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1. INTRODUCTION

Common to all discussions and projections of ‘arbgdn economy’ is the
widespread use of hydrogen as an energy carrigorigethat the projections differ
greatly.

The use of hydrogen as an energy carrier requieedé¢velopment and use of a range
of different technologies, some similar to and sauite different from those in
common use in current energy systems. Sectiony2brefly introduces and very
briefly describes these technologies. Section 8 thecusses some of the hydrogen
futures that have been proposed, which envisageshef different sets of hydrogen
technologies, and most of which require that thesknologies are considerably
developed before the uses become competitive \ehmative means of delivering
the same energy service. Section 4 explores theoetos of the different
technologies for hydrogen production, distributistgrage and end-use, with an
emphasis on cost but also discussing functiondiggtion 5 uses these costs
estimates to explore through the use of formal rtindetechniques some of the
future scenarios that were described in Secti@e8tion 6 then relates the scenarios
to the literature on technological transitions, sidaring the pathways by which the
different hydrogen futures might come about. SecTialiscusses issues relating to
the public acceptability of hydrogen as a majorgnearrier, and Section 8 then
explores the public policies that might be necgstabring about the energy
transitions described in Section 6, both in respépublic acceptability issues and to
supplement the market forces which are unlikelgdsufficient by themselves to
engender the widespread use of hydrogen in thedesble future. Section 9
concludes.

2. HYDROGEN TECHNOLOGIES

Padré & Putsche (1999) list and survey the econ®uiithe technologies shown in
Table 2.1, which include all the key technologidsal might be included in a
hydrogen economy. However, as the survey by McDiof&v&ames (2006a) made
clear, there is not a single hydrogen economyalrange of views as to precisely
what technologies, in different combinations, ardegén economy might include.

Hydrogen (H) is often cited as the most common element inreatwt such citations
do not always say that it is also reactive andetfoee in nature does not exist in
elemental form, but needs to be produced from camg® that contain it. There are a
range of means of hydrogen production (some of vare listed in Table 2.1). All
have in common that they require energy to prodhyckogen. A key question for

any production technology is whether the energyl useroducing hydrogen might
not be better used to satisfy the demand for ensegyices itself, and what the energy
cost of producing hydrogen actually is for differéachnologies.

Where the hydrogen is produced by fossil fueldéithrough steam methane
reforming (SMR) or through electrolysis where fofsels are the source of the
electricity), carbon capture and storage (CCSgtessary for hydrogen to be
considered a ‘low-carbon’ energy source.



Hydrogen Hydrogen Hydrogen | Stationary Power Transportation
Production Transport Storage Applications
Steam methane | Pipelines Compressed| Proton exchange membraneédydrogen fuel cell
reforming (SMR) | Truck gas fuel cells (PEMFC) vehicles
Non-catalytic transport Liquefied Phosphoric acid fuel cells | Hydrogen internal
partial oxidation | Rail transport| gas (PAFC) combustion
Coal gasification | Ship transport Metal Solid oxide fuel cells engines
Biomass hydride (SOFC) Hybrid vehicles
gasification Carbon- Molten carbonate fuel cell§ Onboard storage
Biomass pyrolysis based (MCFQC) Onboard
Electrolysis Chemical Alkaline fuel cells (AFC) | reforming
hydrides Gas turbine Refueling options
Stationary internal
combustion engine

Table 2.1: Technologies Included in the Survey of Padré & Egs1999, p.1

Once produced hydrogen may need to be either storddtributed or both. It may

be stored or distributed as a gas or a liquidndhé molecular structure of a variety
of solid media. Means of distribution include pipek (where it is a gas) and truck,
rails and ship transport for hydrogen in all itenis.

Finally, hydrogen may be put to a range of finasu satisfy the demand for energy
services. Some of these involve hydrogen fuel ¢blis note that not all fuel cells use
hydrogen as their fuel), devices which convert bgen to electric power with high
efficiency; some of them involve hydrogen beingriad in turbines or internal
combustion engines. A major category of end uge vehicles, and one of the most
active fields of research and development relatdsdl cell vehicles. Whilst in the
past the development of vehicles capable of ‘ordioaforming of hydrogen from
conventional fuels was seen as a possible wayméleng the problems of developing
hydrogen infrastructure for vehicles, this approaah in the last few years been
largely abandoned by manufacturers due to sigmfitechnical challenges (Hughes,
2006). Thus, hydrogen will need to be stored ontbeahicles (either as a
compressed gas, a liquid, or in a solid-state foaising a number of specific
technological problems relating to the performaoictne vehicle concerned.

3. HYDROGEN FUTURES

Table 3.1 sets out the ‘*hydrogen futures’ whichevéeveloped by McDowall and
Eames on the basis of their review of the litee(iicDowall & Eames 2006a) and
an expert workshop (for further details of whicle $écDowall & Eames 2004).

UK Hydrogen Futures Brief description

Transport only

Hydrogen has become the dominant transport fudljsaproduced
centrally from a mixture of clean coal and fosailf (with C-
sequestration), nuclear power, and large-scalevanles. Hydrogen
is distributed as a gas by dedicated pipeline.

Central pipeline

Hydrogen produced locally from natural gas is thenshant road
transport fuel. The existing natural gas netwoivjites the delivery
infrastructure, and hydrogen is generated on-sitetédam methane

Forecourt reforming




reforming at the refuelling station.

Liquid hydrogen Liquid hydrogen produced by nuclear power and |sgpe
renewable installations has become the dominamspiat fuel.

There is an international market in liquid hydrogéhis is largely a
scenario of substitution, with current energy aaddsport paradigms
remaining unchanged.

Synthetic liquid fuels Renewably produced hydrogen again provides the mimmitransport
fuel. In this case, however, it is ‘packaged’ ie tbrm of a synthetic
liquid hydrocarbon, such as methanol, to overcdmediifficulties of
hydrogen storage and distribution. The carbondet $ynthesis
comes from biomass and from the flue gases of caiftensive

industries.
Transport and other energy
services
Ubiquitous hydrogen Renewably produced Hydrogen is a major energyerdior heat and

power as well as the dominant transport fuel. Arbgen pipeline
grid serves most buildings. Many homes and busasesse fuel cell
CHP systems running on hydrogen, and it is commaefuel your
vehicle at home. Hydrogen is produced from a milaajer
centralised and smaller-scale distributed renevsadel biomass.

Electricity store Hydrogen, produced through onsite electrolysithésdominant road
transport fuel, and also plays a vital role overitgnthe
intermittency problems of a renewables-based éb#gtsystem.
Hydrogen production is flexible, and can respondanable
electricity supply conditions, easing load-balagciSince hydrogen
is produced onsite it requires no distributionastructure. Locally-
stored hydrogen provides back-up power for domestit
commercial CHP units at times of peak electriciéynaind/limited

supply.

Table 3.1: UK Hydrogen Futures
Source: Eames & McDowall 2005, p.1

Eames and McDowall subsequently compressed thefutires into four ‘transition
scenarios’, which describe both an end point visiod a description of how such an
end point might feasibly be evolved to from theser@ day, drawing on insights from
the transition theory literature (see Eames & McBIb®006). This is discussed
further in Section 6 of this paper.

Most elements of the original 6 ‘visions’ or futareave been integrated into the 4
transition scenario$ynthetic liquid fuels andElectricity store are much as described
in Table 3.1. So i¥biquitous hydrogen, but the Forecourt Reforming future is folded
within it as part of the transition to the end goirhe Central Pipeline and Liquid
Hydrogen futures are amalgamated int@eatral hydrogen for transport scenario.

Table 3.2 lists the technologies, many of whichase listed in Table 2.1, which
would be required for the four ‘transition scenatio

From these tables some broad conclusions can badra
* For hydrogen to be ‘low-carbon’ it must be produéedn renewable energy
sources (electrolysis, biomass gasification/fermagor), nuclear power
(electrolysis, thermal, thermo-chemical) or foéséls with CCS (SMR,
gasification, electrolysis). Where local (‘on-sjteydrogen production is
envisaged, CCS is infeasible. Local SMR is theeefat best, a transitional
technology if hydrogen is intended to contributatéow-carbon’ economy.



* Most envisaged transport applications depend drciletechnology,
although the fuel in this case could be methartblerathan hydrogen.

» All transport applications require considerabléhtecal advances with
onboard storage before they are likely to beconmepeaitive with fossil fuel
vehicles (which may be hybrid fossil fuel/electyia) least in mainstream
applications.

» The different futures have very different implicats for infrastructure, some
requiring highly developed hydrogen distributionvmarks (pipelines,
refueling stations), while others can use exisfgas, electricity, road)
networks.

UK
Hydrogen
Future

Hydrogen
Production

Hydrogen
Transport

Hydrogen
Storage

Stationary
Power

Transportation
Applications

Transport
only

Central
hydrogen for
transport

Large-scale
electrolysis (inc.
nuclear power,
renewables,
fossil fuels with
CCS)

Thermal or
thermo-chemical
production in
high-temperature
reactors (HTRs)
Gasification
(coal, waste,
biomass, with
CCS)

SMR (with CCS)
Pyrolysis

Pipelines
and
metering
Liguefaction

Stationary
bulk storage
Chemical or
solid-state
onboard
storage
Handling
Cryogenic
technologies
Liquid H,
storage

Onboard storage
(inc. liquid Hy)
Hydrogen fuel
cell (likely to be
Proton Exchange
Membrane)
vehicles
(HFCVs)

Synthetic
liquid fuels

Synthetic liquid
fuel synthesis,
with CCS
Renewables

Direct Methanol
Fuel Cells
(DMFCs)

Transport,
other energy
Services

Ubiquitous
hydrogen

Large and small
scale (central an
local) production
from a variety of
sources, inc.
small-scale
SMR, gas
separation/
gasification
(coal, waste,
biomass, with
CCS)
Renewables

Pipelines

i and
metering
Liguefaction

Pyrolysis

Stationary
bulk storage

Hydrogen
CHP
(probably
PEM and
Solid Oxide
Fuel Cells)
‘Smart’
networks
(electricity
grid and
metering)

Onboard storage
HFCVs




Electricity Renewables for Small-scale | Hydrogen | Onboard storage
store electricity stationary | CHP HFCVs
Small-scale storage and | (probably
electrolysis handling PEM and
SOFC)
‘Smart’
networks
(electricity
grid and
metering)

Table 3.2:  Technologies required for different Hydrogen Fagur

This listing of technologies permits the identifioa of the kinds of technological
development that are likely to be required forghenarios to become realistic.

Production

Only for Electricity store is small-scale electrolysis a necessary production
technology, to allow local renewables to producdrbgen with their electricity,
rather than feed it into the grid. All the otheesarios depend on large-scale
centralised production of hydrogen, from electri@yhigh-temperature reactors,
SMR or gasification (with CCS where necessa®yithetic liquid fuels then requires
the hydrogen to be converted to methanol, buttéwknology is already well
developed. A transitional technology 1dbiquitous hydrogen is small-scale SMR
(for example, on filling station forecourts), whpgeline infrastructure is being
developed.

Transmission and distribution (T&D) infrastructure

Pipelines and metering are necessary for Betitral hydrogen for transport and
Ubiquitous hydrogen. Liquid hydrogen technologies could also be apipleboth.
Neither of the other scenarios require hydrogen Ti&fiastructure.

Storage

Only Synthetic liquid fuels does not require onboard hydrogen storage (thsstiaa
reason this scenario was developed). The othez Suenarios also require stationary
storageElectricity store on a small scale, the other two on a large scale.

Applications

For transport applications, as already noted, Sntyhetic liquid fuels does not
require onboard storage. All the scenarios reduiecells, DMFCs foSynthetic
liquid fuels, and (probably) PEMFCs for the other three scesaRor stationary
power,Electricity store andUbiquitous hydrogen require fuels cells for CHP, which
could be PEMFCs for residential applications wittv Iheat demand, or high
temperature SOFCs for industrial applications. €htes scenarios also require
‘smart’ networks for electricity and metering.

This technological characterisation enables thaawes to be placed in a rough
hierarchy in terms of the technologies that areliregq to make them operational.



» Yynthetic liquid fuels is stand-alone and only requires the large-scale
centralised production of hydrogen from any of dlvailable technologies,
plus the development and application of metharasinelogies, including
DMFCs.

» Large-scale centralised production technologiass fiie development of bulk
storage technology and pipeline infrastructurel{pps with local SMR as a
transitional technology), and onboard storage dadFCs, would permit the
Central hydrogen for transport scenario.

* Abundant local renewables plus small-scale elegr®] plus onboard storage
and PEMFCs, plus small-scale storage and SOFCddwuake theElectricity
store scenario feasible.

» TheUbiquitous hydrogen scenario requires elements from all the other
scenarios, and may perhaps best be describ@ehtral hydrogen for
transport plus the application technologies (small-scaleagie and SOFCs) of
Electricity store.

Such a description enables an exploration of t@@mic implications of these
scenarios, based on an investigation of the ecarsafitheir necessary component
technologies.

4. HYDROGEN ECONOMICS
4.1 Hydrogen Production

Only for Electricity store is small-scale electrolysis a necessary production
technology, to allow local renewables to producdrbgen with their electricity,
rather than feed it into the grid. All the otheesarios depend on large-scale
centralised production of hydrogen, from electri@yhigh-temperature reactors,
SMR or gasification (with CCS where necessa®yjthetic liquid fuels then requires
the hydrogen to be converted to methanol, buttéwknology is already well
developed. A transitional technology 1dbiquitous hydrogen is small-scale SMR
(for example, on filling station forecourts), whpgeline infrastructure is being
developed.

Hawkins & Joffe (2005) have reviewed the literatarethe costs of four major
hydrogen production technologies, SMR (large andllssaale), gasification,
pyrolysis and electrolysis (large and small scalbyoughout their review they
emphasise the uncertain and contingent naturesofrbsults — the studies reviewed
make a wide range of different assumptions abouentitechnologies and how they
might develop — but the range of costs they thedsrive is nonetheless instructive
and give insights into the relative economics afrfsansition scenarios discussed in
the previous section. Table 4.1 reproduces thageaf costs with relevant
comments.

Table 4.1: Costs for Various Hydrogen Production Tehnologies

Four scenarios:



Synthetic liquid fuels (SLF); Central hydrogen faansport (CHT); Ubiquitous hydrogen (UH);

Electricity store (ES)

Technology Transition Cost range, Comments
Scenario | US$(2000)/kgH
SMR, large scalg SLF, CHT,| 5.25 - 7.26 Cost highly dependent on
(>100MW) UH natural gas price
Cost highly dependent on
natural gas price
Coal gasification| SLF, CHT,| 5.4 - 6.8 Coal price more stable and
(min.376MW) UH predictable than natural gas
Biomass SLF, CHT,| 7.54 — 32.61 Size ranges from 25-303MW
gasification UH (av. 14.31) and affects cost
(>10MW)
Biomass SLF, CHT,| 6.19 — 14.98 Size ranges from 36-150MW;
pyrolysis UH cost reduced by sale of co-
(>10MW) products
Electrolysis, SLF, CHT,| 11 -75 Size ranges from 2-376 MW,
large scale UH (20-60is but little effect on cost; cost
(>1MW) preferred range) | very dependent on assumed
price of electricity
Electrolysis, ES 28 — 133 Size ranges from 0.03-
small scale 0.79MW, cost very size
(<IMW) dependent
4.2 Hydrogen Storage

Hydrogen can be stored as a compressed gas,qsd in a chemical compound, or
physically held within structures such as metalridas or carbon nanofibres. A
major element of the cost of most of these storagdes (and a major consideration
in terms of their energy efficiency) is the energguired to get the hydrogen in and
out of storage. Table 4.2 shows the cost of a humbmeans of storage, including
liquefaction, gas compression above ground andrgnaiend, and chemical and

metal hydrides.

In each case the cost of the storage method isxdepeon the cost of the requisite
energy to get the hydrogen into the required fasnsforage, as well as on the scale
and throughput, and sometimes on the storage medhamis envisaged. Table 4.2
shows that storage can add anything from $0.1 &/ to the price of hydrogen

depending on the storage means and assumptionsthbse associated variables.

Table 4.2: Costs for Various Hydrogen Storage Tecluologies

Four scenarios:

Synthetic liquid fuels (SLF); Central hydrogen faansport (CHT); Ubiquitous hydrogen (UH);

Electricity store (ES)

Technology | Transition Cost range, Comments
Scenario | US$(2000)/kg H
Liguefaction CHT,UH | 1-15 Cost highly dependent on scale,
(>45 kg/h) efficiency, cost of electricity




Compressed | CHT, UH, | 0.15-0.6 For stand-alone (i.e. not

gas (<1 week) | ES onboard) storage only. Strong
economies of scale

Bulk CHT, UH | 0.12-0.3 Costs rise with increased

underground storage time/reduced
throughput

Chemical CHT, UH, [1.5-2.5 Large economies of scale,

hydrides ES figures apply to 3.6kt-9mt H
onboard storage

Metal hydrides| CHT, UH,| 0.4-4.5 For storage times of 1-14 days;

ES onboard storage

Methanof SLF Na Cost not calculated; methanal
can be produced from other
sources than H

! One estimate is as high as $1.6/kg H

2 Includes some energy and costs which could bededas H production
% No included in source table, but elsewhere ins®ur

Source: Hawkins 2006, Table 2.10, p.21

4.3 Hydrogen Transmission and Distribution (T&D)

In addition to being stored, with associated dagtirogen must often be transmitted
or distributed to its place of use. Clearly the neeaf T&D will be closely related to
the means of storage. Pipelines distribute compdegas, and an extensive pipeline
network will store a sizeable quantity of gas h@ed quantity can be increased by
increasing the pipeline pressure). Road tankeysdahver compressed gas or liquid
hydrogen.

Table 4.3 gives estimates of the cost of variosdyen T&D technologies. It can be
seen that these estimates, like those for diffesemtige technologies, differ by an
order of magnitude, ranging from $0.1 to $2, arat the key variables that affect cost
are the quantities transported (there are stroagauies of scale), and, as would be
expected, the transport distance.

Table 4.3: Costs for Various Hydrogen T&D Technologes

Four scenarios:
Synthetic liquid fuels (SLF); Central hydrogen faansport (CHT); Ubiquitous hydrogen (UH);
Electricity store (ES)

Technology Transition Cost range, Comments
Scenario | US$(2000)/kgH>

Pipeline CHT, UH 0.1-1 Cost decreases with size of

(compressed gas) pipeline (flow-rate) and
increases with distance

Tube-trailer CHT, UH, |0.5-2.0 Cost increases more than

(compressed gas)ES linearly with distance

Liquid by road CHT, UH 0.3-0.5 Includes cost ofu@jaction;
cost increases more than
linearly with distance

Ship (liquid) CHT, UH 1.8-2.0 Uncertain estimateaese no




| | ['ship for liquid H yet built |

Source: Hawkins 2006, Table 3.2, p.32

Figure 4.1 indicates the relative cost-effectivengfsthe different transport options
over different distances with different throughp@sven the range of geographical
and topographical factors which can affect thetinedaeconomics of different options
in specific locations, the numbers on the axes lshioei taken as indicative rather than
precise; nevertheless in general terms the conguaissinstructive. At higher flow-
rates and distances, pipelines are cheapest. Aéhdistances and lower flow-rates,
liquid transport is cheapest, with tube trucks belre cheapest at low distances and
flow-rates.
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Figure 4.1:  Least-cost Transport Options with Diseaand Capacity
Source: Hawkins 2006, Figure 3.6, p.31

4.4  Hydrogen Infrastructure

Production and large-scale storage facilities, B&D equipment, are all part of what
is sometimes termed hydrogen ‘infrastructure’, &imén be seen that they can all be
important components of the cost of delivering logdm to end-users. Another
important component of such infrastructure is teevwork of re-fuelling stations that
will be required if hydrogen is to be widely usedaamotor fuel. This issue is
reviewed in detail by Agnolucci (2007a).

The key issue in this regard is the chicken-andgrgflem that motorists are
unlikely to buy hydrogen fuel cell vehicles (FC\Bitil there is a well-developed
network of filling stations, but energy compania#i mot provide filling stations until
there is adequate demand for them from FCVs. Thiagj of the provision of this
infrastructure could have a major influence ondbst of the delivered hydrogen —
Agnolucci (2007a, p.25) reports that there is vageeement in the literature that the
extent of use of infrastructure, called the capdeittor, “is the single most important
factor influencing the price of hydrogen”.
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Agnolucci (2007a, p.10ff) has identified three aygmhes in the literature to tackle the
issue of timing infrastructure provision.

Whol e system incremental approach

This envisages that hydrogen will gradually spréeeidugh the economy through a
number of different routes, perhaps starting withtgble power applications and then
moving to stationary distributed power, buses ammkgiment fleet vehicles, and only
then starting to service commercial and luxury pagsr vehicles, followed by
ordinary passenger vehicles. At each stage an ppately targeted infrastructure
would be installed, with the gradual investmentéimy a natural risk management
strategy which keeps the capacity factor high amtegates returns for investors prior
to each new investment. In addition, provided thate were synergies between the
various hydrogen applications, learning about andctspill over into cost-
reductions for the next phase. This approach wbalthost relevant to the transition
to theUbiquitous hydrogen future.

However, few experts seem to share an opinionusaof hydrogen is likely to
develop in this ‘whole system’. Rather the portabtationary and automotive sectors
are increasingly regarded as separate markets dgfagent technologies (Hughes
2006).

Incremental approaches

This approach focuses only on the transport séetbagain is incremental in nature,
sequentially targeting different parts of the véhimarket in order to keep capacity
factors on an investment relatively high, and gatieg a return, before moving on to
the next stage. Typically it is envisaged that #pproach would start with
demonstration projects, then move on to providipdrbgen for vehicle fleets and
then to different segments of the private passewgjgicle market. This approach
would be most relevant for ti@entral hydrogen for transport andSynthetic liquid

fuels transitions (in the latter the filling stations wad be for methanol). Clearly, for
this approach to work, FCVs would need to offeraadages for consumers in each
phase of market development. While enthusiastsidenthat FCVs offer advantages
in relation to “environmental performance, quieeaion, rapid acceleration from a
standstill, potentially low maintenance requirenseamid greater design flexibility”,
and can generate electrical power for applicatarside the vehicle, others question
whether these benefits will be adequate to enabksRo expand their appeal beyond
speciality markets (Agnolucci 2006, p.15).

Sep-change approach

Of course, one way of resolving the chicken-andggdplem would be simply to
provide large-scale infrastructure in advance efide use of FCVs, in the belief
that this would follow (developments would be venjikely to occur the other way
round). There is some consensus in the literahatthis would require the
installation of around 10-15% of the current numduigiilling stations over around a
five-year period (Agnolucci 2007a, pp.16-17), anere has been considerable
analysis of the optimal design of a hydrogen rdhfuginfrastructure of this kind,
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which would be relevant to the transitions to bibgCentral hydrogen for transport
andSynthetic liquid fuels futures.

The financial risk involved in a step-change apploia considerable — low capacity
factors can entail a price of hydrogen of over &80, for an extended period in
order to recoup costs, even though the long-teshaioH, with deep market
penetration and high capacity factors may be ordyrad $2.5/kg (Melaina 2003).

4.5 Hydrogen End-Use Applications

While it is possible to burn hydrogen directly asi@l (as in an internal combustion
engine as a direct replacement for gasoline), pragéctions of widespread future
hydrogen use envisage its use in fuel cells. Tasrdour main areas of such
applications: auxiliary power units, portable faells, stationary power, and FCVSs.

Auxiliary power units (APUS)

APUs are devices for providing additional onboao@ver for vehicles. Agnolucci
(2007b) has carried out a detailed assessmené &dabnomic prospects for fuel cell
APUs, which he considers likely to be either PEMBESOFCS across eight kinds
of civil vehicle — transits, pick-ups, recreationgbecialised utility, refrigeration,
luxury passenger and law enforcement vehicles aashhduty trucks. Because
vehicles in operation can provide significant pofvem the alternator, and because
APUs seem to offer few additional benefits (andrasent entail substantial extra
cost) compared to this power source, the oppostdortAPUs would seem to be
restricted to those vehicles which require sigaificpower when idling or stationary,
or which have exceptional power demands during AB&ls are also known to be of
interest in military applications (particularly lzetse they are silent and evade
infrared detection), but information about theseesricted. It should be borne in
mind that widespread military deployment may leaddst reductions and
applications that spill over into the civil markbtjt these possibilities are not further
discussed here.

The services provided by fuel cell (FC) APUs maybevided by diesel APUs (the
only difference being that the latter are not g)lem, for trucks, by electrified truck-
stops (which provide less flexibility for stoppirgyt a range of additional services
which may be highly valued by drivers). Technoladic, FC APUs will need to
decrease in size if they are substantially to pateethe market for smaller vehicles,
and in cost if they are to compete with diesel ARUOd electrified stops. However, a
number of scenarios suggest that, with mass pramhyd¢he cost of FC APUs could
become competitive with these rivals. Certainlyr¢his substantial private investment
going into these devices, and at least one exisjopdication in a luxury passenger
vehicle, which suggests that some manufacturdesat believe them to have a
commercial future.

Portable fuel cells

! The workshop discussions reported by Hughes 20@) ¢pnsidered DMFCs and SOFCs to be the
likely fuel-cell types for APU applications
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Portable fuel cell (FC) systems may be definedhasd with a power of up to 5SkW
and a weight of less that 10kg, and may be dividezimicro FCs, intended to
replace batteries in portable electronic device$ &1 computers and mobile phones
(DMFCs are currently receiving most interest foclsuses), and portable generators
(in which PEMFCs and DMFCs are competing), whicbvpaie power for camping
and other recreational activities, in remote lawoadior for military purposes. Demand
for portable FCs will therefore depend on the dedrfan the products containing
them and on the competing technologies which cam @lovide the desired energy
services. The desired energy services will be as®d by the desire for increased
functionality, but reduced by energy-saving innaad that allow this extra
functionality to be delivered with lower energy uB€ portable generators have the
advantage that they are silent, clean and moreeitithan diesel generators (the
incumbent technology); the only advantage of mfaed cells over batteries is the
potential to supply energy for longer continuous hetween recharging.

Undoubtedly there are likely to be some suitabj@iegtions for micro FCs, where
longer life or increased power are very much valiged. surveillance systems or
military applications). However, these are very kmmarkets. For mass commaodities,
it is not clear that there is strong demand for @ogharacteristics that batteries
cannot, or will not be able to, satisfy. Certairtty penetrate these markets
significantly micro FCs will need to reduce thazesand cost significantly — the latter
by around 10% pa over a five-year period, accortingne projection (Darnell 2003,
cited in Agnolucci 2007c, p.14).

There are currently few micro FCs on the marketdgcci (2007c, pp.19, 21, 22)
reports that a number of recent introductions vgex@ removed from the market, and
Nokia has decided against an early introductioR@$ in its mobile phones. However,
a number of other major manufacturers (e.g. C&aayo, Toshiba, NEC, Hitachi)
remain active in developments in this area (altihaigy are also developing
competing technologies). Agnolucci’s (2007c, p.@dnclusion is that micro FCs are
never likely completely to replace batteries, batymapture market-share for those
users who value extra energy storage highly angr@@ared for some extra cost, size
and inconvenience to achieve it. The size of thaskat share will depend on the
extent to which FC technology development is ableetluce the gaps in these
characteristics between FCs and batteries.

With regard to portable generators, the potenteiket is much smaller than for
micro fuel cells, and is likely to be concentragedhe lower end of the power range
(25-200W). Some products have been available fmestime “without generating
much interest” (Agnolucci 2007c, p.18), and a makkeakthrough would seem to
require significant technical improvement (redusexd and weight) and cost
reduction (comparable to micro FCs, i.e. 10% pa @ve years).

For portable applications as a whole, the major getition is currently between
PEMFCs and DMFCs. According to Jollie (2004, p.3he" latter is winning,
particularly in the high profile consumer electrcsmimarket”.

Sationary power
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Fuel cells (FCs) generate power and heat, whichopp the possibility of them
being used as sources of stationary power on avellasmall scale and, perhaps, of
Combined Heat and Power (CHP), which would increlse energetic efficiency.
High temperature FCs are capable of operatingtiiren hydrocarbon fuels as well
as pure hydrogen, and therefore have greater jpatémt providing stationary heat
and power from more readily available fuels. Hoare¥Cs which run on hydrogen
require the hydrogen to be produced from othergynsources, as described above,
and normally it will be preferable (in terms of banergy efficiency and cost) to use
these other sources to generate electricity dyeather than via hydrogen production.
It is for these reasons that a report by E4 Teeh. €2004) largely rules out the use of
FCs fuelled by pure hydrogen for stationary powedpction.

However, on the basis of their review of the litara, Hawkins et al. (2006) consider
that FCs, including those fuelled by pure hydrogemld find niche applications for
stationary power, for example for back-up powerdssential services, in remote off-
grid situations or where there is surplus reneweahkrgy to produce the hydrogen.
They may also find application in small-scale omgstic CHP.

A range of different FCs could be used for statigr@ower, operating at either high
(molten carbonate (MC) FCs and SOFCs) or low (PEMRBosphoric acid (PA)
FCs, and alkaline (A) FCs) temperatures, with trener able to generate power also
from their waste heat, and the latter able to hee heat for space or water heating.
Those operating at high temperature (MCFCs, SOE&@sYyeform hydrogen from
other fuels internally (but will then produce cantdioxide emissions), while
PEMFCs, at a lower temperature, require a sourpei@ hydrogen. At present,
PAFCs are offered commercially at sizes of 20-20GkW MCFCs at sizes of 250kW
and above. PEMFCs, with most prospects for techd®aelopment, are entering the
market at 1-5kW and 75-250kW, and SOFCs are expecmmercially at around
200kW. AFCs are only suitable for specialist apgians (e.g. spacecraft) (Hawkins
et al. 2006, p.4).

Fuel cells are currently three to five times asesgive as diesel and gas engines and
gas turbines, indicating the kind of cost reductitimat will be required for them to
compete effectively with these other small-scalerses of power. However, they are
the subject of substantial R&D expenditure fromhbmtivate and public sources, so
that some cost reduction may be confidently exgkedt®w much is, of course,
uncertain.

Fuel cell vehicles (FCVs)

FCVs are estimated to be 2-3 times more efficieahtconventional gasoline vehicles,
and 1.5-2 times more efficient than diesel-eledtyibrids. If hydrogen is produced by
SMR (without CCS) and transported by pipeline, thiseased efficiency is estimated
to yield a ‘well-to-wheels’ reduction in carbon gide emissions of 30-60%

compared with conventional gasoline vehicles (altffodiesel electric hybrids have
been estimated as able to deliver comparable ssvifigwkins & Hughes 2006,

p.20). All futures that involve the widespread nf@ydrogen as an energy carrier
envisage the mass diffusion of FCVs. The prosdecthis technology are therefore
critical to whether hydrogen will be widely usedrmt.
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Unlike with the other applications of fuel cellsi@ved above, PEMFCs are the clear
leader in FC technology for FCVs, and the cost@$ s the most important element
in the overall cost of FCVs. Hyways (2006, citedHiawkins & Hughes, 2006, p.5)
give the current cost of the fuel cell system f@raasenger car to be over €4,000/kW
(with $50-60/kW required for a family-sized passeingar), while IEA (2005, cited in
Hawkins & Hughes, 2006, p.8) puts the cost muctelpwat US$1,826/kW. The US
Department of Energy (DoE) perceives that, to bapetitive with the internal
combustion engine (ICE), the fuel cell system eastild have to be in the range $30-
45/kW, so an enormous cost reduction is requireastMf this cost reduction is
envisaged to be achieved through the economiesaté associated with mass
production (of the order of 500,000 vehicles paryeand the DoE has a target to
achieve the $30/kW cost by 2015. The review ofissily Hawkins & Hughes (2006,
Table 1, p.7) suggests that the mass productiewve current technology could
achieve a cost of $28-181/kW. The IEA (2005) estéwaith production of only

4,000 vehicles per year, but technical advancespect of materials, power density
and other technology, is $103/kW, possibly falltogb50/kW with even more
technical progress. There is, therefore, still iy ¢geat deal of uncertainty as to how
the required cost reduction for competitivenes® \WIES is to be achieved.

Of course the FC is only part of the costs of tl&/Fwhich also requires an electrical
drivetrain, control electronics and hydrogen steragth, perhaps, a complete
redesign of the vehicle itself. Each of these el@matroduces new uncertainties into
the cost projections. In the review of studiesdficle costs (Hawkins & Hughes
2006, Table 4, p.13), one study from 2002 sugghsatshe cost of a hydrogen FCV

in 2007 would be $36,500. The range of costs fd522030 is $18-34,000. In some
cases these are projected to be competitive, gr®th cost 15-20% more than
comparable ICE vehicles. These estimates are lmasE costs of $35-75/kW, and
so clearly assume either mass production or sultsitégchnical progress or both.

Perhaps the area in which technical progress i$ raqaired is hydrogen storage.
Hawkins & Hughes (2006, p.14) write: “No currentli@ologies are capable to
meeting the storage requirements set by US Doletafgr satisfactory performance
of hydrogen vehicles”. It should be acknowledgedt these targets are designed to
deliver performance levels of equivalence to addath mainstream ‘family’ vehicle,
while some FC industry stakeholders argue thatowllin carefully identified ‘niche’
markets could begin before such exacting standaelmet (Hughes, 2006).
Nevertheless, without such performance it is uhfiktieat any kind of mass
penetration of vehicle markets by FCVs will be péred possible, and without such
perception no mass production of FCVs, requirdoritog down their cost, will take
place. As Hawkins & Hughes (2006, p.15) reporthéTeviewing committee of the
FreedomCar programme reported hydrogen storage emé of the ‘greater risks for
reaching the programme goals in 2015’, stressiagttie area needs a ‘breakthrough
discovery as the forerunner of development andvation.” (NRC, 2005, p.68)".

There is also the whole chicken-and-egg issuespa& of mass production and
infrastructure, referred to above, the full dimensi of which are now apparent. It is
clear that FCVs will never even approach cost-cditipeness with ICE vehicles
without mass production (at least 500,000). Howgwés not clear how they will
achieve this level of sales until the cost (anddfoge price) reductions of FCVs have
taken place. Nor is it clear either that such sai#igake place until the requisite
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infrastructure to service the vehicles is in plaweywho will provide the finance for
the huge investment in infrastructure that woulddwzgiired. Possible policies and
strategies that may resolve these difficult tramsiproblems are discussed below.

The issue of transitions in respect of FCVs is maden more difficult because,
unlike some other applications in which FCs offera performance qualities, which
may command a premium price, as noted by Agnol{Zaf6d), even the most
optimistic advocates of FCVs do not suggest thay thill do more than match ICE
vehicles in mechanical performance (though FCVs praguce less vibrations and
noise, and require less maintenance). Their praispdeenefits nearly all involve
public goods (fewer local emissions, potentiallywdw carbon emissions, reduced
dependency on oil). One possible exception to(fleshaps of most interest to fleet
owners with predictable travel demands) is that E€duld be ‘plugged into’ the grid
at times of peak power demand and premium-ratérilieg costs, and earn thereby
an income stream (although the economic attraatisef this would be highly
dependent on the cost of hydrogen). Another pakatiraction for fleet owners
might be the ability to swap fuel cell stacks imamut of vehicles, in order to perform
maintenance on the stack whilst keeping the veloicléhe road.

Other driver concerns explored by Agnolucci (200&a infrastructure requirements
(affecting the convenience and required time fefuedling), costs, safety and image.
If infrastructure is to be provided incrementalig, seems likely (see below), then
FCVs are likely to start in fleets (e.g. busesivéey vehicles) which return to depots
each night, and which can be re-fuelled there,ithr @ompany cars and urban
vehicles, which have a known route or operatedargain area where filling stations
are available. Leaving aside the cost of the FG¥lfitand potentially lower
maintenance costs, cost benefits from their ugeaaslly when oil-based motor fuels
but not hydrogen are subject to taxation, may @diiem their greater fuel efficiency.
However, fuel efficiency does not seem to be aii@@mt concern for drivers of ICE
vehicles, and it is not clear why FCVs should b @ifferent. It is possible that the
image of a well-designed FCV in an environmentailare, technologically
conscious society could be attractive. Safety, vawnas more a risk factor for FCVs
to be managed by the industry than a perceivedfibene

Other possible applications for fuel cells in védémcare in boats, trains and aeroplanes
(Hawkins & Hughes 2006, pp.22-23), and they may #ipei development of fuel cells,
but they have received much less attention thandHGWroad transport.

Conclusions on Applications

A variety of different kinds of fuel cells are aidy commercially available in
portable micro-electronic applications, as APUs fmdstationary power. Whether
they will become the dominant technology in anyhafse fields, and whether the FC
concerned will use hydrogen or some other fuedtilsunclear. What is clear is that
these applications in themselves offer few benbfigond those to their private
producers and users (though they may stimulatentéogical developments that have
public benefits, such as FCVs). They are not likelget significant support from
public support from public policy and will needdocceed in market terms.
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FCVs are different, and have significant poterpiablic benefits, in terms of reduced
local emissions, potentially reduced carbon emiss{depending on the mode of
hydrogen production) and reduced dependence dardilansportation. They are
therefore the hydrogen application that generadssyethe most public interest and
support. However, the discussion above makesar that the private consumer
advantages of FCVs compared to ICE vehicles seemwhile the technical and
economic challenges to be overcome for them to comyevhere near ICE vehicles in
terms of cost and basic performance are very gtaathard to avoid the implication
that, if their development and deployment are tadeapid and widespread as has
been envisaged in some of the ‘roadmaps’ that haee produced (e.g. DoE 2002),
then public policy will need to play a decisive atetermined role over the long-term.
Some of the possible aspects of that policy supperdiscussed below (see Section
9).

5. MODELLING THE HYDROGEN SCENARIOS

The development of the increased use of hydrogan ienergy system may be
modelled in a number of different ways. Key issteesonsider are the fact that:

* Primary fuels may be used to produce other eneagyees (e.g. electricity) as
well as hydrogen, and these or electricity may seduo service energy
demands directly — there is therefore competitmrttiese other sources of
energy, which should be taken into account by osihly sight of the whole
energy system;

* The spatial dimension of, especially, hydrogenastiructure development is
important in respect of its costs;

* Hydrogen-related technologies are both compleximamaature, and it is
therefore desirable both to represent them in nsodeddequate detail and to
capture the dynamics of their possible development.

Joffe & Strachan (2007, p.4) have categorised e tivat different models deal with
these issues in terms of optimisation vs. ‘sceraa®ed’ models (the former
optimises against some variable, normally energyesy cost, perhaps under some
constraint, e.g. reduced carbon emissions, whdddatter concentrates more on the
pathway, or ‘story-line’ entailed in reaching camtautcomes); spatial vs. non-spatial
models; and models which impose competition fomarly energy sources
exogenously, e.g. by setting prices, and thosetwdgek to model it explicitly.

An optimisation model of the whole energy system. {t models the competition for
resources explicitly) that has been used on a nuoflaEccasions to model the
development of hydrogen as an energy carrier iS#ARKAL model. Joffe et al.
(2007) describe its use, and the different waysribdel approaches the issues above
and others, in the UK, US and the Netherlands.

The UK model (described in Strachan et al. 2008)bd&en used to model as far as
possible the four scenarios described in SectipiaBle 3.2), using the data briefly
reported in Section 4, which is set out in muchembetail in the UKSHEC Working
Papers which are referred to there. The most irapbtask in modelling hydrogen as
an energy carrier is to capture the roles in whigtirogen may be preferable to other
energy carriers, on grounds of cost, environmeantphct (local or global emissions),
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security of supply or technical performance. Anregke of the latter is hydrogen’s
potential role in energy storage — onboard vehjdtasportable or back-up power, or
for surplus electricity, in preference to batteriess discussed in more detail above.

Figure 5.1 gives a simplified schematic represemaif the hydrogen module in the
UK MARKAL module, indicating the technologies whielne discussed in more detall
in Section 4. Production options are representéatge and small scales, including
electrolysis and SMR at both scales, and with aiidowt CCS for the large-scale
carbon-emitting production technologies. Transmissind distribution (T&D) means
include central and local pipeline networks, corspesl gas via tube trailers and
liquid hydrogen using road transport. End-use teldgies include stationary and
vehicle applications (but not portable applicationany of which do not use
hydrogen as a fuel and those that do are likehgn@ain relatively small scale
compared with the other applications).

Hydrogen Pathways in the UK MARKAL
Liquid Tube
(1mports |-
[ Biomass pyrolysis ]— Liquef@ llquefaction

[ Waste gasification ]—

[ Coal gasification ]—

—
Coal gasification L. e
e s?:;?: » distribution
hydrogen networks
Membrane coal Tube Micro-CHP
gasification Trailer I
Membrane coal d Filling
gasification = .
with CCS Stal:lon
—————————— Natural
[ Natural gas SMR* |— gas SMR small

scale
Natural gas hydrogen
SMR with CCS * SMR - Steam methane reforming

CCS - Carbon Capture and Storage

Figure 5.1: Structure of the Hydrogen Module in theUK MARKAL Model
Source: Balta-Ozkan et al. 2007, p.6

The crucial relationship in respect of distributmptions between throughput and
distance (illustrated in Figure 4.1) is represemmeithe model as shown in Table 5.1,
in which different end-use applications are assutoedquire different combinations
of flow-rate and distribution distance. They alequire hydrogen in different forms —
air transport would require the greater energy itlenéfered by liquid hydrogen,

while 2-wheelers (with low range) and rail trangfdtarge storage space) would need
only compressed gas. The other transport modes take it in either form, so that
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liquid hydrogen could either be distributed as suetcould be produced at local
liquefaction sites from centrally-produced compegksgas transported by pipeline or
road, or locally produced gas. Local productioassumed not to need a distribution
network as it is close to demand.

Distribution Distance
Short (50 km) Long (300 km)
High (100 t/day) Air, rail, ship Heavy goods vehicles (HGV

Flow

rate | Low (15 tiday) | Bus, Two-wheeler| “@" light goods vehicles (LGV

micro-generation

Table 5.1: UK Hydrogen Distribution Network by Transport Mode
Source: Balta-Ozkan et al. 2007, p.7

An important aspect of the representation of teldgies in MARKAL is how their
costs and performance change over time, espethalse which, like hydrogen and
fuel cell technologies, are immature and mightXjgeeted to improve substantially
as they are more widely deployed. The model usgstdogy vintages to capture
these changes, with new vintages with differentquarance assumed to be
introduced in particular years. The model will ‘clse’ these new vintages in
preference to competing technologies, where it n@yhave chosen older vintages, if
their performance has improved sufficiently to m#kem competitive when they are
introduced.

The Base and Reference Scenarios

First the MARKAL model was run with no constraias carbon emissions (the Base
Scenario) and then constrained to produce a 60%ctied in carbon emissions from
2000 levels by 2050 (30% by 2030), but with no retbgical constraints (the
Reference Scenario). The Base Case therefore delilee minimum energy system
cost under the defined overall technological assiomg, and the Reference Case the
minimum energy system cost to reach a 60% redutiaet.

The MARKAL model delivers a very large amount ofalas results of scenario runs.
For each scenario, Balta-Ozkan et al. (2007) regmitnary and final energy demand,
sectoral and end-use sectoral (in which the entisstom the power sector and
hydrogen production are allocated to four end-ugeahd sectors based on their use)
CO, emissions, hydrogen production and use, fuelusiee transport fleet, electricity
generation mix, total system cost, and the margindlaverage cost of GO
abatement. Only a small proportion of these resaltsbe reported here.

Interestingly, as shown in Figures 5.2 and 5.3ybgen is used in the transport sector,
first for HGVs, then for buses, LGVs and cars, frabout 2020 even in the Base
Scenario, and also in the Reference Scenario, 5§ 20mprising 15% of final energy
demand, or about 70% of the fuel used in road pamsHowever, while the Base and
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Reference Scenarios use about the same amoundi@igan, the hydrogen is
produced very differently, shifting from gas andc(Base) to gas and coal with CCS,
and then electrolysis once the CCS capacity is upednd substantial imports
(Reference) under the impact of the carbon comstrai

Base - BAU: Final Energy demand by fuel
7000 M others, solar
B Steam/heat
6000 B Biomass
O Manufactured fuel
5000 O bio diesel
@ Methanol/Ethanol
4000
- B Hydrogen
o
3000 - 0 Jet fuel
@ Diesel
2000 - O Petrol
| M Coal
1000 O Gas
OLPG
0 T T T T T T T T T - Fuel Oil
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 o
O Electricity
Figure 5.1: Final energy demand — Base Scenario
Reference case: Final Energy demand by fuel
7000 M@ others, solar
B Steam/heat
6000 B Biomass
O Manufactured fuel
=000 0O bio diesel
4000 @ Ethanol
~ B Hydrogen
3000 - O Jet fuel
M Diesel
2000 - @ Petrol
e ———————— B Coal
1000 A O Gas
OLPG
0 T T T T T T T T T - Fuel Oil
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O Electricity

Figure 5.2: Final energy demand — Reference Scenari

Electricity Sore

The purpose of the electricity store scenario wasapture the possibility of hydrogen
being used to store electricity from intermitteeewables, in order to buffer
fluctuating demand in the electricity system. Adaig modelling of this scenario
requires more detailed modelling of electricity @ during the day than the
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day/night differentiation of the standard MARKAL h&l. This is currently being
extended to divide the day into five time slicas, the extension has not yet been
completed so that this scenario was not modelled.

Central Hydrogen for Transport (CHT)

This was defined as hydrogen (all used in the parisector) as comprising 20% of
final energy demand (in the Reference Scenarispam fuel use varies from 22-31%
of final energy demand over 2000-2050). Howevenated above, even in the
Reference Scenario hydrogen comprised 15% of énatgy demand, so that the
difference between the CHT and Reference Scenigropgte small. The main result
of the extra hydrogen demand in CHT is a chandkerfuel mix, with less electricity
use (as rail transport shifts to hydrogen), butenge of gas in electricity generation
(as co-generation and district heating expands))Jess nuclear, renewable and
imported electricity.

Figure 5.3 shows the transport sector fuel demanke CHT Scenario. Only Car
Diesel and Rail Electricity remain significant nbyperogen fuel uses.

O Air - Hydrogen

Transport Hydrogen: Transport sector fuel demand by o Air - Jet fuel
fleet and fuel O Rail - Hydrogen
2000 o Rail - Electricity

O Rail - Diesel

o TW - Methanol
OTW - Hydrogen
OTW - Electricity
OTW - Petrol

@ LGV - Methanol
OLGV - Hydrogen
mLGV - Electricity
mLGV - Petrol
mLGV - Diesel

O HGV - Methanol
OHGV - Hydrogen
@ HGV - Diesel
mBus - Methanol
O Bus - Hydrogen
mBus - Electricity
mBus - Diesel

m Car - Methanol
O Car - Hydrogen

1600

1200

PJ

800 -

400 -

0 \ \ \ \ T T \ T T O Car - Electricity
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 @Car - Petrol
@ Car - Diesel

Figure 5.3: Transport Sector Fuel Demand by Fleet EHT Scenario

Ubiquitous Hydrogen (UH)

In the UH Scenario, hydrogen is assumed to deb®és of final energy demand
(three times the level of hydrogen use comparedddreference Scenario), with 60%
of the hydrogen being used in heat and power ggoeranainly as microgeneration
in the service sector, substituting for gas, amdrést in transport.
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Most of the extra hydrogen is produced by electiglysee Figure 5.4), with nuclear
power being the electricity source. The greatdcieficy of microgeneration in
producing heat and electricity combined meansfthat energy demand in the
service and residential sectors declines by 8%il486 (due in this case to increased
take up of insulation) respectively. But the thedyi@amic inefficiency involved in
using electricity to produce hydrogen, which isrtlitself used to produce electricity,
means than overall primary energy demand in UHeiases by 14% over the
Reference Scenario.

Ubiquitous Hydrogen: Hydrogen production by fuel type
2500
2000 m Biomass/waste
O Electricity
1500 ~
~ O Gas
o
1000 m Coal
@ Imports
500 ~
0 T T T T T I I I
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 5.4 Source of Hydrogen Production — UH Scemna

Synthetic Liquid Fuel (SLF)

For this scenario some extra methanol technolagiesdded to those in the model
and these are taken up to a small extent in betlB#se and Reference Scenarios,
substituting for some hydrogen, indicating thatdbsts of these technologies are
comparable to those based on hydrogen. In the goetslf, methanol is assumed to
comprise 20% of final energy demand by 2050 (tlmesas the level of hydrogen
penetration assumed in the CHT Scenario), beind fist in LGVs, then cars and
HGVs. Nearly half the methanol is produced fronunatgas, with most of the rest
coming from imports and hydrogen, with the latteximy being produced from coal
with CCS, and some from biomass, which switchesobpbwer generation. Nuclear
power reaches similar levels to those in the UHh&8de, when it was extensively
used for electrolysis for hydrogen production, inuhis case is used in the residential
and service sectors for heat production. This ity between fuels is a common
characteristic in MARKAL when assumptions are clehgnd a number of different
technologies can be used to satisfy different famargy demands.

Comparison between Scenarios

The next few figures illustrate the various difieces between the scenarios, with
Figures 5.5 and 5.6 showing the differences irsttae of different fuels in primary
and final energy demand in 2050. The blue blocksvstme Reference Scenario, the
red lines the range of variation across the thteerscenarios. Figure 5.5 shows that
the share of renewables, gas and nuclear in priet@@ygy demand tend to increase in
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some of the scenarios, while those of coal antead to be reduced, and imported
hydrogen is very variable. In contrast, Figure€h6ws that the share of gas in final
energy demand is reduced in all the scenariosewhdse of the other fuels is very
variable.

Range of variations in the share of fuel in primary energy mix in 2050
50%
45% +
40%
35%
30%
25% - l
20% +
15% +
10%
e
5% [ I I l | I - W ||
0% 1 1 1 1 i i
Renewable Biomass and Natural Gas Qil Coal Nuclear Imported
Electricity waste Hydrogen

Figure 5.5 Changes in Primary Energy Demand acrogbe Scenarios in 2050

Range of variations in the share of fuel in final energy mix in 2050
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Figure 5.6 Changes in Final Energy Demand acrosséhScenarios in 2050

Figure 5.7 shows the differences in the sourcgmwafer generation for the scenarios
in 2050. In the Base, with no carbon constrairdas) predominates. In the Reference,
with 60% carbon reduction, coal CCS and nucleatladargest sources. This is little
changed in CHT, because there is little changkarhiydrogen requirement, but in
UH greatly increased nuclear power is requiredrtalpce the additional hydrogen. In
SLF gas re-enters the generation mix.
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Electricity generation mix (Central plants) in 2050
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Figure 5.7 Electricity Generation Mix across the Senarios in 2050

Finally, Table 5.2 shows the range across the sicsnaf the energy system cost
increases and the marginal costs of carbon abatam2@50 for the different
scenarios. The energy system cost of the UH saeisatil% above that in the Base,
compared to only 2% for CHT (because the Base badyas much hydrogen as
CHT). Comparing SLF and CHT, in which methanol &gdrogen respectively are
extensively used in transport and account for 20%nal energy demand, the extra
cost of SLF is significantly above that of CHT, shiag that the cost of methanol
production is substantially above that of hydrodeerhaps surprisingly, in UH the
marginal cost of carbon abatement only increas€3T@tCO2, from £61/tCO2 in
CHT. But this extra marginal cost across a largegase in hydrogen use results in
significantly higher overall system costs.

Increase above Base ofi Reference CLT UH SLF
System cost (£) £4.6 bn £6.3 bn £35.3 bn £23.8 bn
System cost (%) 1.4 2 11 7.4
Marginal CO2 54 61 77 140
abatement cost (E/tCO2)

Table 5.2 Costs Increases from the Base Scenaria fdifferent Scenarios in 2050

Conclusions on Scenarios

The MARKAL scenarios reported above generate cifisient mixes of energy

technologies out to 2050 on the basis of the audtodher assumptions that are fed
into the model. As shown above, hydrogen is intoaedLinto the transport sector of
the UK energy system from about 2020 even in theeB&cenario, which indicates
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that such introduction is cost minimising on thsuasptions made. However, it
should pointed out that the cost assumptions fedtire model assume very
considerable technological development in relatoohydrogen, on the basis of some
of the aspirations for such development that haenbncorporated into various
hydrogen technology roadmaps. It should be poiatédhat for this technological
development to take place, it is likely both thatbstantial research and development
budgets (considerably higher than those currentplace) will need to be committed,
and that these budgets are successful in achi@ungmental technical
breakthroughs in such areas as hydrogen onboaatstdVNithout such
breakthroughs the penetration of hydrogen vehiakesthe transport sector will
simply not be able to take place. The breakthrowghsieed radically to improve on
both current costs and current performance. As EA 2004, p.98) puts it: “All
(promising UK hydrogen) chains face significanttcasd performance improvement
challenges, particularly in fuel cell vehicles.”

The Base and other scenarios should thereforeenmitérpreted as what is likely to
happen, much less as what ‘will’ happen, but raffsgpossible futures containing
various levels of hydrogen usage on the assumptatrprofound technical advances
are made in a number of areas of hydrogen techyolbig still very much an open
guestion as to whether these advances will inrfeterialise.

6. HYDROGEN TRANSITIONS

In the most detailed analysis yet carried out efrtfost appropriate hydrogen strategy
for the UK, E4Tech et al. (2004) identify six hydem chains as particularly relevant
to the UK context. These are shown in Table 6 detiwer with the areas which
E4Tech et al. suggest need to be addressed infordamactical realisation of these
routes to hydrogen utilisation to be achieved.

Hydrogen Chains Areas to be addressed

1. Fuel cell road vehicles including storage*
2. Other hydrogen and fuel cell vehicles*

3. Hydrogen pipelines*

4. Road transport of hydrogen*

5. Refuelling infrastructure*

Biomass and waste supply

Biomass gasification 6. Biomass gasification to hydrogen
o 7. Hydrogen integration in biomass systems
Nuclear electricity Nuclear electricity

Renewable electricity

8. Hydrogen integration with renewable energy
9. Electrolysers**

10. Novel hydrogen production technologies
11. Natural gas reforming

12. Hydrogen integration in natural gas systems
Coal with CCS 13. Coal gasification to hydrogen

Carbon capture and storage (CCS)**

Renewable electricity

Novel H2 technologies

Natural gas with CCS

*  Common to all chains
**  Common to 2 chains
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Table 6.1 Hydrogen Chains Appropriate for the UK ard Areas to be Addressed
for them to Become Viable

Note: The chains have been placed opposite the &ze@hich they are most closely related,
but note that some areas are relevant to moreath@chain, or to all chains. The numbered
areas are those which are referred to in Section 9.

Source: E4Tech et al. 2004, p.102

Table 6.1 may give the impression that the prirldigsk to be accomplished for the
establishment of ‘a hydrogen economy’ (defined lasra (national) economic system
in which hydrogen is the energy carrier which deds/“a substantial fraction of the
nation’s energy-based goods and services” (NRC &N#A11)) is the development
of a range of different technologies, and themoislenying the essential role of
technological development in this process. Howetves,is very much only part of
what is required.

The current, largely fossil-fuel based, energyeaysin industrial countries is mature,
pervasive, reasonably efficient in its satisfactidra wide range of demands for
energy services (heat, light, power, mobility), &rad an extensive infrastructure
which is long-lasting and has been developed owenynyears with very large
investments. For the hydrogen economy to come abiware will need to be an
extensive transition away from the fossil-fuel emmry. For this transition to occur in
a largely market-based economy, hydrogen technedagiust compete effectively
with the fossil-fuel alternatives. In particuladéevices that use hydrogen (e.g. fuel
cells) must compete successfully with devices tisatcompeting fuels (e.g. hybrid
propulsion systems)” and “hydrogen must competeessfully with electricity and
secondary fuels (e.g. gasoline, diesel fuel andhamatl)” (NRC & NAE 2004, p.17).
In addition to competing successfully economicadlyy transition to hydrogen would
need to be supported by political and culturaldetf it is to come about.

There is now an extensive literature analysing fg$tnological transitions, and
speculating about the conditions and processedwhay bring them about in the
future. Agnolucci & Ekins (2007 forthcoming) desizithree theories of
technological transition involving innovation chai(Foxon 2003), the co-evolution
of societal subsystems (Freeman & Louca 2001) laaanulti-level interaction
between landscape factors, technological regimeésienes (Geels 2005).

Using the Geels multi-level approach, Eames & McBib{2006) developed four
‘transition scenarios’, which were briefly mentiahi@ Section 3 and modelled as
described in Section 5. Eames & McDowall (2006) bora the multi-level approach
with further thinking on thinking on transitions Bgerkhout et al. (2004) and
Hisschemoller et al. (2006).

Berkhout et al. (2004) develop a 2x2 typology fanking about transitions,
combining the dimensions of low/high coordination gurpose or intention) with the
use of resources that are internal or externdiéaegime. The transitions in the four
qguadrants are therefore characterised by the etktetthey are purposive or largely
uncoordinated, and make use of internal or extegsaurces (e.g. ‘emergent
transformation’ is a transition involving low coamndtion and external resources).
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Eames and McDowall combine this typology with Hissmoller et al. (2006)’s four

types of governance:

» Governance by policy networking, through which public and private actors
cooperate informally to achieve change
»  Governance by government, through which change is promoted by the
institutions of the state
» Governance by corporate business, through which change is promoted by big

business

» Governance by challenge, through which innovation is driven by fostering
challenges to vested interests, that promote infmva

Figure 6.1 shows how Eames & McDowall (2006) magpttio typologies onto each

other.

Internal
resources
Reorientation of Endogenous
trajectories renewal
Governance by Governance by
policy networking corporate business
Low coordinatiol High coordinatiol
Emergent Purposive
transformation transition
Gover nance by Governance by
challenge government
external

resources vy

4

Figure 6.1: Four Types of Transition DistinguishedBy Coordination and Source

of Resources

Source: Adapted from Berkhout et al. (2004, p.&&mes & McDowall 2006, p.33

Eames & McDowall (2006) then locate their four hygien ‘transition scenarios’
within this framework, as shown in Figure 6.2, witbordination’ interpreted as
‘guiding vision’, and ‘resources’ as ‘actors/instibns’.
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Innovation driven by existing actors/institutit

Structural Shift
Electricity Store
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Corporate Race
Ubiquitous hydrogen
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Weak guiding vision

Disruptive
Innovation
Synthetic Liquid
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Figure 6.2: Four Hydrogen Transition Scenarios

v

v

Strong guiding vision

Government
Mission

Central Hydrogen
for Transport

Innovation driven by new actors/institutic

Source: Eames & McDowall 2006, p.5

Table 6.2 summarises the ‘stories’ which Eames &Wblwall (2006) construct to go
with their transition scenarios,

Structural Corporate Government Disruptive
Shift Race Mission Innovation
Dimensions Innovation driven | Innovation driven | Innovation driven | Innovation driven
by existing by existing by new by existing
actors/institutions | actors/institutions| actors/institutions| actors/institutions
Weak guiding Strong guiding Strong guiding Weak guiding
vision vision vision vision
Drivers Strong UK Strategic Strong UK/EU Emerging climate
Government and | positioning of big | government and energy
social concern for| auto and big oil in| concerns over concerns
climate change | the face of climate climate change
and energy change and and energy Emphasis on
security energy security | security building
concerns competitive
Greater social Societal markets and high
awareness of needHigh demand for | acceptance of innovation
for demand and volatile nuclear and CCS
reductions supplies of oil and and greater social| Social preference
gas lead to trust in science for liberalised
Societal rejection | increasing prices | and technology | markets and
of nuclear and consumer
CCS sovereignty
Key See Table 3.2 See Table 3.2 See Table 3.2 See Table 3,
technologies
End vision Electricity Ubiquitous Central Synthetic
Store Hydrogen Hydrogen for | Liquid Fuel
Transport
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Table 6.2: Summaries of Four Hydrogen Transition Senarios
Source: Eames & McDowall 2006, p.7

What is apparent from Table 6.2 is that there ath Hifferences and similarities
across the characteristics of the different scemaand that different stories for the
scenarios are possible (for example, the UH sceranild be driven by government,
and the CHT by business; or the drivers could Imelezoed, with the transport
component of UH being driven by business, but éehology then being taken into
the residential and commercial sectors by innoeatiew small companies acting in
‘policy networks’ with government.

What is also apparent from the different scenadaaos, especially the different
technologies through which they are realised,as they are likely to vary greatly in
attractiveness to different groups of people, anaghat is explored further in Section
7.

Under any of the governance perspectives descabede, one way in which a
technology may become widely diffused is to becastablished in a niche or niches,
and expand into the mainstream. Indeed, it has beggested that what has been
called strategic niche management (SNM) “may beottig feasible way to transform
environmentally unsustainable regimes”, althougdy taccept that a this may need in
addition policies such as taxes and regulation (Ketral. 1998, p.191). Agnolucci &
Ekins (2007 forthcoming) explore the issue of SNiMelation to the hydrogen
economy.

McDowall (2004) identified seven current nichesligdrogen technologies, which
might provide the basis for hydrogen’s expansiantgble power for electronic and
small electrical equipment; auxiliary power un#g’Us) in vehicles; fuel cells for
stationary power, for back up or in remote locatiduel cells to propel niche
vehicles; hydrogen-fuelled internal combustion eéds; hydrogen/hydrocarbon fuel
blends; and various demonstration projects andrarpats. In an assessment of one
of these niches, Agnolucci & McDowall (2006 in pggsonclude that an increased
use of APUs powered by hydrogen fuel cells coutibed support the development of
a hydrogen economy more generally. Even if theyeweethanol or solid oxide fuel
cells, increased use could generate useful exmermith fuel cells generally, and
could give consumers a taste for more onboard pom@ch could help the
establishment of fuel cell vehicles.

On the other hand, Agnolucci & Ekins (2007 forth@og), while they accept that
current hydrogen niches, and their expansion, shood be ignored, consider that the
fundamental technological and economic challengesd core hydrogen
applications such as fuel cell vehicles are mdwm@yito be successfully addressed by
the kind of major ‘technology push’ policies focdsen R&D than by the promotion,
or strategic management, of relatively peripherehes such as APUs. This issue of
policy support is revisited in Section 8.

7. PUBLIC ACCEPTABILITY OF HYDROGEN

29



It is apparent from the descriptions of the possihydrogen futures presented in
Table 3.1, and of their technologies in Table 83t they are likely to elicit a wide
variety of different public responses. To expldns issue, an innovative multi-
criteria mapping of the futures was carried ouhvaitsmall group of experts in the
field (McDowall & Eames 2006b), and focus group karas undertaken with
members of the public with less knowledge of tlseiés. This section reports this
work.

Multi-criteria mapping (MCM) is a technique devesapby Stirling (1999) with the
aim of making explicit the value judgements, pecsipes and assumptions which
cause people to arrive at different appraisal amichs about the same situation. In
this case, 15 experts in energy and hydrogen, fremy different backgrounds,
explored the six different hydrogen futures descimeSection 3. They were invited to
specify and weight for relative importance theimogviteria (grouped under
environmental, economic, social, energy securiye and, for each of the six
futures, to score its performance against eacérimit, on both optimistic and
pessimistic assumptions, thus generating a rangerédrmance scores on each
criterion, to reflect uncertainty. The experts wals asked to score a Status Quo
scenario consisting of broadly current conditiangvhich hydrogen plays a negligible
role.

In the event, there was considerable overlap betweecriteria chosen by each
expert, but considerable differences between Wi tveighting of these, and the
scores they allocated to each hydrogen future.réigul shows the range of weights
allocated by the experts to each of the groupsitEr@, with the range of importance
given to economic criteria varying the most.

Weight Extrema - All Participants

Environmental

Economic

Social

Security

Other

o 10 20 30 40 50 60 70 80 90 100

Figure 7.1 Criteria Weightings
Source: McDowll & Eames 2006b, p.:

Figure 7.2 shows the final weighted score for thgipipants in the exercise, with the

dark blue bars showing the range of the averagkthanlight blue the range of the
extremes, of the optimistic and pessimistic scores.
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Mean and Extreme Rankings for all Participants

Central Pipeline | | | I

Forecourt Reforming [ T

Liquid Hydrogen e
Synthetic Liquid Fuel [ TN

Ubiguitous Hydrogen T ——
Electricity Store | .
Status Quo [T
0 2‘0 4‘0 6‘0 8‘0 1(;0 120

Figure 7.2 Final Weighted Scores for all Participats
Source: McDowall & Eames 2006b, p

Figure 7.2, showing the mean and extreme weigtberks for all participants, shows
that Electricity Store had the highest averagenuptic score, that the Status Quo was
generally not favoured, and Central Pipeline wagesat to the greatest variation of
opinion about its overall performance. No one hgerofuture was preferred by all
participants. Most uncertainty was expressed aBguthetic Liquid Fuel.

Much of the power of the MCM method lies in itsldapito get behind the reasons for
the scores that are given by the different pasdicip. Crucial in the appraisal were
disagreements about the acceptability of nuclearepgone expert refused to score
any scenario in which this was the source of thdrdyen), the relative desirability of
centralised and decentralised energy systems, encégtions of economic and
political feasibility.

The conclusions drawn by McDowall & Eames (2006h5gff.) from this exercise
are that hydrogen is not automatically a ‘sustdeigbchnology (indeed, different
people interpret this word differently); that thestgte to reduce carbon emissions is
the main reason why it is favoured; but that theggnificant uncertainty about the
cost and performance, and the desirability, of mafrthe elements of different
futures. How these elements are put together refihie likely to be a key issue for
their general public acceptability.

Ricci et al. (2007) describe research that usedsfgroups to explore public attitudes
to hydrogen in three areas that have some practalifestations of hydrogen
technologies: Teesside, which has a history of strial hydrogen production and a
local pipeline; South Wales, which has projectgenerate hydrogen from biomass;
and London which has a European demonstrationgirojehydrogen buses.
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The focus groups explored four sets of attitudegetévance to hydrogen: those
towards the environment and willingness to considevironmentally beneficial

behaviour change; those towards hydrogen and atker energy technologies;
criteria by which they would evaluate hydrogen tesdbgies; and attitudes to public
engagement in decision-making about such techregogi

The research confirmed many of the points that lheen found in previous work:

* On behaviour change the difficulty of connectingdbactions with global
effects; the tendency to blame others for probleansalue-action gap; the
importance of habits, norms and convenience, andnfoéstructure and
institutional ‘lock-in’; the difference between mhour as consumers and as
citizens, and the importance of collective changecgsses; and on the
importance of fairness and of guidance and infoilonatom trusted sources.

» Despite some initially negative associations wiglddogen, prompting safety
concerns, people seemed to be in general preparedcdept hydrogen
technologies as they do any other. They would have safe, convenient and
reliable to use, and offer comparable performamcecbmparable cost with
respect to competing technologies. There was argeegpectation that, if
rolled out, hydrogen technologies would in the éviee brought up to the
required safety standards; however this appareamdt tin ‘the system’
contrasted with a marked distrust of several of kbg actors — industry,
business, the Government — who would be responéibl¢his. There was
interest in the details of the whole hydrogen chand particularly the
comparative sustainability of various productiontmoeels, including fossil
fuels and nuclear power. Whilst there was no widesp rejection of any
particular aspects of the hydrogen chain, suppad highly conditional on
understanding the ‘context’ and the ‘bigger picture

* There was ambivalence on public engagement. Atered people wanted to
be engaged, but only if it concerned issues in Wwiiey were interested or
which had direct bearing on their lives. There wasognition that many
people would not want to be involved in engagenoentydrogen.

Bellaby et al. (2007) explore the challenging pplimplications of these public
attitudes to hydrogen. First, it is not too soonstart public information and
engagement exercises to familiarise people withiouar aspects of hydrogen
technologies. Second, it is clear that a combinatib public and private research,
development and demonstration projects will neeshtly to improve the cost and
performance of hydrogen end-use applications tel¢ethat the public have come to
expect, while establishing sound safety featured procedures. Third, market
stimulation measures will probably need to make oi¢he full range of policy
instruments, such as taxation of carbon-intensiterratives to hydrogen, while
being careful not to alienate public opinion. Andurth, public acceptance of
hydrogen and the policies required to support iilbconly be won if it was clear
what the public benefits of the technologies were laow they were being achieved.

8. POLICIES FOR HYDROGEN TRANSITIONS

The current costs and technical performance ofdgein technologies such as fuel
cells mean that, as discussed above, their ugsesgmtly confined to small niches or
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demonstration projects. On the evidence to datekehdevelopment and forces alone
are unlikely to enable these technologies to boedlof these relatively limited uses.
Indeed, there is no literature that suggests behydrogen economy will come to
exist in the foreseeable future, if ever, withaubstantial and long-term public
support. Even with the political will to give thstipport, the nature of what is being
attempted should not be underestimated. It is waplented. Writing about the US,
NRC &NAE (2004, p.17) state: “In no prior case fias government attempted to
promote the replacement of an entire, mature, mé®adoenergy infrastructure before
market forces did the job. The magnitude of thengearequired if a meaningful
fraction of the U.S. energy system is to shift ydiogen exceeds by a wide margin
that of previous transitions in which the governireas intervened.” The same would
be true for other industrialised countries. Toiatsch a shift, strong public policy is
likely to be required, applied consistently andtegsatically over an extended period.

Public policy, of course, needs to be justifiedarnms of the public benefits that it
delivers. In respect of hydrogen these potentialipibenefits are of four kinds. Two
relate to air emissions, one to energy securitgt,care to economic development. The
potential air emission benefits are that, at thatpaf use, the use of hydrogen either
in fuel cells or in combustion produces only waWhere this use substitutes for the
combustion of fossil fuels (e.g. petrol/diesel ghicles, coal in power stations), this
means that the use of hydrogen can reduce emissi@asbon dioxide, and therefore
contribute to climate change mitigation, and ofllqeollutants such as the oxides of
sulphur and nitrogen, and therefore help to impraveuality. The delivery of these
benefits is of course dependent on the means diptmn of the hydrogen (i.e. these
means would have to involve low or no emissionsi$eves).

The potential benefits of energy security deriwarfrbeing potentially able to
substitute hydrogen for imported fuels (such astbdt may suffer constraints in their
supply, either because of scarcity or from polltfeators. Again, the delivery of
these benefits will depend on the means of prodoaf the hydrogen — for example,
producing it from natural gas through SMR will datimng to reduce dependence on
imported gas.

A fourth possible perceived public benefit from ttevelopment of hydrogen
technologies is economic. Some regions and cogntrigech perceive that hydrogen
technologies are likely to become important inftitare consider that they will
benefit economically from this development if tHeyve created a local, regional or
national capability in these technologies. Strictihys is more a private benefit to the
firms and employees concerned, but societies asotevalso stand to gain from
successful technological developments of this kamd] in fact it is such industrial
considerations that currently seem to be drivingimef the current public support for
hydrogen, as will be seen below. Of course, shbytitogen technologies fail to
develop as foreseen such benefits will fail to malise and the public subsidies that
have been committed to them will be effectively tgds

Because of the importance of achieving technicaravements in hydrogen
technologies, that deliver any or all of new fuantlities, performance improvements
and cost reductions, most public policy supportigidrogen is devoted to research
and development (R&D). Hughes (2007) found thagaesh in hydrogen
technologies is mainly organised, coordinated amdéd internationally and
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nationally. Important internationally are the Imational Partnership for a Hydrogen
Economy (IPHE) and the work of the Internationakiyy Agency (IEA), and the
European Union (EU), while outside Europe individe@untries with major
hydrogen research programmes include the US, J&#&wrea, Canada and Iceland,
the last of which has a target to convert its eaonentirely to hydrogen by 2030.

EU funding goes to support a number of researchdantbnstration projects,
including the CUTE project which has deployed 38l ftell buses in nine cities, and
networks and initiatives such as HyWays which igeligping a hydrogen roadmap

for the EU as a whole. There is also a public-pgev@llaboration called the European
Hydrogen and Fuel Cells Technology Platform, whiels ambitious targets for fuel
cell commercialisation in a range of uses, inclgdiehicles.

An important source of EU funding for hydrogen witites at the sub-national level is
through the European Regional Development Fund (BR®hich is accessible to
less prosperous EU regions, or those undergoingstndl restructuring. It is clear
from Hughes (2007) that interest in hydrogen atlarsational level, in the UK at
least, is driven to a large extent by the desireeémnomic development and
regeneration, rather than purely for its wider pubenefits. Because economic
development and regeneration is highly locatiorcsjoeit is not therefore surprising
that different regions in the UK which have aspias towards ‘a hydrogen
economy’ have very different perceptions of whattsan economy in their area
would comprise, and how they might seek to moveataw it. Hughes (2007),
drawing heavily on work by Hodson & Marvin (2005&)h contrasts the differences
in approach to this issue being taken in Londomss&le, Wales and Scotland.
However, two conclusions emerge from all of theaeg studied. The first is the
importance of the regional level (in England pr@ddy the regional development
agencies, in Wales and Scotland by the nationadigonents) in providing impetus to
activities on the ground. The regional level ig&aenough to be able to include a
variety of relevant actors and interests, but semtiugh to be able to take account of
local contexts, skills and enthusiasms. The sewfat the need for these regional
activities to be supported by and related to argi@sional vision, policy framework
and funding provision. As will become clear, itligs national-regional linkage which,
in the UK, seems to be largely missing.

As seen in Section 6, the Strategic Framework yorédgen in the UK developed by
E4Tech et al. (2004) identified six hydrogen chasasnost promising in the UK
context. However, all these chains were orientedusively towards the use of
hydrogen in transport, and specifically in FCVsisTiB in contrast with the main
thrusts towards hydrogen coming from Scotland, Waled Teesside, none of which
are concerned with FCV development, and with “ligeificant entrepreneurial
activity in the UK from small companies developstgtionary and portable fuel
cells” (Hughes, 2007, p.17).

As Hughes (2007, p.34) later puts it: “High levelipies and roadmaps should
provide an aspirational drive to encourage locdl r@gional actors to implement
projects, supported with funding, whilst remainftexible to regional interpretations
of what a hydrogen or fuel cell economy means shdacal context.” UK policies
and roadmaps would seem to leave quite a lot tdeb&ed in this regard.
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E4 Tech et al. (2004) identify 33 measures to axidtlee barriers to the development
of hydrogen technologies in the UK, grouped aceado the current ability of the
UK to address them, alone or in international d¢umtation. Table 8.1 lists these 33
measures. The numbers refer to the numbered aréasaddressed in Table 6.1.
Many of these measures require the commitmentlugtantial resources. Their
successful implementation would also require coneaiand knowledgeable actors
and institutions at the regional and local levBlsthaps the first policy priority is to
connect the national perception of the priorityhefse measures (as opposed to
others) with the realities of actors and institn@n the ground.

Table 6.1 confirms the point made above that a niagus of public policy support
should be research, development and demonstratipects. However, of themselves,
these are unlikely to mobilise the really largeaistments from private sources that
will be necessary for the mass diffusion of hydrotgchnologies in terms of both
applications and infrastructure and applicatiortss Will require substantial policy
measures of market enablement and incentives gaitded-in tariffs, carbon pricing
and fuel duty exemptions) that private investoigle to be long-term. It is probably
still too early for such measures — the marketstich they will need to be applied
(e.g. FCVs) are still characterised by technolothes need further fundamental
development. But policy makers should keep in nfiath the need for such measures
in due course, and the desirability of targetirentrappropriately and differently in
line with the different developments at regionad éocal level.
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CREATE STRONG UK POSITION
ALONE

Major Barriers
1 Stimulate market for low-carbon transpor
in UK
4 Include road transport of H2 in UK
demonstrations
5 Demonstration of refuelling stations
Other Barriers
3 Identify and focus UK pipeline capabilitie
3 Evaluate and demonstrate undersea UK
pipeline from UK remote renewables

7 Develop UK biomass policy to include H2

8 Conduct feasibility studies on H2
integration with renewable electricity

8 Policy development for H2 and renewabl
electricity

8 Demonstration of H2 with renewable
electricity in the UK

11 Deploy large transformers and integrate
with CCS in UK
13 Demonstrations of coal gasification with
CCS

UK LEAD IN INTERNATIONAL
ACTIVITIES

Major Barriers
t1 Lead international R&D effort on H2
onboard storage
Other Barriers
5 Create strong UK systems analysis posit
10 Lead RD&D in non-nuclear novel H2
production
5

D

NEED TO BUILD UK EXPERIENCE

Major Barriers

2 Deployment of H2 and other FC vehicles
Other Barriers

3 Demonstrate urban pipeline network to
supply refuelling stations in UK

3 Demonstrate trunk pipelines in UK

5 Cooperate in refuelling codes and standa
development

7 Conduct UK systems studies and
demonstration of biomass to UK
12 Plan for future natural gas demand for H

UK COOPERATION IN

INTERNATIONAL ACTIVITIES
Major Barriers
1 Cooperate in international R&D efforts of
fuel cell stacks
1 Participate in international FCV design,
demonstration and integration activities
Other Barriers
rdParticipate in international development
efforts for other H2 and FC vehicles
6 Participate in international R&D and
demonstration on biomass gasification to H

9 Cooperate in international electrolyser
R&D within areas of UK strength

9 Cooperate in international electrolyser
demonstrations

10 Participate in international novel nuclea
to H2 RD&D

11 Demonstrate and commercialise reform
for energy applications in UK

12 Cooperate in studies and demonstratior
H2 use in pipelines
13 Conduct R&D on coal gasification, CO2
separation, polygeneration, and biomass c

1Z Develop EU biomass policy to include H2

on

N

12

ers

1 of

firing

Table 8.1 Measures Required to Develop UK Hydroge®ptions

Source: E4Tech et al. 2004, p. 107
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Although one of the two key axes in the UKSHEC $iaon scenarios splits the
scenarios according to whether they are charaetehyg a ‘strong’ or ‘weak guiding
vision’ (see Figure 6.2), nevertheless each okti@marios is driven by decisive action
on the part of at least one major actor, and,utdcbe argued, all are crucially
dependent on strong governmentGovernment Mission it is explicitly the
government which takes imposes strong policiepszi§ically bring about a
hydrogen transitiorCorporate Race is driven by large commercial interests,
motivated by a growing culture of corporate somsiponsibility, but it is unlikely
that this would be powerful enough unless it wése aupported by government
policy. The other two transitions are characterisga ‘weak guiding vision’, but
even in these cases the notable absence of astaneiarea is compensated for by
action from a large actor in another areaShuctural Shift there are no specifically
hydrogen directed policies, but it is neverthelgssng action on the part of
government in terms of demanding high renewableggntargets, which indirectly
drives the need for hydrogen as an energy regulatstuptive innovation is the
transition which is least obviously driven by speailirected actions of government,
with direct hydrocarbon fuel cells emerging fomisport uses from portable niches.
However, even here the developments in fuel celirielogy which enable the
transfer from portable to automotive markets ingyne significant levels of R&D
on the part of companies within the automotive $uppains, and the government is
again broadly responsible for directing a move afam carbon intensive fossil
fuels through enforcing emissions reductions, itigesing renewable transport fuels
and stimulating the ‘policy networks’ and markédtsough which the knowledge
generation and market development comes about.

9. CONCLUSIONS: PROSPECTS FOR A HYDROGEN ECONOMY

There are many possible hydrogen economies, but the emergence of any of them will
require substantial and sustained public policy support

There are many technologies which can produce lggaromany that can store and
transport it, and many applications in which it ¢enused. Moreover, these
technologies can be combined in many different waysing about a range of
different hydrogen futures. It is not yet at abat what combination of what
technologies, if any, will deliver the private apablic benefits that will be required
for the mass diffusion of these technologies imtciety. Fundamental improvements
in both cost and performance across the whole rahggdrogen technologies are
still required for them to compete effectively imdeuse mass markets and to deliver
the low emissions and energy security for whicly thiee widely advocated.
Achieving these improvements will require a greaanmitment of public and
private investment than has yet been forthcoming, an due course, long-term and
credible strategies of market incentivisation anddement through determined
public policy interventions. Given this investmamid the current state of
development of various hydrogen technologies, gite possible that hydrogen
could play a major role in the energy economy efritid-century and be associated
with major profitable new industries, as well atwding large-scale environmental
benefits.
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Not all hydrogen futures will be regarded as sustainable and desirable by everyone,
so that public understanding and engagement will be required for themto gain public
acceptance

Elements of possible hydrogen futures that maydmentious include its production
from nuclear power, huge onshore wind farms, osifdgels with carbon capture and
storage. Public familiarity and attitudes on safetyd the ability of hydrogen
technologies to meet desired standards of cosvetwence and performance, are also
likely to be important for its widespread diffusidhis necessary for the public to be
informed about and engaged in the potential andi¢atpons of hydrogen
technologies, and to be engaged in their early f@staitions in different regions, if

the diffusion of these technologies is to procaadahly when they are ready for
mass marketing.

The transition to a hydrogen economy will require more than strategic niche
management

Hydrogen and fuel cell technologies are currenigjly uneconomic, except for
certain niche applications, where their market podéis greater. However, such
applications, either because of their limited madiee, or because any potential
advantages of hydrogen or fuel cell technologidgkiwithem depend on large
increases in energy demand, are unlikely on their t represent a significant
transition to a more sustainable energy economgy Tiay however provide a
‘stepping stone’ to lowering costs of technologle®ugh increased production.
However, due to the variety of technical specifaag which different fuel cells are
responding to, there are significant technicaliniisions between the technologies
being used in the various niche applications. Thjgoses significant barriers on the
potential for major technological transfer fromhecto mass market, as it has been
characterised in numerous case studies in thatliter. Thus in addition to the work
of small to medium companies in designing fuelscldlr niche applications, a major
transition to the use of sustainable hydrogen gniergnass markets, will require
some significant and concerted efforts on the plldrge scale actors, including
governments and major companies in the energypaiiee and other related sectors.

National policiestowards hydrogen should support regional hydrogen strategies and
local activities.

Given the relevance of a regional approach to hyeind fuel cell development, there
should be coordination between policies which ojgeaathe regional level and
national level incentives. The most likely potehtiablic benefits of hydrogen / fuel
cells are decarbonisation and reduction of locdupon. The latter would be more
likely to speak to a local agenda, however the @roould be a crucial long term
goal within the national context. The extent to ethihese different objectives should
be prioritised or combined needs to be coordindeticies should also be sensitive
to the integrated nature of hydrogen producticoraste, distribution and end use
systems, and view a potential system as an intgjrahole.

Different groups in different regions have differesasons for regarding hydrogen as

potentially beneficial and wish to develop it irthregions in different ways.
National roadmaps of hydrogen development shoulsebsitive to, and seek to
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support, these different regional aspirations, &piloviding an overall vision and
rationale for moving towards a hydrogen economycWlig both consistent with and
makes wider sense of these different regional dgveénts.

Public policy to stimulate the hydrogen economy should seek to promote the
establishment of a virtuous circle of demand, investment and innovation in a
coordinated way

When and whether large scale production will cotmaudiis an area of great
uncertainty, but it is clear that the establishnadre hydrogen economy will require
multiple reinforcing interactions between demanggestment and innovation, as
shown in Figure 9.1 (adapted from Hughes 2006).

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

Government intervention (R&D

funding)

Basic science and technology
R&D produces breakthrough in
materials/performance

Government intervention
(reduced VED, fuel duty,
parking charge:

Il

Cost competitivene |

-
-

The benefits of greater
investment are increased
economies of scale,

learning by doing, specific Consumer Eashiol |
{“a:]e”al" impflqvemefgsv ane Technological Demand
eennologieatinmovation Innovation ¥~ Environmental concerns

\ Niche requirements

Greater evidence of
consumer demand
encourages more
investment from
manufacturers

Investment ® O

from
manufacturers

Figure 9.1: The Circle of Demand, Investment and Innovation

The circularity in Figure 9.1 is rooted in the prseithat the positive effect of a
learning curve is dependent on the number of woid - however if increasing
numbers of units cannot be sold due to a highawdtiack of demand, progress down
the learning curve will not be made. Converselyhé& price becomes acceptable to a
significant number of consumers, the increased demall stimulate increased
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production volumes, and progress down the curviebgimuch faster. Government
policy can have a role in directing taxes and itiges to render technologies
financially attractive to the consumer, despitehkigmanufacturing cost (as shown in
the right-hand orange box). This, for example, inelp FCVs to broaden their initial
niche market — where their high price might hawatkd their appeal to a narrow
niche, incentives could widen their appeal to aenedough consumer base to
generate real economies of scale, which wouldrim g@nerate greater manufacturer
confidence, investment, and increasing economissalg, producing lower cost and
in turn, greater demand.

Of course, government interventions of this kinel anly likely to be effective once
the technology has already reached the positidreioig only marginally less
economic than competing alternatives, at which fgguich consumer focused
incentives can tip the scales in its favour. A camaple example is the effect of
exemptions from congestion and parking chargescnwraging the use of low-range
electric vehicles in London. In the case of hydmgdewever, before the technologies
can approach the levels of cost where consumeniives can begin to take effect,
significant technical breakthroughs are needetiaadeen discussed. Therefore,
government intervention is also crucial in the potion of basic technological R&D
(as shown by the left-hand orange box). Nonethethedong term confidence of
manufacturers to invest in developing the technelwill be strengthened by the
knowledge that the kind of consumer incentivesasgnted by the right-hand orange
boxwill bein place once the technologies do begin to approach theebttive range
of costs. Thus, in order to generate confidenckiwithe industry, and to set this
virtuous cycle in motion, government must be seemake positive interventions at
both of these key points in the cycle. As descrideolve, this may well require
coordination between the national level, as thelyikocation of R&D funding
programmes, and the regional level, as the likedaiion of various specific
consumer incentivisation policies.

Policy measures should be coordinated to avoidgieonflicting signals both to
consumers and potential manufacturers. Policies aiss be constructed with long
term future pathways in mind, and with some sengjtto the key areas of
uncertainty. Some judgement must be exerciseckitdtancing up of the relative
benefits of near term, low cost carbon reductigaimst longer term, more expensive
but potentially deeper cuts. Policy should attetoccount for the uncertainties
related to technology development and the exteptibfic acceptance of measures
designed to incentivise this development. The irhp&policy decisions should be
viewed in the context of long term developmenthvaih understanding of the
different kinds of technologies and infrastructutdégerent policies might be tuned to
promoting, what kinds of transitions will be podsithrough these pathways, and
what end goals might be achieved by each route.
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