Environmental

Greenhouse Gas

PRINCIPLE: Nuclear Free Futures Only

Economic Cost
Public Safety
Flexibility
Other Upheaval

Geo-political issues

Health and Safety
Regulator

Environmental

Greenhouse gases

Non-carbon pollution

Social

Public acceptability

Other

Practicability/feasibility
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Flexibility

Energy Policy

Carbon Emissions trajectory

Researcher Environmental Natural Environment/wilderness
Catastrophic risk
Social Social Justice
Economic Least cost portfolio
. Primary supply
Energy Securit
i y Infrastructure
Other Radioactive Wgste
Complementarity
Senior Oil Environmental Energy Efficieqcy
Industry Physical integrity
Participant Physical intrusion

Environmental

Social Control of energy
Usability
Economic Affordability
Energy Security Diversity of sources
DfT Policy Maker Carbon

Other environmental issues

Social Public acceptability
Economic Business case feasibility
Energy Security Security of supply
Automotive Environmental WTW Qarbon .
Indu_st_ry Utilisation of available resources
Participant Social Degree of state intervention required
Economic Economic feasibility
Energy Security Security/diversity
Regional Gov. Carbon
Policy Maker Environmental Air quality

Complementarity with renewables

Social Acceptability/risk

Economic Cost

Energy Security Compatibility with decentralised
Climate Scientist Environmental Global environmental improvement

Economic Cost competitiveness

Other Scale of tech deployment

The table shows criteria as they were grouped éy#iticipants themselves during the interview.

Furthermore, several criteria could be viewed a#tirdimensional, and did not fit into any of the
category groups in a straightforward way. enior QOil Industry Participantiefined an ‘Energy
Efficiency’ criterion, that was explicitly economis well as environmental. Thenergy Policy
Researchefelt strongly that a ‘Radioactive Waste’ criterionust be social, political and economic,
as well as environmental, and the same was trag¢ ®dcial Justice’ criterion.

Scoring

Many participants found scoring difficult — not camptually, but because of the substantial
uncertainties surrounding the performance of déffevisions under particular criteria. In partiaula
participants had difficulty scoring the visions eaonomic criteria (and had difficulty in defining
appropriate economic criteria). This applied to bo#rrower criteria on the likely costs of
particular systems, and some broader criteria alvbat impact the different systems might have on
the UK economy as a whole. However, this was pertiafbe expected, given the long term and
highly uncertain nature of the scenarios and tiheréumvorlds in which they would exist.

During scoring, several participants chose to detgiteria that had been defined earlier, because
they felt that the criterion, though important, wbbe of little relevance in distinguishing between
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the different visions. Some deleted criteria on tthsis that the issues had been dealt with under a
previous criterion.

Table 4.2 Showing criteria deleted by participahiang

Participant Criterion deleted during scoring

Health and Safety ‘cost to the user’ was removed, on the basis timassessment of a
Regulator ‘practicability’ criterion had borne in mind potégitcosts.
Automotive Industry | ‘other environmental issues’, which had largelyused on air
Participant guality, was felt to be of little use in distinghisg among visions
DT Policy-Maker ‘cost’ issues were removed, as they had been cemeslidinder

‘business feasibility’

A ‘resilience’ criterion was deleted, as this cobklbundled with
upstream energy security

Regional Gov. Policy| ‘performance of system/quality of service’ was fadt to be useful i

Maker distinguishing the visions.

Energy Policy ‘Environmental Justice’ criterion, as this was felbe an important

Researcher framework condition, rather than a criterion on eththe visions
could be distinguished.

Industrial Gases ‘impact on the UK economy’ was rejected, as it Wedsthat the

Industry Participant | uncertainties were equally overwhelming for aliois.

There were several examples of what might be censitistrategic scoring, or subjective scoring,
in which participants’ justifications of particulacores were clearly influenced by the overall
appeal of a particular vision (e.gOh, | quite like this one. Go for seveand “Yes, but... what
I’'m... sort of trying to plug... is odorganisation namejoncept

Treatment of Uncertainty and Variability

Participants showed strong personal differenceghénway in which they expressed uncertainty
during scoring. In the face of very great uncettas) four participants felt unable to provide a
range, feeling that the best response was a sipgjlet’. Two participants tended to use the
optimistic and pessimistic scores to point outdtiengths and weaknesses of the vision, rather than
to explore performance under different assumptibmgeneral however, participants were happy to
use the variable scoring to reflect the uncertaintind dependencies of the future performance of
the visions. Discussion of how these uncertainiepact the overall picture of the results is
presented in section 4.3.

Weighting

The overall picture of weightinggrovides an overview of the groups of issues faaticipants
judged to be most important. There is a clear teagldor environmental issues to receive high
weightings, with social issues in general receivimgch less attention, and with a substantial spread
of views around the importance of economic critdtigs also interesting to note the relativelyhig
weights given to criteria identified in the ‘otharategory. This perhaps suggests that participants

! Similar scoring behaviour has also occurred in previgses of the method (e.g. Davies et al 2003: 142).
2 Note that, during the appraisal, participants wesieed to concentrate on the relative performancéef t
visions, rather than to use an absolute scale. As #,rémux-axis of all charts denotes relative degrees. (
of performance, of weighting etc.), rather thancdilie figures.
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only introduced criteria outside the four definedtegories when they felt that these were
particularly important, whereas it may be that isggants were prompted to add criteria that they
felt were less important by the group headings saagtsocial’. The ‘other’ group included a very
wide range of criteria, such as feasibility, phgsimtrusion, social justice, flexibility, and the
degree to which the vision was seen as facilitatimg development of renewables. For some
participants, the ‘other’ group included key cridethat arguably best reflected their own personal
approach to the framing of the appraisal, such radidactive waste’ for thénergy Policy
Researcheror ‘compatibility with renewables’ for theegional Government Policy Maker

Weight Extrema - All Participants

Environmental

Economic

Social

Security

Other

0 20 40 60 80 100

Figure 4.1 Showing criteria weightings. Bars represkatrange between the
lowest (furthest to the left) and highest weightsegioy any participant for
that group of issues. Each participant distributed ffifortance ‘points’
among their criteria, to indicate relative perforrman

Some participants clearly used weightings to redptingeneral issues, rather than to rate the
importance of the criterion in question. Essentjalhey used the criterion as a proxy for a whole
suite of issues that had not been included duriitgerm definition and scoring. In one clearest
example, theRegional Government Policy Makeras unhappy with the final ranking of visions.
Looking back through the process, it became clear the criterion ‘cost’, which in itself was not
felt to be of overarching importance, was beingdugerepresent broader economic concerns, and
was thus given a high weight. This suggests a neddok carefully at how participants talked
about importance and weighting issues throughauptiocess, as well as how they actually weight
particular criteria. It also may reflect a more gt tendency in appraisal — to make decisions on
the basis of emblematic indices. This would represe ‘rules-of-thumb’ approach to decision
making, which may have interesting implicationsdppraisal.

Responses to the Sideswipes
The ‘sideswipes’ exercise was introduced as a ndetbgical experiment and check for the
robustness of the findings. Several participantaroented that this was a worthwhile exercise. As

the Sustainable Energy Consultagmat it: “That was interesting. That was a useful thing to'Gos
that was... outside the boundaries of the visions
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In discussing the sideswipes, it was noteworthy thany participants felt the sideswipe scenarios
were plausible, and not radically different frone thutures they expected despite their somewhat
extreme character. For example, one participaasponse was:

Participant: “Yeah. Well, I... | sympathise strongly with the fiate, the climate change one
Interviewer For you, it's not a, not a radical surprise?
Participant Not at all. (Laughs) unfortunately.

However, while many participants had recogniseditiygortance of the threats embodied in the
sideswipes during the appraisal, they had not takenaccount the radically changed conditions
that such sideswipes would imply. Rather, participdnad explored future states in terms of current
society’s assessment of the importance of climhémge and energy security. Their agreement with
the sideswipes as plausible futures demonstratss lifigh levels of concern for these issues, but
also demonstrates the difficulties of thinking tigb the implications of a radically altered future.
Most participants felt that the sideswipes woul@rathe weightings that they had given to energy
security and carbon emission criteria. Some notagiswin which conditions would change, for
example:

Carbon Trust Analystt suppose the other scenario driver in this is susiastiategic intervention
by governments, stockpiling, re-nationalisation, ggenfrastructure, global trade patterns around
things like gas, impact on historic relations betweiéaral gas prices...

Interviewer: Do you think that ties into willingness of governnei intervene in markets to pull
through new technologies like hydrogen?

Carbon Trust Analystlt could do. | mean its sustainability, security of glyp all become much
more important under both of those [sideswipes]. Loglkat these drivers, this would change the
weights of that last exercise, security of supply gadtof being a ‘20 issue’ would be an ‘80’ issue.”

Several participants felt that the sideswipes wonktease the feasibility of a transition to a
hydrogen future. For example, tbéT Policy Makercommented that at the moment the drivers for
a transition are not really strong enough, but thatfutures envisaged in the sideswipes represent
“a very different picture and then hydrogen becoaket more persuasive as an argumént.

Some participants suggested that, while they Hashtanto account these radically different futures
during their appraisal, other sideswipes might haae significant impacts on their approach, such
as technological-breakthrough sideswipes, econaméession, or unexpectedly weak climate
change. While there was not the time to explorsdhgossibilities, the fact that they were raised
suggests that the exercise did promote broadekitigrabout the background assumptions made in
the appraisal, and that such interventions mightubeful in exploring tacit expectations and

framing assumptions in other futures studies.

$ ;

The following diagram shows the final weighted s&soifor the visions aggregated across all
participants. The aggregated results can, at bexiupe only a very rough picture of the contours
of the appraisal, and can be used as a comparmseramine where individual participants may
differ markedly from the panel as a whole.
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Final Weighted Scores for all Participants

Central Pipeline

Forecourt Reforming
Liquid Hydrogen
Synthetic Liquid Fuel

Ubiquitous Hydrogen

Electricity Store

Status Quo. |

0 20 40

60

80

Final weighted scores aggregated across all participBarsindicate extreme (ligt
blue) and average (dark blue) pesistic and optimistic scores, capturing the de
of uncertainty about future performance. Thaxis is a relative scale indicating |

(0) to high (100) performance.

The charts below show the final outputs for eactiigpant,

different appraisals.

and demonstrate the wide variety of
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Sustainable Energy Consultant

Central Pipeline
Forecourt Reforming
Liquid Hydrogen
Synthetic Liquid Fuel
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Industrial Gases Industry Participant
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Automotive Industry Participant Regional Government Policy Maker

Central Pipeline I Central Pipeline I
Forecourt Reforming | Forecourt Reforming I

Liquid Hydrogen [

auid Hydrogen | l Liquid Hycrogen |
Synthetic Liquid Fuel | r
H Synthetic Liquid Fuel ]

Ubiquitous Hydrogen |

ety Store | Ubiqitous Hycrogen I
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Climate Scientist

Central Pipeline I
Forecourt Reforming |

Liquid Hydrogen |
Synthetic Liquid Fuel I I
Ubiquitous Hydrogen I I

Electricity Store I I

Status Quo

Figure 4.3 Individual weighted score ranges. Blues lbepresent the weighted scores for the
six core visions plus status quo, while red bars shaiong that were introduced by
participants during scoring. The x-axis is a relafive0O0 scale showing performance, with
better performing visions further to the right. Bangth is a result of the degree of
difference between pessimistic and optimistic scorasjsthus a function of the degree of
uncertainty.

The picture confirms the highly contested natur¢hef debate, with no absolute winners or losers,
and with a wide range of weighted scores for alaris. This does not mean no patterns are clear,
but rather that there are no uncontested winne@mihation of the relative performance of each
vision, under both optimistic and pessimistic agstioms, provides some clear messages about the
likely sustainability of the different futures. Therformance of each vision is discussed below.

Central Pipeline

Central Pipelinewas ruled out by thé&nvironmental Campaignebecause of its inclusion of
nuclear, and in the view of tHenergy Policy Researchédrperformed worse than any other vision.
In this participants’ view, centralised systemswiticlear power and pipelines performed poorly. It
also did worst in the view of th®egional Government Policy Makewho also penalised
centralised systems, nuclear power and carbon stqgtien. In contrast, th8ustainable Energy
Consultant ranked this vision as the best performing. Casts, in particular cost effective carbon
abatements, were the driving factors in this pgdicts’ view, whose appraisal criteria closely
resembled UK government policy objectives. Mosttipgrants saw this as potentially one of the
stronger visions, particularly when greater emphasigiven to the use of renewables rather than
nuclear power.
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Forecourt Reforming

This vision was seen as the worst performing bypsirticipants. This appears to be largely on the
basis of poor performance on carbon criteria, asdsbme participants, poor performance on
energy security criteria. In no case was this seethe best performing vision (under either most
positive or most negative assumptions). Under nopsimistic assumptions however, thiealth
and Safety Regulat@ndDfT Policy MakerrankedForecourt Reformingelatively highly, not far
behind the best performing visions. These positargkings reflected these participants’ belief in
the near term and highly achievable nature of thiew, and in particular recognised the benefits of
using an established infrastructure and energycsour

The overall poor performance of this vision is ¢onéd at the aggregate level, where it performs
worst under both optimistic and pessimistic assionpt(see figure 4.2)

Liquid Hydrogen

The Health and Safety Regulatathe Senior Oil Industry Participantand theDfT Policy Maker
ranked Liquid Hydrogenworst under both pessimistic and optimistic assionp. A further
participant (theEnvironmental Campaigngrruled it out entirely, on the basis of its indtus of
nuclear power. In no case was ttiquid Hydrogenvision the best performing under most positive
assumptions. However, taitomotive Industry Participamtreated an additional vision, a hybrid of
liquid hydrogen and ubiquitous hydrogen, which perfed very highly in his appraisal. Several
participants highlighted the areas in which thdylfquefied hydrogen would have a valuable role.
The Industrial Gases Industry Participarstressed that it is the most cost effective loistpdce
transport medium, while others raised purity berefnd bulk storage benefits of liquid hydrogen.

Synthetic Liquid Fuel

The Sustainable Energy Consultaahd Industrial Gases Industry Participarsaw scope for this
being the worst performing vision, but both of tagmrticipants gave this ranking a high degree of
uncertainty. Only in the view of thiedustrial Gases Industry Participadid it remain the worst
performing even under most positive assumptionsh B6 these participants were sceptical of the
carbon balance of this vision, and of its likelpdiility and costs.

No participant saw this as the best performingovisibut in the views of six participants it
performed well under positive assumptions.

Ubiquitous Hydrogen

No participant saw this as the worst performingovisunder worst possible assumptions, but the
Sustainable Energy Consultasaw it as performing worst under best possiblermpsons. This
was largely on the basis of cost and feasibilityd ¢he feeling that hydrogen should not compete
with electricity for stationary power. Two particiga (theCarbon Trust Analysand Senior Oil
Industry Participant saw this as potentially the best performing wisi@and a further two
participants saw it as joint best wiltectricity Store However, no participant ranked it best under
least favourable assumptions, suggesting thatulavoot be seen as a fall-back option.

Electricity Store
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No participant saw this as the worst possible visWhere this vision performed relatively poorly,
this was largely on the basis of concerns abousitbddy and cost, and scepticism about the
availability of sufficient renewables capacity. 8l participants saw it as only viable in the very
long term. Thelindustrial Gases Industry Participarelt that “if 1 could simply believe that that
was possible then obviously we'd give it fantastiarks.” Electricity Storewas seen as potentially
performing the best under five participants vievasid as potentially joint best along with
Ubiquitous Hydrogemunder a further two. In several cases, this was @ie best vision under most
negative assumptions. This vision did best amontjcgzants that strongly supported renewables,
rejected nuclear and carbon sequestration, anérpeef decentralised systems. In confirmation of
this picture Electricity Storeperformed best overall at the aggregate levelfigaes 4.2)

Finally, it is interesting to compare the performarof theStatus Quovision with the hydrogen
visions.

Status Quo

It was notable that, in the appraisals of manyigp#nts, there were conditions under which the
status quo was not the worst performing option,lying that some hydrogen futures could be less
sustainable than current, or business as usualjtiest However, status quo was frequently the

worst performing option under both most positivel amost negative assumptions. In no case was
status quo seen as the best performing optiongreitimder most positive or most negative

assumptions, suggesting broad agreement that mainpden systems bring sustainability gains.

Not surprisingly, it tended to perform well wherast and feasibility were seen as most important,
and worst where carbon was a key concern.

Patterns in the vision rankings under different issies and criteria

The aggregate picture, as outlined above, provadeseful overview of the rankings across all
participants, and across all the various criter@gings. However, we can learn more by looking at
the performance of visions under particular critegrouped into issues (environmental, social,
economic and so on).

Weighted Scores for Environmental Issues Weighted Scores for Economic Issues

Central Pipeline | _ Central Pipeline | -
Forecourt Reforming | - Forecourt Reforming | -

Liquid Hydrogen _ Liquid Hydrogen -
Synthetic Liquid Fuel _ Synthetic Liquid Fuel | -
Ubiquitous Hydrogen | _ Ubiquitous Hydrogen | -

Electricity Store - Electricity Store -

sauscwo | [ Status Quo | EE
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Weighted Scores for Social Issues Weighted Scores for Security Issues

Central Pipeline - Central Pipeline -
- Forecourt Reforming -

Liquid Hydrogen - Liquid Hydrogen

Forecourt Reforming

Synthetic Liquid Fuel Synthetic Liquid Fuel

|
[ | [
Ubiquitous Hydrogen [ ] Ubiquitous Hydrogen | I
Electricity Store [ ] Electricity Store | [
[ |

Status Quo

Status Quo -

Weighted Scores for Other Issues Figure 4.4 Showing weighted scores for different
- issues. These charts combine the scoring |and
Central Pipeline . weighting for the visions under each issue. As a
result, issues that on average received higher
weightings (such as environmental) have higher
weighted scores for all visions than issues with
lower weightings (such as social). The x-axis
scale shows relative performance.

Forecourt Reforming
Liquid Hydrogen -
Synthetic Liquid Fuel
Ubiquitous Hydrogen
Electricity Store

Status Quo

None of the visions clearly dominates across alliés, althougtilectricity Storeperforms well
under most.

Environmental Issues

As can be seen from figure 4.4, the six visionsewetatively clearly differentiated on the basis of
their environmental performance. This was domindgdarbon emissions, but included a range of
other criteria, including nuclear waste, non-carlpmtiution, and local air quality. Uncertainties
with respect to these scores occurred despitavelatvell characterised ‘wells-to-wheels’ data for
different hydrogen infrastructure pathways. Someigipants were sceptical of, for example, the
performance and viability of sequestration techgis, and gave visions including sequestration a
range of scores, with the lower bound represeritiag risk of technological failure. In terms of
weightings across the participants overall carbmissions were clearly considered to be the most
important single determinant of a visions sustailitgb
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Weighted Scores for Carbon Emissions

Central Pipeline -
Forecourt Reforming -

Liquid Hydrogen

I
Synthetic Liquid Fuel _
Ubiquitous Hydrogen -
Electricity Store -
Status Quo -

Figure 4.5 Weighted scores under carbon emissions

Five participants scored an ‘air quality’ criteritimat focused on emissions from vehicles, although
in general these were not weighted highly. Thers litle difference among most of the visions
from a local air quality perspective, althouginthetic Liquid Fueleeceived lower scores

Environmental issues other than carbon and locatj@lity favouredElectricity Store and to a
lesser extentUbiquitous Hydrogerand Forecourt ReformingNot surprisingly, visions involving
nuclear power, and with a predominance of largéedossil fuels, tended to do less well.

Economic Issues

The economic sub-rankings are interesting, withenohthe visions coming out as obviously better
or worse when the appraisals of all participants examined as a whole. This is the aggregate
picture, and many participants did see significamtation among the visions in terms of economic
performance. All participants scored some formadfremic criterion (although for thdeath and
Safety Regulatothis was through a ‘feasibility’ criterion in thether’ category of issues), and
these tended to fall into three broad categories.

The most highly weighted economic criteria concdrfeasibility, and the economic attractiveness
of the vision to investors. Seven participants edarriteria along these lines. Feasibility issues a
discussed in more depth in section 5.

Nine participants scored some kind of ‘cost’ cidar However, these were varied. Some concerned
costs to society overall, while others were intehtte represent what consumers might pay at the
pump. One participant felt that it was impossildecompare the likely future costs of the visions,
and instead compared the current costs. Cost vp&satly given lower weights than the economic
feasibility criteria. Variations in the assessmeotdikely economic performance of the visions
were in part dependent on different assumptionsitgpalicy frameworks around carbon; fossil fuel
prices; the costs of nuclear power; and the redaéffordability of more decentralised, modular
systems or capital-intensive centralised systems.

Thirdly, the Carbon Trust Analysand theDTI Policy Makerattempted to consider the possible
impacts of the visions on the UK economy as a wholes included concerns about the implied
energy costs, the degree to which the costs wensidered overly dependent on price-volatile
sources, and the export opportunities for the UBwEver, the uncertainties were felt to be so great
that both participants scored all visions with goally wide range of uncertainty.
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Social Issues

As noted above, seven participants scored onlpadkacceptability’ criterion under this heading,
and the way in which it was scored showed thatiqpants felt that this was a potential barrier to
feasibility, rather than an ongoing dimension afesirable or sustainable future. Most participants
also gave social acceptability relatively low weighs. The Status Quodid best under social
acceptability criteria, often on the basis thas thias simply by definition (what exists today must
be acceptable), and that problems of social acb#ipfaare associated with change and novelty.
For example, th&nergy Technology Researctemgued that the degree of change involved would
itself be cause for social resistance, simply bsedpeople don’t like change”. The performance of
the other visions varied amongst participants, vattme feeling that ‘out of sight’ centralised
systems such &entral Pipelinewould be most acceptable, and others feelingghhbtics would

be most willing to accept the least polluting vigpsuch aglectricity Store

Five participants also scored visions on otheradssues. These included a wide range of social
and political concerns: for example, the degreevtich the system enabled access to energy
services, or the degree to which the future was asenecessitating interference of the State. These
other social issues tended to be given higher wieigh than the more homogenous ‘acceptability’
concerns. In general, visions involving greateretéxalisation tended to do well under these cateri

Security Issues

All but three participants (thEnvironmental CampaignetheHealth and Safety Regulat@and the
Climate Scientigt scored a ‘security’ criterion, while three paipiEnts (the Energy Policy
ResearcherEnergy Technology ResearchandNuclear Industry Expeyigenerated more than one
criterion under this category, including primaryeayy security, infrastructural integrity, and
diversity of sources. UnsurprisingliForecourt Reforminglid badly under security criteria, given
its dependence on natural gas. One participantechosdiscuss upstream security under the
‘economic’ category, arguing thak think you'd have to categorise that as economégause when
that goes wrong the impact is an economic’bne.

Other Issues

This is of course the most diverse category oéddt including several criteria addressing issfes
feasibility and practicality, health and safetyuiss, flexibility and adaptability of the systemeth
degree to which the visions promote decentralise@wable energy options, and radioactive waste
(seen here as having both environmental and simedications, and therefore not confined to one
or other category)Liquid Hydrogentended to do badly here, based on concerns abactiqality,
safety, flexibility, and the inclusion of nucleaower, among other factors. Perhaps surprisingly,
Synthetic Liquid Fuelvas, on aggregate, seen as the best performirgy tineke criteria.

Technical feasibility was a component of this catgg However, feasibility issues were more
commonly addressed under economic criteria, asribas case feasibility’ for example. Feasibility
issues are discussed more fully in section 5.

As well as feasibility, the ‘other’ category comted several criteria related to aspects of the
technological system, such as flexibility, ‘qualityf supply (related to the robustness of the
electricity supply system), and the degree to whioh system was seen as complementary or
enabling to renewable or decentralised energy mstd his included discussion of whether, for
example, particular systems were more likely tallema situation of technological ‘lock-in’, and
embodied very different assumptions about the eatdirtechnological change and technological
systems.
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Three participants raised some aspect of ‘usabdiyimportant, in terms of consumers’ day-to-day
experience of dealing with hydrogen technologies.

$"- ) (

A central aim of the multi-criteria mapping apprbas to document and explore the uncertainties
and dependencies in vision performance. This seetkplores these issues.

In analysing the patterns of uncertainty and vdlitghin vision performance between optimistic
and pessimistic scores, it is hoped that we cantifgle
where uncertainties are so great as to overshadteretices in vision performance
some of the key contextual uncertainties that arle vision performance, in the face of
which policies must be robust against alternatiosspbilities.
where some issues, or some visions, are subjgretder or lesser uncertainty than others
where there may be opportunities for uncertairttdse reduced or resolved with R&D

First of all, ranges within both the individual aaggregate weighted scores demonstrate the very
substantial uncertainties involved. There is comsillle overlap, with many participants finding no
clear winner, and with no one vision clearly dontimg across the participants’ appraisals as a
whole. As might be expected with long term scersrihere appears to be rather more uncertainty
overall than in previous applications of MCM (Dawiet al 2003; Stirling & Mayer 1999).

The degree of uncertainty has a significant immearcthe rankings: comparing the optimistic with
the pessimistic weighted scores shows that theimgndrder does change for both the aggregate
picture and for all but one of the individual penpiants’ appraisals. For most individuals the
changes are small, and high ranking visions tengeddorm well under both optimistic and
pessimistic assumptions. However, for some pagitip (theDTI Policy Maker the Carbon Trust
Analyst and thelndustrial Gases Industry Participanh particular) the differences are more
pronounced, with the uncertainties and variablidving an important impact on the rankings. This
suggests that in some cases the scale of uncertaivithin the visions is as important as the
differences between them, a conclusion that shoatdoe surprising given the long time horizons
involved. The task of analysis must be to explogeltasis of those uncertainties.

The variation between optimistic and pessimistiarss is composed of three components:
1. Uncertainty about future performance and impliaaioof particular technologies or
technological systems.
2. Variability in performance depending on assumptiabsut the exact configuration and
implementation of the vision, such as the preas®urce mix for hydrogen production.
3. Sensitivity of vision performance to as yet unknbleafuture context conditions, such as
future natural gas prices.

Uncertainty about future performance and implications of technologies

Many of the technologies envisaged in the visiorsia the research and development stage, and
have little or no history of widespread use in +ealld situations. There are substantial
uncertainties surrounding some of the technologiespnly in terms of their physical performance,
but in terms of what impacts the technologies mighte in broader socio-economic terms.

The following uncertainties were each identifiedrbgre than three participants, and were reflected
in variations between pessimistic and optimistiorss:

Potential leakages of G@&rom carbon capture and storage

Fuel cell performance

Performance of small scale natural gas reforméngerms of both cost and pollution

Likely carbon balance and toxic emissions from sgtithliquid fuel synthesis and use
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Costs for all technologies were subject to uncetyabut in particular uncertainties relating
to the costs of synthetic liquid fuels, nuclear poyand pipeline infrastructures were raised.
Significant uncertainties around public acceptabilif technologies in general

Performance, integrity and vulnerability of pip&

Very large uncertainties around the possible ingpantthe UK economy as a whole

Other areas of uncertainty, raised by fewer padicis, included: hydrogen storage, safety of
handling hydrogen in a domestic environment, safdtiquid hydrogen, likely developments of
fast-breeder reactors (seen by one participaneesssary if uranium resource constraints are to be
avoided), efficiency of liquefaction, performance adectrolysers, likely pollution from biomass
gasification, the levels of hydrogen purity necegdar use with PEM fuel cells, whether the
natural gas network can be upgraded to take hydramed whether decentralisation constrains or
enhances access to energy.

Variability in performance depending on the exact onfiguration of the vision

The visions leave scope for flexibility, and dif@t possible configurations of the technologies
within the visions create variation between optimignd pessimistic scores. This is particularly
true of the hydrogen production technologies.

The precise resource mixes Géntral Pipeline Liquid Hydrogen and Synthetic Liquid Fuell
generated variation between optimistic and pessitrésores for many participants across a range
of criteria. For example, thEuel Cell Industry Participantecorded large uncertainty around the
non-carbon environmental impacts @éntral Pipeling depending on the relative proportions of
coal, nuclear power and renewables in the hydraggmeration mix. Other criteria affected by
resource mix assumptions include costs, carbonsionis, and feasibility. ThEnergy Technology
Researcherexplored the likely impact on biodiversity of difent carbon sources Bynthetic
Liquid Fuel(i.e. biomass sources or from industry flue gases)

Similarly, six participants explored the differescan air quality and pollution from hydrogen
vehicles if internal combustion engines rather theah cells are used to power vehicles.

Sensitivity of vision performance to different posible future contexts

A final source of variation between optimistic apessimistic scores concerns assumptions about
the broader context in which the visions exist.

Ten participants felt that the future of naturas,ga terms of both price and availability, is ayke
uncertainty affecting the costs, security, andif8lty of different visions, particularlyForecourt
Reforming This uncertainty was reflected in the scoringthwinany of these participants giving
Forecourt Reforming broad range of scores for cost.

A second major context uncertainty concerned tkeylistatus of national and international policy
frameworks with regard to reducing @OThe Fuel Cell Industry Participantand Sustainable
Energy Consultanboth explored the potential impacts of the presemcabsence of strong GO
reduction policies on the economic and businesadiiteness of the visions. In both cases, the
variation was significant, and in both of thesetipgrants views, this is clearly a major uncertgint
with respect to the likely economic performancéydrogen systems.

Other contextual uncertainties of this kind inclddwoader social attitudes towards technology and

the environment, and the strategic direction takgnthe automotive industry, particularly with
respect to biofuels and plug-in hybrids.
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Are some visions subject to greater uncertaintiedhan others?

While they are all quite uncertain, overall, peamsurprisingly, the most uncertainty was
expressed with respect to ti&ynthetic Liquid Fuelision. This was the vision with which
participants were least familiar, and for which yomague indicative indicators about resource
requirements were available. Least uncertainty exgwessed with respect Eectricity Storeand
Forecourt Reformingpartly because these involved the least scopatempretive flexibility within
the vision definitions.

Central Pipeline
Forecourt Reforming
Liquid Hydrogen
Synthetic Liquid Fuel
Ubiquitous Hydrogen
Electricity Store

Status Quo

Figure 4.6. Shows relative degrees of uncertaintyesged with
respect to the visions

Are some issues more uncertain than others?

There was also a tendency for greater uncertaitdibge expressed with respect to particular issues.
In general, economic issues were seen as subjgceater uncertainty than environmental, social,
security, or ‘other’ issues. This is partly becacssts were felt by many participants to be seresitiv
to wider context conditions, such as gas pricespility frameworks. However, this finding also
reflects a basic difficulty in attempting to compahe broader social costs, and, for example,
‘impacts on the UK economy’, which were scored wighy high uncertainty.
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Figure 4.7 Shows relative degrees of uncertaintyesgad with respe

to different issue groups.
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One of the key features of MCM analysis is the esqtion of different underlying perspectives that
inform participants’ appraisals. In the analysis tlus report, results have hitherto been presented
showing the aggregate picture across all partitgpar for participants’ individual appraisals. This
next section groups participants according to wérethey work in government, industry, research,
or as campaigners, and shows no clear patterrarticipants’ appraisals based on such institutional

affiliation.

Exploring perspectives from different institutional backgrounds

The following charts show how the picture of apgahidiffers when participants are grouped
according to their backgrounds, in research, ingiushe civil service, or environmental NGOs

(note this last group includes only one participant
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Final Weighted Scores for Civil Servants Final Weighted Scores for the NGO Participant
Central Pipeline [ . Central Pipeline
Forecourt Reforming ' Forecourt Reforming |
Liquid Hydrogen C— Liquid Hydrogen
Synthetic Liquid Fuel [ Synthetic Liquid Fuel ]
Ubiquitous Hydrogen ) Ubiquitous Hydrogen I
Electicity Store | C— ) Electricity Store —
Status Quo | — — Status Quo
0 20 40 60 80 100 120 0 20 40 60 80 100

Figure 4.8. Mean (dark blue) and Extreme (lighteblweighted scores by institutional
background.

While there are some differences in the mean sctresxtrema show little overall pattern among
the different institutional perspectives. This, rjowith the qualitative material, suggests that
participants from different institutional backgralsnhave little tendency to share particular views
on vision performance.

This is further illustrated with reference to thaywin which participants from different institutiain
backgrounds weighted the criteria, as shown inréigti9. The patterns appear to differ little from
that of the aggregate picture, shown in figure 4.1.

Weight Extrema for Researchers Weight Extrema for Industry

Environmental Environmental
Economic Economic
Social Social
Security Security
Other Other

0 20 40 60 80 100 0 20 40 60 80 100

Weight Extrema for Civil Servants Weight Extrema for NGO
Environmental Environmental
Economic Economic
Social (UNAPPLIED)
Social
Security (UNAPPITIED)
Security
Other Other
0 20 40 60 80 100 0 20 40 60 80 100

Figure 4.9 Weightings by institutional backgroundrdBeepresent the range between the
lowest (furthest to the left) and highest weightsegiby any participant within a particular
grouping. Note that there was only one NGO paricip
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Exploring alternative perspectives on vision appraal

On the basis of patterns in the selection and ieimof criteria, the broad framing assumptions,
and the different rationales participants used &gt criteria, it is possible to group participant
who appear to share similar approaches towardapgpraisal of the visions.

Three participants (th&nergy Policy Researcher, Environmental Campaigraerd Regional
Government Policy Makgrheld strong beliefs about the social and politicaplications of
different technological systems. All of these pap@énts strongly opposed nuclear power, but they
also opposed other centralised systems, partlyhenbaisis of beliefs about the sort of political
structures that such systems are associated with, the Energy Policy Researchatescribing
nuclear as ‘anti-democratic technology’. Thenergy Policy Researcheand the Regional
Government Policy Makealso held strong views about the nature of teawiochl change, feeling
that the development of large centralised technetoguch as nuclear and carbon sequestration
would undermine the development of renewables aratgy efficiency technologies. None of
these participants scored criteria that reflectedrelative feasibility of the different visionShe
weighted scores and weightings for this group hova in figure 4.10.

Final Weighted Scores Weight Extrema
Central Pipeline | [N
Forecourt Reforming [ )

Environmental

Liquid Hydrogen 1 | Economic
Synthetic Liquid Fuel (——
- 1 Social
Ubiquitous Hydrogen [
Electricity Store [ ) Security

Status Quo ]
T Other

Figure 4.10. Shows weighted scores and weightingshf@iEnergy Policy Researcher
Environmental CampaignemdRegional Government Policy Maker

A second group of participants took a view muchendearly defined by economic feasibility, and
by expected carbon emissions. This group comptieefustainable Energy Consultaftdustrial
Gases Industry ParticipanDfT Policy Maker Health and Safety Regulatohutomotive Industry
Participant and Nuclear Industry ExpertThese participants tended to see technologieadag
relatively well characterised economic and envirental costs and benefits, which can be traded
off to provide an overall best solution. In thisewi, while social issues are recognised to be
important, there is little sense that differenthiealogical systems have strong implications for
social issues or political relations. Tisaistainable Energy Consultarfor example, argued that
‘this will be decided on the techno-economics’.tegrants in this view tend not to be hostile to
nuclear power, or at least to see it as a ‘necessal. Some of these participants felt that there
would be little difference between the environmémgarformance of the six visions, with the
exception of Forecourt Reforming Instead, the important aspect of appraisal was réfative
feasibility and economic attractiveness of theorisi The weighted scores and weightings for this
group are shown in figure 4.11. Comparison of tharts shown for this group with those of the
preceding group show clear differences. The firstug clearly reject visions involving nuclear
power, and have very different patterns of weigiginCompare, for example, the relative positions
of social and security weightings in the two grquasd the different weights given to economic
issues.
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Final Weighted Scores Weight Extrema
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Forecourt Reforming [ | ]

Liquid Hydrogen C ) Feonome

Synthetic Liquid Fuel [ Social
Ubiquitous Hydrogen :—:

- 1 Security
Electricity Store [

StatusQuo | [ NN ] Other

0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 100

Figure 4.11. Shows the weighted scores and weightfogsthe Sustainable Energy
Consultant Industrial Gases Industry ParticipanDfT Policy Maker Health and Safety
Regulator Automotive Industry ParticiparsndNuclear Industry Expert

The issues that underlie these differing perspestare explored in section 5.

Finally, the remaining participants sat betweersé¢hgvo groups, voicing concerns about the more
social and political dimensions of the differenst®ms, but seeing these as either intractables or a
less important than other aspects of the problemes@& other participants identified some criteria
that explored broader social and political aspé&aish as ‘social control over technology’, ‘degree

of consumer choice’, and ‘physical intrusion’), biditl not have strong views about the social

implications of any particular technologies, or abdhe nature of centralised rather than

decentralised systems.

Box 4.2 Hydrogen as a greenhouse gas?

One participant, theClimate Scientisttook a rather different approach to the appraiSis
participant was concerned with the possible impilices of hydrogen gas leakages on atmospheric
chemistry, and, in short, the potential for hydmge act as a greenhouse gas. In this participants’
view, those visions which make hydrogen leakageentieely were scored badly. Although the
significance of the effect is small (If a hydrogenonomy with a 1% leakage rate completely
replaced a fossil-fuel economy, then it would prael.6% of the climate impact of the fossil-fuel
economy (Derwent 2004)), this participant felt thid important, and should not be overlooked.
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Patterns of disagreement and divergence

While visual inspection of the weighted score chajives us some idea of the degree to which
participants with different perspectives disagreddut vision performance, it is also possible to
gauge the degree of disagreement within perspectiMais allows us to identify more contentious
visions and issues.

Central Pipeline

Forecourt Reforming

Liquid Hydrogen

Synthetic Liquid Fuel

Ubiquitous Hydrogen

Electricity Store

Status Quo

Figure 4.12. Shows relative degree of disagreemdwelsa participants’
appraisals of the visions.

The chart suggests that participants overall diffemost over their appraisals ©éntral Pipeline
This is perhaps not surprising, given the veryail#ht perspectives explored in the previous section
Participants with different views about the desiigbof large centralised systems and nuclear
power scoredCentral Pipelinevery differently. Participants also disagreed rstifg over their
appraisals ofStatus QuoThis is in part an interesting result of differgrerceptions of where we
currently are, and in part because some participiaated thé&tatus Quaas a business as usual
future scenario, including biofuels, hybrids andestnew technologies.
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5. Analysis and Discussion: Emerging issues in the appraisal of
hydrogen futures

Overall, carbon emissions were clearly felt to e most important factor on which to judge the
sustainability of the different visions. Howevdrthis was something that participants could agree
on, other issues were important in explaining défees between participants’ appraisals. The
positions that participants took with respect t@¢hkey issues (nuclear power, decentralisatioth, an
feasibility) reflect strongly held beliefs aboutvhdo assess energy system sustainability, and about
how technology and society inter-relate. This secéxplores these major issues.

Nuclear Power

The nuclear issue was a major factor dividing pgudéints’ appraisals and perspectives. Nuclear was
the only component of the future visions that aaytipipant the Environmental Campaignefelt
must be ruled out on principle, as fundamentallgustainable. It also was a very significant factor
in the appraisals of two other participants, theergy Policy Researcheand theRegional
Government Policy MakerTypically, their reasons for opposing nuclear powvent beyond
concerns about the risks of radiation and assatengironmental and health impacts, and extended
to the political nature of control over nuclear mswand the implications of nuclear on the
development of alternative energy systems.

In the Energy Policy Researchersew, nuclear power is “more a kind of politicdling as an
environmental thing”. In detail, this participarave nuclear as fundamentally ‘anti-democratic’
technology, that leads to ‘militarisation of sogietand the erosion of social justice.

“if you've got nuclear power plants you are talkiaigout security guards wandering around
with guns ... And there’s a huge, you know, nuclear inspectoratl mean, it's a
frightening world... In that kind of a world... it beows... a... a world where people are
separate.... And | think in a climate change envitent, where Europe is likely to become
a kind of fortress Europe... a climate change wasldn extremely dangerous world with
vast numbers of people losing their homes. Hugeuainof vulnerability and discontent
and general total unhappiness.... And having teclyiedo which enable a few, just a few
of those people to do seriously nasty things teogrople, strikes me as stupid, apart from
anything else. But then the main problem is with Kind of, democracy side because it
seems to me, unless people engage in what theying d..then they're not necessary open
to making non-parochial... global, socially just dgons.”

Both theEnergy Policy ResearchemndRegional Government Policy Makalso opposed nuclear
on the basis that the development of nuclear waomdermine efforts to move towards energy
efficiency and renewables. In the words of Regional Government Policy Makét don’t believe
that a future that's built substantially on nucleamd carbon sequestration will lead to the
development of large scale renewables. They worlnagaach other. If you can do nuclear on that
scale, you'd probably just do nuclear”. This wasasthby theEnergy Policy Researchef think
that you need complementary technologies and héecinologies are complementary. | think that
nuclear power is fundamentally undermining techgglto the requirement of moving from this
current energy system, which is basically fossélguand nuclear, through to this new [renewable]
energy system, which is looking at things in a ctatgy different way.”

Other participants had very different views aboutlear power, with for example, thedustrial
Gases Industry Participantaising no problems with nuclear at all. Some thmised concerns
about radioactive waste and risks of health andremmental impacts of nuclear accidents. The
DTl Policy Maker Energy Technology Researchélarbon Trust AnalystFuel Cell Industry
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Participant, andHealth and Safety Regulat@ll gave lower scores to visions including nuclear
under broader environmental impact criteria. Howef@ some of those participants, nuclear was
only marked down under most pessimistic assumptiafith those assumptions relating to how
well the industry might be managed, and how intrhlet waste problems might prove.

A common view was articulated by tiBustainable Energy Consultaahd as similar arguments
about nuclear being a ‘necessary evil' were madetbgrs, it is worth quoting at length:

“Nuclear... is fundamentally opposed to the notionsotainable development. The idea
that you have to bury waste in a hole for a hungwemts before you can even deal with it,
to me flies in the face of the leaving the worldlie state that you found it. However, | see
it as a lesser of evils debate, because leavingvtitld closer to the risk of catastrophic
climate change is probably a worse thing to do thawing a few holes around the UK
containing the nasty stuff. And neither of those desirable. So, the view I'm coming to is
that it may be necessary to have a fifty year rargggogram whilst we get ourselves past
the risk of catastrophic climate change or we {jptate stabilisation.”

Other issues associated with nuclear included spdiitical feasibility, with theDfT Policy Maker
commenting that “I think that my view on nucleatthst it is largely about the public perception of
risk”. TheEnergy Technology Researchraised a long-term prospect of uranium depletiom the
Sustainable Energy Consultamimong others, highlighted the high costs of rarcimwer: “and by
the way, | think it's completely unbankable, butd’heard the chief executive of a large utility say
otherwise, ..... as long as the long term liabilitiéd be underwritten by the government”

Finally, theNuclear Industry Experfelt that it was largely a question of good mamaget, and
overcoming social and political resistance. Thiswis in sharp opposition to the view of the
Energy Policy Researcheand illustrates very different beliefs about tiaure of the politics of
technology.

“I think of that ...you might have some solutions,igfhmight make environmental sense,
that is nuclear, and politicians ...are sitting aethating proliferation treaties. So, there are
issues there, which... will cause problems. But ebem, ... | can foresee things happening
in a way that things like nuclear power are managiin a political ground, which allows
nuclear to be more widely used. So... some of thddorental assumptions or some of the,
| was going to say fundamentalists prejudiced agaimuclear are based on a prior
assumptions about the nature of nuclear prolifenaéind the effect on... global conflict.
So, | think sometimes we have to dig down to teael before we say, hang on, there is a
solution there! If the need is strong enough, warilze for that solution. And the solution
might be, for example, UN managed nuclear powentptaound the world ... Sort of
protected zones, which are operated by an intematioperating agency, electricity or
what-have-you and hydrogen sold into the host agurtiut under a UN charter, for
example. So, that sort of scenario could emergeeiheed is strong enough.”

Centralisation and Decentralisation: Beliefs abouthe impacts of scale on society

The hydrogen futures literature, and hydrogen deat the popular press, are full of claims about
the manner in which hydrogen could enable decesaétédn and enable greater consumer
awareness around energy or even, it is arguediegrdemocratisation and empowerment. The
members of the expert panel took a range of vigvasiathe likely truth or fiction of such claims,
and their approach to decentralisation and commmatidle energy was an important factor
distinguishing their appraisals. This second bragtd§ issues is in some ways related to elements
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of the nuclear debate, as for some participantsenau represented the archetypal large, centralised
system.

Several participants (thRegional Government Policy Make®Benior Oil Industry Participant
Automotive Industry ParticipanDTI| Policy Maker Energy Policy ResearcheandEnvironmental
Campaignersaw value in distributed systems emphasising leaagrgy production. These views
were reflected through, for example, criteria exang the economic benefits to local communities
(DTI Policy Makej and ‘control over energy’Senior Oil Industry Participaft The case for
distributed systems was put most forcefully by Regional Government Policy Maker

“l think that hydrogen has the potential to revnise, maybe too strong a word, the way
we use energy, by enabling us to produce and mahagaupply and distribution and use of
energy locally, through local networks, through chétg heat and power locally, by

balancing the needs of different installations iffedent communities and having local

control over that, we can generate better effiGes)cwe can emphasise local control of
environment so ...to some extent we can empower Ipeaple over their control over

energy services. We break away from some of thificgirent monopolies that are based on
central energy production and international enérgy.

However, one of these participants, ®enior Oil Industry Participantfelt that, while desirable,
decentralised systems may be difficult in practis@ce “common facilities never get properly
maintained... [so] although the distributed modejé®d from a point of view of gaining access to
energy that you wouldn’t otherwise get, and it ®gdecause it actually gets people with a sense of
ownership, the infrastructure requirement assodiaiéh it may be its downfall.”

The Sustainable Energy Consultabtoadly agreed with the arguments in favour otritisted
systems, but felt that the visions could not béedéntiated on this basis. The potential benefits of
decentralisation were seen as not coming from #acp&ar structure of energy system per se, but
instead on the structure of ownership and managemhis participant felt that there was nothing
inherent in the technologies that implied the doaia political worlds that go with them

“I agree, it's a desirable aspect but | actualbn'tl see it as differentiating. That's the
problem. You'd be piling assumption upon assumptipon assumption to say hydrogen
CAN give you this versus something else, which wofib paint a ridiculous scenario... a
cooperative gets together and builds an enormofesmmer, versus a big oil company
owning lots of distributed wind turbines on youfol stretch the point for illustration
purposes, but in my view there’'s a risk from impgsan existing view on something in
forty-five years time, which | think is difficulotdo.”

Other participants did not talk about putative bierabenefits of decentralised systems, although
they did see advantages in terms of the feasibdityincremental, relatively low upfront cost
approaches based on modular systems Reuglear Industry ExpertHealth and Safety Regulator
Industrial Gases Industry Participartlimate Scientigt

Feasibility, practicality and speed

For some participants, the most important issuenveaso compare the likely sustainability impacts
of the various hydrogen systems. With the partideption of Forecourt Reformingwith its
relatively poor carbon emissions, all the visioaskte the basic problems of climate change and oil
dependency. The question, for these participards,more to do with the feasibility and practicality
of arriving at the visions. As the one participangued “Yes, but ... in terms of prioritisation,
what's important is how quickly will this particulaoute get to the end game [of low carbon
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emissions]. And ... | would say that's probably THE miosportant issue. Because we might not
have very long.”

Because of the framing of the process, which pdledsix visions as equally plausible and asked
participants to concentrate on their sustainabitither than how they might be achieved, this was
also a more difficult area for participants to egpgavith. TheDfT Policy Makerstruggled with this:

“I think, if there is going to be a hydrogen econgnthen the transition is probably of key
importance. | don't know how you could sum that ap a criteria”. At the end of the MCM
interview, theAutomotive Industry Participanfelt that the process had not adequately captured
feasibility issues, and that as a consequenceethdts did not entirely match his sense of which
vision, if any, should be pursued. The emphasistligg participant was on the deployment of
currently mature technologies, such as hydrogenepedvinternal combustion engine vehicles,
which would allow a more rapid transition to a loarbon energy system, regardless of what that
might finally look like.

It was agreed in general that the visions couldball done technically. While some felt that
particular technological advances would be necggshe Energy Technology ResearcHett that
Liquid Hydrogenrelied on new “Gen IV” nuclear, thRegional Government Policy Makeras
sceptical about the feasibility of sequestratiamly two participants (th&luclear Industry Expert
and Fuel Cell Industry Participantexplored a criterion of purely technological fibdlgy and
potential. These technical feasibility criteria atszeived relatively low weights, when compared
with the weights that participants gave to econamsigects of feasibility.

The question of feasibility was more frequentlyrsas economic and political (e.g. business case
feasibility, social/political feasibility). As ongarticipant argued:

“What | mean by practicability/feasibility is a cphtex mixture of [technical issues], and
for most of these the engineering is possible.rBote importantly, | suppose, I'm trying to

assess why should we do this? Why should the cestevant to do this? Rather than do
something else or maintain the same status quo7rAadiemocratic situation the customer
is going to have to want to do one of these rattem be told to do one of these.”

This raises some fundamental issues of what isifdess a democratic consumer society, and the
extent to which governments can force technologyicgs onto the public. At what point does the
need to fight climate change justify riding rougbdhover public preferences for a cheap energy
lifestyle? In some ways, this goes to the very thefaquestions about sustainability.

TheCarbon Trust Analysalso argued that the visions must be economiedtiipctive to consumers
and investors to be plausible. “I always think ‘whi#o you use hydrogen for’ is not a bad
guestion. ... at the end of the day, hydrogen woxi$taf people don’t want to buy hydrogen. If
they don't get any benefit from hydrogen they wdnly it”. This view was shared by thedustrial
Gases Industry Participardnd theSustainable Energy Consultarand reflected a belief that the
benefits of hydrogen are captured by society ajelarather than by individual consumers, unless
incentive structures are developed, or technolagiessystems create conditions in which hydrogen
will economically out-compete other energy vectors.

Several participants felt that certain context dthoials would need to apply for particular visiows t
be feasible. Both thimdustrial Gases Industry ParticipaandHealth and Safety Regulatéelt that
Ubiquitous Hydrogermwould only exist in a post-natural gas era. Thessimptions clearly reflect a
view that the feasibility of different visions ir@ngly dependent on future availability and casts
fossil fuels, and that in the near teldhiquitous Hydrogemas very low feasibility.

Finally, participants differed in their perceptioaswhich visions might be more or less feasible,
particularly from an economic point of view. Sondt fthat Electricity Storewas more feasible

52



because of its modularity and relatively low infrasture costs; others felt that the high levels of
renewables involved in the scenario made it feasiolly over very long time horizons, and much
less feasible than others.

Participants also differed in their perceptionstbé feasibility of Forecourt Reforming The
Industrial Gases Industry Participafelt that “I think in the short to medium termstvery viable”,
while theHealth and Safety Regulatargued thaForecourt Reformingvas a straightforward and
pragmatic solution. In contrast, tisenior Oil Industry Participanargued that for most refuelling
stations, there is no space for reforming techriekgrhis participant argued that, while it could
work for some sites, “as somebody who actually ryns know, one thousand three hundred petrol
stations, | could tell you this is nigh impossibleécause of space restrictions at refuelling sites.
Similarly, the Regional Government Policy Makaitso raised the issue of very limited space in
urban environments, arguing that it is “potentialynajor issue”.
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6. Conclusions: Insights on the road to a Sustaina  ble Hydrogen
Economy

Sustainability of the UKSHEC Hydrogen Visions

The results from the multi-criteria mapping indiedhat, overallElectricity Storewas seen as the
most sustainable vision, subject to concerns afmasibility. Forecourt Reformingvas judged to

be least sustainable, largely because of carboes@ns, but also concerns about the security and
economic implications of natural gas dependence.

Central Pipelinewas the most contentious vision, with the widesige of rankings, reflecting
divergent opinions on nuclear power, carbon seqatésh, and the economic viability of a large,
centralised pipeline infrastructure. The relativelyong performance @ynthetic Liquid Fuelsias
somewhat unexpected. This reflected the benefita lwfw carbon fuel that is straightforward to
store and transport, and that offers fewer tectgichd barriers than the use of pure hydrogen. It
was also the vision around which there was greatastrtainty Liquid Hydrogendid poorly, partly
because of some participants’ concerns about nuptaaer, but more importantly because liquid
hydrogen was seen as impractical and inefficientue as a mainstream transport fuel (although
many participants felt that liquefied hydrogen wbiiave a role in some applications). Finally,
Ubiquitous Hydrogerperformed relatively well, but as withlectricity Store there were some
concerns about its feasibility.

Since there are many possible configurations otéhknologies that compose each vision, the final
rankings of the visions tell us only a small pdrthe story. Alternative configurations of the wass,
with technologies such as nuclear included in edsht set of visions, might have lead to a rather
different pattern of final rankings. The importésgues, uncertainties, and participants’ perspestiv
on particular technological components are mordulisand are the more important findings.
Analysis of the appraisal outputs leads to theofoihg key conclusions:

Key Conclusions

Hydrogen is not automatically a sustainable optiBarticipants recognised a range of
circumstances in which hydrogen energy might be $estainable than the current system
or some non-hydrogen business as usual futures.

The panel identified carbon emissions as the mopbitant dimension of sustainability
with respect to the hydrogen futures.

Even for issues with relatively well characteriseatadsources (such as wells-to-wheels
carbon studies) there were debates about how eahblogical systems could be expected
to perform in real world applications.

There is significant uncertainty over the futuretsaand performance of the technologies,
and these uncertainties have important impactserikely sustainability of the different
futures. In particular, there are uncertaintiesceoning: the performance and costs of
carbon capture and storage, nuclear power, pigelgmall scale reformers, fuel cells and
hydrogen storage technologies.

There is a wide range of rationales for rankingedéht futures (e.g. political implications
vs. technical appraisals of likely system perforo&nSome of these issues are amenable to
further research, others are based on normatiwee\jadgements about the way in which
society should operate, and are therefore likelpdaa continuing source of disagreement
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and dissent. Nuclear power, the degree of decédtian, and perceived feasibility were
key areas dividing participants’ appraisals.

Nuclear power is a key area of disagreement. Fasettconcerned about nuclear power,
opposition was as much to do with social and malitaspects as environmental concerns.

While there was some disagreement about which efvteions would be most feasible,
there was broad support for approaches that madeofi®xisting infrastructures and
developed incrementally.

Many of the studies examining the potential of log@m fail to take into account issues of
spatial planning and physical geography — but tpace implications offForecourt
Reformingwere a major concern for some participants. Thiggests a need for research
into hydrogen to take greater notice of issuepate and place.

Assumptions about technological change are impbrado some routes mean that we
close off others? This is an area that furtheraetemight cast some light on.

‘Business as usual’ or the market alone are thotmhie unlikely to deliver any of the
visions, at least in the short term. Changes susckhéfts in fossil fuel supplies, policy
frameworks, or social priorities with respect tamate change are thought necessary to
drive a transition.

Recommendations for Policy

While carbon emissions were recognised to be th& mportant single determinant of the
sustainability of a hydrogen energy system, theeeaawide range of other criteria that are
seen as important. Issues other than carbon and remsl to be considered if the
introduction of hydrogen is truly to deliver greaseistainability.

Hydrogen policy must also be robust in the faceun€ertainties about future context
conditions, such as future availability and pridenatural gas, and public attitudes to
technology. The future of political frameworks anducarbon and climate change is a key
uncertainty affecting the perceived feasibilitytioé visions.

The broad interest coalition promoting hydrogenragile. If hydrogen systems develop,
there is significant potential for future sociahficct over the shape and direction that those
systems take.

Robust research policy should address ‘backstapinelogies — for example, that explore
the possibility that storage technologies failrtgpiove significantly.

Recommendations for Research

Public acceptability research needs to take a whpitems approach, including primary
energy as well as just the use of hydrogen asla3$tedies that only examine the public’s
attitudes to the safety or end-use of hydrogersatation are likely to be of little use in
understanding future conflicts over energy techgiele overall.

Research into social issues must move beyond naguestions of safety and public
acceptance: control, state intervention, access,cansumer choice may all be important.
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While pubic acceptability is important, there appéa be broader concerns about the
potential social impacts of hydrogen systems.

Combining scenario approaches with multi-critenpraisal provides a valuable tool for
exploring and mapping the perspectives, issues wmgrtainties involved in long-term
strategic technology choice. The approach coulttldully explored in other contexts. In
particular, many of the issues raised as imporfanthydrogen would not have been
discussed and explored with reliance on a moreondyrframed approach.

Transition Pathways to the UKSHEC Hydrogen Visions

A UKSHEC working paper published in June 200®ansitions to a UK Hydrogen Econonly
explores possible transition paths to the visiam$ireed in this summary report. The transition paths
are theoretically-informed qualitative scenariosavdng on historical patterns of large scale
technological change. The working paper will be k¢ fromwww.psi.org.uk/ukshec
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Annex 1:

Indicators

These have been calculated using data from the GBLj2thd CONCAWE (2004) wells-to-wheels studies,
which report, for a number of hydrogen generatiothyays, wells-to-wheels energy use (in MJ/100km) and
wells-to-wheels carbon emissions (in g/km L@l pathways assume a fuel cell vehicle with hyleldctric

powertrain.

Data on typical load factors and capacity sizes ftieint technologies have been taken from the Tyndal
integrated scenario project. Data on current UK @neise and calorific values of fuels were takemrfithe
DTI website. Typical yields of Short Rotation Copp{&RC) taken from the Forestry Commission website.

The indicators assume are calculated on the basimdftransport demand remaining broadly similar tayod
around 600bn passenger kilometres per year, whichsisthe level assumed in the Global Sustainability
scenario of the Energy Review).

The data on synthetic hydrocarbon production roigdsighly speculative, and has therefore not

been included.

Tables showing calculations used to derive indicafithe. letters in brackets indicate the source of théswel
to-wheels estimate, GM or CONCAWE (C).

Total Primary Energy | Total Capacity
Wells-to-Wheels Requirement (WTW x | Required Typical Installation | Number of
Energy use (MJ/km) | 600bn passenger km, | (Total GWh/ load factor |size installations
in GWh) 8760 hours)
Nuclear Electrolysis, |, g 250,000 28.5 GW 0.74 1,200 MW |32
pipeline distribution
Wind electrolysis, 1.5(C) 250,000 (C) 28.5(C) 0.4 3 MW 24,000 (C)
pipeline distribution 1.74 (GM) 292,000 (GM) 33.3 (GM) ) 27,700 (GM)
Wind onsite
electrolysis 1.75 (GM) 290,000 33.1 0.4 3 MW 27,600

Wells-to-Wheels
Energy use (MJ/km)

Total Primary Energy
Requirement (GWh)

Amount of Feedstock
necessary (assuming
26.9 MJ per tonne)

As a percentage of 2003
consumption (53.7 million
tonnes)

Coal Gasification,
pipeline distribution

1.82 (C)

303,000

40.6m tonnes of coal

76%

Wells-to-wheels

Total Energy

As a percentage of 2003

Energy (MJ/km) Requirement (GWh) consumption (1,110 TWh)
rset%a:mi?gemgﬁne 15(C) 250,000 (C) 23% (C)
distribution 1.68 (GM) 280,000 (GM) 25% (GM)
Steam methane 1.6 (C) 267,000 (C) 24% (C)
reforming, onsite 2.08 (GM) 347,000 (GM) 31% (GM)

Wells-to-Wheels
Energy use (MJ/km)

Total Primary Energy
Requirement (GWh)

Amount of Feedstock
necessary (assuming
10.6 MJ per tonne)

Acreage (assuming
average yield of 10 tonnes
per hectare)

Biomass (Short
rotation coppice)

1.65 (C)

2.0 (GM)

275,000 (C)
333,000 (GM)

46.7 million tonnes (C)
56.6 million tonnes (GM)

4.7 million hectares (C)
5.7 million hectares (GM)

NB: Both studies (CONCAWE and GM) include only endssi and energy costs in running vehicles, and in
fuel production. They are not life-cycle analysess, mo account is taken of the emissions and ensugvied
in vehicle, power station and infrastructure constomcand maintenance.
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Annex 2:

This table includes the full list of criteria, atprwith brief definitions of the criteria as recodde
during the MCM interview.

Participant Issue Criteria Name Notes
Nuclear Environmental GHG Emissions Whole basket of greenhouse gas emissions
Industry Expert Local air quality Air pollution from transport

Toxicity Toxicity from supply chain as a whole, rather than from
vehicle emissions.

Visual impact Wind turbines particularly, also energy crops.

Social Socio-political Political and social feasibility: is political feasibility a major
acceptability barrier to this vision?
Economic Affordability of h2 fuel Is it affordable, not just ‘at the pump’, but in terms of
affordability to the broader UK economy?
Security Redundancy/Security Redundancy - ability to access the same energy source from
of primary supply many places, or from secure sources

Diversity of primary Diversity of primary sources

Other Quiality of supply Issues about supply disruption and system integrity —
including downstream security issues

Technical feasibility not just feasibility, also technical potential

Carbon Trust Environmental Global Impacts Greenhouse gas emissions (whole basket), also ozone
Analyst depleters and other global impacts

Regional Impacts Acid emissions (Nox, SOx), water quality & availability

Local Impacts Local air quality, noise, waste (solid, liquid, gas), visual
impacts

Social Access to energy Access to energy and transport services. Both fuel poverty
services and access to transport services.

Public acceptability Attitudes to technology in general, and specifically: visual
intrusion, issues around waste (nuclear and CCS). How
firmly does society apply the precautionary principle?

Economic Cost of fuel Includes running costs, infrastructure, switching costs,
stranded assets

Impact on UK How do we sustain growth? Does this represent a

Economy competitive economy, which supports the desired standard
of living?

Degree of consumer Is choice enabled in this future?

choice

Security Security/diversity Both diversity in primary sources of energy, and diversity in
source of energy at local point of use
DTI Policy Environmental Carbon Emissions Carbon emissions
Maker Other environmental Waste (including nuclear), noise and visual amenity,
Issues pollution, unknown impacts of hydrogen leakages
Social Social acceptability Is this vision socially and politically feasible?
Economic Impact on UK Jobs in new industries, shedding jobs in old industries, UK
economy opportunities as early adopter.
Impacts on local Impact on local economy, and Impact on local and
economy community independence
Security Security Diversity of sources, and security of primary sources.
Other Health and safety Throughout supply chain, but particular implications for use
as a transport fuel by 'man in the street'.

Feasibility Primarily technical aspects

Fuel Cell Environmental Carbon Emissions Carbon emissions
Industry Local air quality Air pollution from transport
Participant Other environmental Nuclear waste, coal gasification concerns, disruption from
impacts pipelines, wind turbines
Social Social acceptability Vision must meet same standards as today - refuelling time,
range, convenience. Also social acceptability problems with
carbon capture and storage, nuclear, and renewables - how
intrusive is the technology?
Economic Fuel Cost Cost of fuel, including capital costs
Business case Degree to which the future depends on large new capital
feasibility plant, and losing sunk costs.
Security Supply Security Both primary energy supply AND robustness of the energy
distribution system
Sustainable Environmental Cost effective carbon Primarily about CO,, but not carbon reductions at any cost.
Energy Reductions
Consultant Local environmental Noise, air quality, land use disruption, need to carve up
impact landscape and urban environment
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Economic

Upstream Energy
Security

Function of abundance of primary energy, and how secure
each source is. Categorised as economic, because ‘when
that goes wrong, the impact is economic’

Economic
Attractiveness

Investment case on both supply and demand side. Must be
economically compelling

Industrial Environmental Carbon Emissions Carbon emissions
Gases Industry Local Air quality Air pollution from transport
Participant Economic Upfront capital costs This is related to feasibility and economic attractiveness — is
there an investment case?
Ongoing fuel cost Fuel cost to consumers
Security Security of supply Does the vision reduce dependence on limited feedstock?

Energy Environmental Greenhouse Gas Greenhouse gas emissions
Technology Local Air Quality Pollution from transport
Researcher Other environmental Carbon sequestration, nuclear waste, pollution

impacts

Biodiversity Land use impacts, especially implications of bio-energy
Social Public Acceptability Will the vision be subject to social resistance?
Economic Cost Production, distribution and feedstock costs
Security Resource Scarcity Extent of dependence on depleting resources

Diversity of supply

Diversity of primary energy sources

Environmental

Environmental

Greenhouse Gas

Greenhouse gas emissions

Campaigner PRINCIPLE: Nuclear Any vision including nuclear power is unacceptable
Economic Cost Generation cost, infrastructure and capital costs, and
ultimately the cost of fuel to the public
Other Public Safety Risks to public health and safety
Flexibility System robustness and ability to take shocks — and to
respond to changing supply conditions
Upheaval To what extent does the vision imply major disruption in its
realisation? New pipelines, installations in people's homes,
digging up of pavements etc.
Geo-political issues Does the vision contribute to geo-political sustainability?
Explored in terms of energy interdependence of Europe and
developing countries
Health and Environmental Greenhouse gases Greenhouse gas emissions
Safety Non-carbon pollution Including nuclear, and life-cycle impacts of primary energy
Regulator routes

Social

Public acceptability

Public perception of risks, and ultimately political feasibility.

Other

Practicability/feasibility

Feasibility, including potential costs and economic
attractiveness. ‘Why would people want this?’

Flexibility

Can the vision cope with changes, or does the system limit
the sorts of technologies that can be used?

Energy Policy

Environmental

Carbon Emissions

Carbon emissions trajectory over time.

Researcher trajectory
Natural Environment/ Impacts on wildlife, landscape, and the natural environment
wilderness
Catastrophic risk Does the vision include technologies that may lead to
catastrophic health risks, such as nuclear and carbon
storage?

Social Social Justice What are the political worlds implied by different
technological systems? Includes access to political power,
access to democracy, access to education and housing.

Economic Least cost portfolio Least cost technology portfolio over time.

Security Primary supply Upstream security issues

Infrastructure Downstream reliability issues
Other Radioactive waste Political, environmental and social aspects.
Complementarity Must be complementary to an energy system that
emphasises efficiency, reduced demand, and renewables.
Oil Industry Environmental Energy Efficiency Both an environmental and economic criterion. It is assumed
Participant that environmentally friendly energy is going to be in short

supply, and as a result will be expensive, so efficient use will
be important.

Physical integrity

Leaks, safety issues, spills & toxicity, and potential
environmental damage as a result.

Social

Physical intrusion

How much disruption does this cause in day to day life -
noise, upheaval, digging up the lawn.

Control of energy

Is the energy system is “the servant or master of society” —
i.e. is there choice, or are you dominated by few large
players/single system?

Usability

How easy is it for consumers, and does the system enable
access? How do people experience their interaction with the
technology?
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Economic Affordability Affordability of energy supply to the consumer, from a
societal perspective, i.e. including subsidies and wider costs
to the economy

Security Diversity of sources Substitutability and flexibility, and diversity of sources — can

you change sources when one is constrained?

DfT Policy Environmental Carbon Carbon reductions
Maker Other environmental Pollution, air quality, nuclear waste, landscape, noise
issues
Social Public acceptability What's in my backyard? Political feasibility and potential for
social opposition
Economic Business case Is there a reasonable payback period for investors? Cost is a
feasibility major factor, but also broader economic attractiveness
Security Security of supply Primary source of energy, as well as integrity of infrastructure
and its ability to withstand shocks.
Automotive Environmental WTW Carbon Wells-to-wheels carbon emissions
Industry Utilisation of available Efficiency, and best use of available renewables, biomass,
Participant resources waste streams.
Social Degree of state How much state interference is necessary to achieve the
intervention required vision, and political freedom
Economic Economic feasibility Upfront and ongoing costs
Security Security/diversity Diversity of primary sources in fuel supply
Regional Environmental Carbon Carbon emissions
Government Air quality Air pollution from transport
Policy Maker Complementarity with Fit with renewables — does the vision support the
renewables development of low carbon and renewable energy
technologies?
Social Acceptability/risk Perceptions of risk, and actual physical risks
Economic Cost Direct economic cost of infrastructure, running costs,
management.
Security Compatibility with Degree to which the vision facilitates local control,
decentralised downstream energy security, and micro/local generation.
Climate Environmental Global environmental Probability that implementation will lead to global
Scientist improvement environmental improvement. This is about leakage of h2,

replacement of co2 etc.

Economic Cost competitiveness Likelihood of it being competitive - competing with
alternatives in energy & transport.
Other Scale of tech If a tech is only going to be implemented on a small scale,

deployment

must be exceptionally good. The bigger the better, in this
sense.
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