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Abstract

Renewably produced hydrogen is identified in many UK drategies as being the future
of transport fuel in the long term. This study assesses the renewable resources avallable
for the production of hydrogen in the UK, and defines a modd for the costs of hydrogen
supply dong a number of fud chans covering production, Storage, transport and
dispensing. Energy use and carbon dioxide (CO,) emissons are aso considered.

The renewable energy technologies found to have the greastest potentid for hydrogen
production are biomass (short rotation coppice and forestry wastes), offshore wind,
onshore wind, tidd energy, wave enegy and smdl hydro. All of the fud chan
components are available, either commercidly or a the demondration stage. The most
ggnificat  nontechnical condraints  identified ae for renewable  dectricity
technologies, specificaly planning and dectricity network regulation.

Biomass production routes are cheapest, with costs of around 1 p/km, (equivdent to
£8.80 /GJ), approximately equal to those of hydrogen produced from steam methane
reforming, and lower than untaxed petrol travel costs by up to 50%. The chegpest of the
renewable eectricity technologies in 2002 is onshore wind, with the cheapest options
for compressed hydrogen supply being ether eectrolyss a a regiond scade, with
ddivery by pipdine, or forecourt dectrolyss, a 1.4-3.1 p/km. The cheapest option for
liquid hydrogen ddlivery is dectrolyss a a regiona scale with ddivery by road, at 2.0-
3.6 pkm. The cogs of hydrogen from the mgority of other fud chains moddled are
dill not prohibitivdly high, with many of the 58 chans moddled having travel cods
lower than those usng taxed petrol. Codts for 2020 decrease dgnificantly, given
projected technology development and cost reduction through learning. None of the fue
chans ae found to have dgnificant life cyde CO, emissons when compared with
exising ‘low-carbon’ vehicle technologies.

If the lowest cost fuel chains were used for hydrogen production, 40% of the current
UK car fleet could be fudled a a cost lower than that of untaxed petrol, using biomass,
onshore wind, and small hydro schemes. By 2020, this figure increases to 70%.

Currently avallable renewable sources coud provide low cost hydrogen needed during
infragtructure development, without use of fossl fud derived hydrogen as a bridge to
renewable production. This suggests tha hydrogen should be included in integrated
climate, energy and transport policies, to promote renewable production, support
technology deve opment, and reduce planning congraints at al stages of the fuel chains.
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Introduction

1 Introduction

1.1 Theeéeffectsof road transport

Over the past thirty years, transport by road in the UK has doubled. Car use now
represents over 90% of persond travel, with planing and land use reflecting and
encouraging this mode of transport (DfT, 2000). Road traffic has been projected to grow
by 22% from 2000 figures by 2010 (DfT, 2000). While growth has brought about many
benefits, including increesed mobility, economic growth and persond freedom, it has
dso had environmentd impacts, such as increased ar pollution and noise. The
conditions for road transport have aso vaied, with avalability and price of fud
affected most dramaticaly by the oil crises of the 1970s and fud protests in 2000. On a
globd scde, cabon dioxide emissons from the combustion of hydrocarbon fues
contribute to climate change. Road transport contributes 22% of UK greenhouse gas
emissons (EST, 2002). This percentage is expected to increase with increased travel
demand, despite improvementsin vehicle efficiency (Df T, 2000).

On a regiond and locd scde internd combugtion engine vehicles lead to the
emisson of ar pollutants such as oxides of nitrogen (NOx), volatile organic compounds,
carbon monoxide, sulphur dioxide and particulates. These pollutants lead to impacts on
human hedth, such as respiratory diseases, and dso to damage to wildlife and
vegetation. Road transport contributed to 52% of NOy emissons and 69% of fine
paticle emissons in London in 1999 (GLA, 2001a). The use of internd combustion
engines aso contributes to traffic noise. In 1991 it was found that 63% of people in the
UK condgder noise from road traffic to be a nuisance (GLA, 2001b). Engine noise may
become the dominant factor in road noise as roads get quieter and congestion incresses.

There are ds0 questions of security of supply for vehicle fuds i.e. the risk of supply
interruption. On an interngtiond leve, the price of ail, and therefore its avalability for
use, fluctuates with market conditions, politicd events, and estimates of resource
avalability. The UK will become further exposed to these drategic risks with increasing
reliance on oil imports, the UK is expected to become a net importer of oil by 2006/7
(PIU, 2001). There are dso risks to the domestic supply system, seen most recently
during the fuel protestsin 2000, but also posed by threats such asterrorist action.
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To address these issues, research on aternatives to the use of petrol and died in
internal  combustion vehicles has been ongoing for many years. However, current
increasing awareness of the impact of road transport, and the need for early action to
reduce its impacts has led to severa magor studies of the posshilities for future vehicles
in the UK. These include the Government’'s Powering Future Vehicles Strategy (2002),
and the Energy Saving Trust's Pathways to Future Vehicles Strategy (2002), both of
which consder options for reducing carbon dioxide emissons from road transport,
through improved vehicle efficency and low carbon fuds Posshilities include the use
of cleaner fuels such as liquefied petroleum gas, biofuds, hybrid and eectric vehicles.

1.2 Fud cdl vehiclesand hydrogen

While recognisng the many factors that can cause detriment to hedth and the
environment from road transport, a prime driver of Government policy in this area is to
reduce carbon emissons to mitigate climate change. However, the Government is keen
to dress that low carbon transport policy should not be technology specific, with the
market open to any fud or vehide technology dbile to meet life-cycle emissons
dandards. However, one option, that of hydrogen used in fue cel vehicles has been
seen as ‘the mogt promising option for zero carbon road transport’ (EST, 2002) and ‘the
ultimate low carbon destination’ (PFV, 2002).

Hydrogen can be used as a fud in both modified internd combugion engines
vehicles and in fud cdl vehicles. In both cases, use of hydrogen produces no tailpipe
carbon dioxide emissons, no particulates, no carbon monoxide and no sulphur dioxide.
A fud cdl combines hydrogen with oxygen from the ar in a chemica reection,
producing dectricity to power the vehicle, with only water as the by-product. If an
internd combugtion engine is used, smal amounts of NOy emissions are also produced,

as aresult of the high engine temperatures.

Fud cdl vehides ae dso over 50% more efficient than internd combugtion engines
(Mercuri et d., 2002). The low temperature chemicad reection providing the vehicleés
energy has fewer losses than the high temperature process of combugtion, with moving
pats, friction and noise Fud cdl vehides operate amogt slently, with noise only from
auxiliary sysems such as compressors (Hoffmann, 2001) and tyre noise. Eight mgor
car manufacturers plan to introduce fud cdll vehicles by 2004-5 (Ogden, 1999).
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Hydrogen is not a primary fud, but an energy carier, which must be produced using
energy from another source. It can be produced from a wide range of sources by a
number of different routes. Hydrogen could be produced from hydrocarbons such as
cod, ol and naura gas, from biomass and wadtes, or by dectrolyss using nuclear,
solar, wind, wave or tidd energy. This diversty of sources and production routes adds

to security of supply.

Projects invedtigating and demondraing the use of hydrogen as a vehicle fud ae in
operation worldwide. The Cdifornia Fud Cdl Partnership, established in 1999, and
comprisng 28 auto manufecturers, energy providers, fud cel companies, government
agencies and other interested groups works towards testing and promoting fud cdl cars
and buses and a hydrogen infrastructure (CFCP, 2002). The Munich Airport hydrogen
project, also opened in 1999, supplies hydrogen to cars and arport buses, from both
hydrogen produced on-site, and delivered to it (H2MUC, 2002). The EU Clean Urban
Trangport for Europe (CUTE) project will include 3 fud cdl busesin London in 2003.

Interest in the potentid for hydrogen as a vehicle fud has led to consderable UK
research on the development of a hydrogen infrastructure (eg. Hart et a., 2000), and on
the policy implications of atrangtion to hydrogen for vehicles (e.g. Foley, 2001).

1.3 Renewable hydrogen

While hydrogen vehicles have no talpipe carbon dioxide emissions, the life cycle, or
‘wdl-to-whed’ emissons are not necessarily zero. Production of hydrogen from the
fossl hydrocarbons listed above results in carbon dioxide and potentidly other pollutant
emissons a the point of hydrogen production. Although life cyde emissons from the
use of fosdl-fud derived hydrogen are likely to be lower than those from conventiond
petrol and diesdl vehicles (Thomas et d., 2000), emissons could be reduced by the use
of hydrogen produced using renewable energy. Thisisthe focus of this study.

Hydrogen can be produced by dectrolyss, splitting water into hydrogen and oxygen.
If the eectricity needed for this process were provided from renewable sources such as
wind, tidal, wave, hydro, or solar energy, hydrogen could be produced with zero carbon
dioxide emissons. If the energy needed to store the hydrogen, and transport it to the
point of use were aso provided from renewable sources, the hydrogen would be a truly
zero carbon fud. Hydrogen can also be produced directly from any biomass product,

3
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through gadfication, followed by a series of chemicd reactions to srip out the
hydrogen. Carbon dioxide is released in this process, but this is offset by the carbon
dioxide absorbed in replacement biomass growth.

Severd projects have consdered the feashility of a renewable hydrogen economy,
and others have begun to plan renewable hydrogen systems. Iceland announced in 1999
its intention to become the world's fird hydrogen economy, with dl hydrogen for
trangport produced from geotheema end hydrodectric energy resources. Similar
feesbility studies have been caried out for other idands such as Hawaii, Utdre
(Norway), and Vanuatu (Dunn, 2000) and even for trangport demands in the US
(Kruger, 2000). The CUTE project will use renewable energy from wind, solar and
hydropower for refueling stations in four European cities (Jones, 2002). Projects to
produce hydrogen a renewable energy generating Stes include the Urban Solar
Hydrogen Economy Redisation Proect (USHER), which includes a project in
Cambridge, UK to produce hydrogen for fud cdl buses using dectricity generated from

aphotovoltaic system.

Renewably produced hydrogen is identified in many UK drategies as being the future
of transport fuels in the long term (PFV, 2002, EST, 2002, SMMT, 2001). However, the
trangtion to hydrogen, and especialy to renewably produced hydrogen is unclear. It has
been suggested that naturd ges-derived hydrogen would be a firg dep, dlowing
hydrogen infrastructure and experience to build up, followed by a trandtion to
renewable production or carbon sequestration (Foley, 2001). Others argue that there will
be no ‘globd fud choice a any time, with each region and gpplication choosng the
most appropriate fuel source for its gdtuation (Dunn, 2000). Renewably produced

hydrogen could have arolein UK hydrogen production in either of these scenarios.

This prompts severd key questions: What renewable resources are available for the
production of hydrogen in the UK? What production routes would be most suitable for
supplying a growing hydrogen demand, both in terms of technicd, economic and
environmenta  benefits? And wha ae the implications of a move to renewable
hydrogen for both renewable energy and transport policy?
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1.4 Aims

This sudy ams to begin to address these questions, in order to determine the
potentia for renewable hydrogen as a trangport fuel for the UK. A mode for the codts
of renewable hydrogen for vehides dong a number of defined ‘fue chans covering
production, storage, transport and dispensing of hydrogen is defined and explored.
Cogts for the manufacture and operation of hydrogenpowered vehicles have not been
included in this study.

15 Objectives

To meet these ams, this study will:
?? |dentify the range of renewable resources available for hydrogen production
?? Define generic fud chainsfor hydrogen production

?7? Determine the key technical, economic and environmentad parameters needed to
asess the fud chains eg. efficiency, cepitd investment, emissons ec as wdl as

non-technica issuesto condder, such as planning congraints

?? For each renewable energy resource, identify key technica, economic and
environmenta characterisics in reation to the fud chan, incduding possble
condraints to development

?? Condder the characteristics of other components of the chain, eg. eectrolysers,
gasfiers, transport and storage technologies

?? Build a modd including the key parameters for each stage of the fud chain. Use the
model to compare the chains principaly in terms of cost per km driven

?? Use the modd results and non-technicd condderaions to assess which fud chans
would be mog viable for the UK, and therefore the likdy overdl potentia for
renewable hydrogen.

?? Explore the sendtivities and limitations of the modd and identify aress of further
research that would help to reduce uncertainties found.
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2 Fud chain introduction

2.1 Fud chain moddling studies

Previous studies on routes for hydrogen production have tended to focus on
production from non-renewable sources, such as steam reforming of natura gas, or
eectrolyss usng nortrenewable dectricity, or to be specific to the US. Given the wide
range of varying assumptions of demand levd and didribution, as wel as differing
production routes, a detaled comparison of the fud and infragtructure costs of
production routes found from the literature is not included here. No detalled sudies

were found on large scade provison of renewably produced hydrogen for the UK.

Ogden (1999) consdered five production routes for hydrogen production for
pasenger vehides. These included seam reforming a a centrdised facility, and
forecourt systems for reforming and dectrolyss. Hydrogen produced a the centraised
facility was trangported to the refudling dation by road, as a liquid, or in compressed
gas pipeines. The chespest method was found to be ddivery of liquid hydrogen
produced at a centralised facility, at $20-30 /GJ. Schoenung (2001) considered smilar
production routes, but dso considered partia oxidation at the forecourt, and compressed
gas deivery by road. The chegpest route was found to be ddivery of liquid hydrogen
produced at a centralised facility, at just under $20 /GJ. Thomas (1998) considered only
forecourt hydrogen production, concluding that smadl-scale production from eectrolyss
or reforming provides a viable dternative to centrdised production. This avoids the

need for large infrastructure investment and allows adaptation to demand growth.

Fewer studies congder large-scde systems for provison of hydrogen from renewable
sources. Mann et a. (1998) caried out a technoeconomic analyss of hydrogen
production from wind, photoeectrochemica converson of sunlight, photovoltaics and
from biomass gadfication and pyrolyss. An assessment of the costs of soring and
transporting the hydrogen produced was dso included, as this must be included in
delivered cogts to take account of the varying locations of different fud chains.

Severd papers dso indude a life-cycle assessment. Dante et d. (2002) considered the
vaidion in cabon dioxide emissons per km driven for forecourt eectrolyss and

naturd gas reforming. Berry (1996) concluded that CO, emissons would be lowest

6
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from hydrogen production by dectrolyss, if renewable dectricity were used. If this
option were excluded, high efficiency petrol or naturd gas vehides would have lower
emissons than vehides run on hydrogen from naturd ges. This was a result of the high

energy demands of hydrogen storage (compression or liquefaction).

Spath et a. (2000) considered the economics of hydrogen production from biomass
gadfication a vaying scdes. Codts, not including storage and ddivery, were found to
be $9-21 /GJ. Biomass was conddered to be an economicaly viable component for a
renewable hydrogen economy if certan technicad and economic uncertainties were
reduced. Modelling by Hamelinck and Faaij (2002) dso found production from biomass
to be economicdly viable, with a hydrogen cost of $8-11 /GJ, projected to decrease
sgnificantly by 2020. Williams & d. (1995) gave ddivered costs of $13.6 /GJ for
biomass-derived hydrogen, and codts of trave of 1.58 US centskm if used in a fud cell
vehicle. This was equa to cods of hydrogen from cod gedfication. For comparison,
travel costs from natura gas derived hydrogen were 1.38 US cents’km.

2.2 A UK focus

Figure 1 shows possible production routes for renewable hydrogen in the UK. There
ae sevead technology options avalable for each step in the fud chans each with
different technical, economic and environmental characterigics. It would be possble to
modd the production of hydrogen usng many combinations of these technologies,
induding many interactions between the fud chains However, here only those
technologies that were considered to have the greatest potentia for use in the UK to
2020 were conddered, thus reducing model complexity and dlowing a more in-depth
sudy of the most viable options. Interactions between te chains, such as the ability of a
renewable dectricity generator to switch between hydrogen production and export to
the grid, will be discussed where appropriate, but were not included in the mode!.

This study condgders a short to medium term timescde, with the modd focussng on
the current status of the chains, and projections for 2020. Very few technology scenarios
extend further than 2020, and there is little detailed work on projected costs beyond this
date as a result of a wide range of technicd, economic and policy uncertainties. Note
that cogs found from the literature were not financidly adjusted to 2002 vaues, as
details of the dates of each estimate were not aways specified.
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Figure 1. Web diagram of the fuel chains considered in this study.
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3 Technology review

3.1 Introduction

The following section introduces options for each step in the chains and reviews their
potentia, technology readiness and expected technical development. Current and
projected costs from the literature are included where available; dternatively the bass
for prdiminary modeling of cods is discussed. Nonttechnicd issues such as
environmentd impacts and other policy gods are dso included where significant.

3.2 Renewable electricity generation

The renewable technologies conddered to have the greastest potential for eectricity
generdion in the UK are wind, wave and tida stream, building integrated photovoltaics
and biomass energy crops (PIU, 2001h). However, studies have dso conddered the
possible contribution from other technologies such as hydro, biomass from agriculturd
and forestry wagtes, municipal solid waste and landfill gas (ETSU, 1998). The use of
smdl hydro will dso be discussed here, as it may have a greater potentid for distributed
hydrogen production than for grid export as conddered above. The use of the other
technologies to generate eectricity will not be consdered, as each of these inputs could
be gadsfied and reformed to produce hydrogen directly. This is likely to be consderably
more efficient than gedfication and dectricity generation, followed by dectrolyss to
produce hydrogen.

The potentid contribution of renewable dectricity generating technologies to the UK
energy demand must be carefully defined. Here the terminology will be based on that
used in the working paper on generation technologies prepared for the PIU Energy
Review (PIU, 2001h).

The technical potential of a technology is defined as the amount of energy that could

be extracted from the available renewable energy resource, using known technologies.

The practicable potential is given as the amount of the technica potentia that can be
extracted if limiting factors ae taken into account. These generdly include the

excluson of dtes thet are environmentaly sendtive, needed for other uses such as
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shipping and defence, and condraints of the dectricity grid. However, as in this sudy
not al of the fud chans involve grid connection of the generation dte, here the
practicable resource may not include connection congdraints. This will be clearly defined
for each technology.

The economic potential is the amount of practicable potentia that is economicaly
vidble. This has been edimated from resource-cost curves, showing the practicable
resource as a function of cost a a particular time-scae. The economic potentid is then
the potentia at a cost lower than that of competing energy sources. This parameter is
less relevant to this study than the technicd and practicable potentid, as it consders the

economics of grid eectricity generation aone.

Thee parameters give an indication of the potentid for renewable dectricity
generation in the UK, but little information on the likdy timescde over which they may
be introduced. The timescale for increase in capacity, and the proportion of that capacity
available for hydrogen production, is likely to be as dependent on market and policy
factors as on technicd congraints. Capacity projections are therefore given only as an
indication of the reative speed of development and deployment of the generaion
technologies, for comparison with development of hydrogen systems.

Projected costs of renewable dectricity vary widey between dudies, given the
differences in assumptions of resource, technology and market trends, and the very
limited market data on many of the technologies discussed here. Where available, data
from the PIU working paper on generation technologies (PIU, 2001h) is used, as this
uses a learning curve mode to supplement an engineering assessment approach, thereby
including the effects of innovation and market development. All cods include grid

connection.

It must dso be noted that dl projections for renewable eectricity generation are made
for the present dectricity market and policy framework. As discussed in section 7.1 the
possble interaction of development of renewables capacity needed to generate
hydrogen with renewables capacity for the dectricity mix isnot yet known.

The scade and likely location of generdtion are consdered to alow congruction of a
generic supply framework (see section 4) to illustrate the effect of these parameters on

costs and efficiencies of energy conversion, transport and storage.
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3.21 Onshorewind

I ntroduction

Onshore wind turbines for grid connected power generation have a range of power
outputs, generaly from 600 kW to 2MW. Mogt planning consents in 2000 were for
wind fams with 1.5-2 MW turbines (BWEA, 2000). They are usudly grouped in farms
of around 20 turbines, with typicd outputs of up to 34 MW. Smaller turbines of up to
100 kW have aso been used for offgrid gpplications. Here three scales of onshore wind
output will be considered:

?2age scde 60 MW. This represents the largest wind farms currently planned in the
UK, such asthat approved for Cefn Croes, Wales (BWEA, 2002).

?Medium scde 10 MW. There are currently a large number of smdler dtes in the
UK with 3-10 turbines that could provide distributed generation at this scale.

?Forecourt generation: 2 MW. This represents a single ondte wind turbine, such as
the 1.5 MW Ecotricity turbine on the outskirts of Swaffham, Norfolk, with output
dedicated to ongdite electrolyss.

Technology development

Onshore wind power is an established technology, with a worldwide capacity of over
20 GW (PIU, 2001h). Tota UK wind generating capacity is 473.6 MW, giving an
annua eectricity production of 1.24 TWh (BWEA, 2001).

As the market has grown, there has been a trend towards increased turbine sze and
decreased capitd costs. There is volume production in the EU of turbines in the 600 kW
range, but megawait scae machines in saverd desgns ae dso commercidly avalable
(EWEA, 1999). Continued improvement in turbine power rating, reiability and lifetime
is expected in the medium term (ETSU, 1998).

The capacity factor of a wind turbine relates the annua output to the rated output,
taking account of the intermittency of the wind, the avalability of the turbine, and aray
connection losses. The annua average capacity factor for UK onshore wind turbines is
0.313 (BWEA, 2002). A vdue of 0.3 was used in the modd for 2002, with a future

11
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expected vaue of 04 (OXERA, 2001) to take into account improved rediability and

wind farm design.

Potential

The technical potentid for onshore wind energy, defined as the tota feasible resource
minus areas of increased environmenta impact and green bdt land, was edimated in
1998 to be 317 TWhiyr (ETSU, 1998). This is greater than the totd eectricity demand
for the UK in 1998, of 300 TWh/yr. However, the ETSU sudy then consdered
condraints due to planing and the exising dectricity network, which reduce the
practicable potentid to 8 TWhiyr. The mgor reductions from the technica potentid
occur in Scotland and Northern Irdand, primarily where dectricity network connection
is a not avalable. This would be of concern for the fud chains with grid output, but

would not be acongraint for on Ste eectrolyss.

This practicable potential has been considered to a reasonably conservetive estimate,
with severd subsequent studies estimating grester outputs even by 2010. The British
Wind Energy Association notes that in order to generate 26% of the 10% renewable
electricity target for 2010, as suggested by the DTI ‘High wind’ target, an annud output
of 9.9 TWh would be needed (BWEA, 2000).

The tota contribution to renewable dectricity generation by 2010 edtimated by
summing regiond renewable energy targets is dso greater than 8 TWhiyr (OXERA,
2002). Under a low wind output scenario, the total contribution is 9.4 TWh, while under
the high scenario a total of 11.9 TWh would be generated. The low scenarios generdly
assume a busness-as-usud approach, while the high scenarios a more supportive
planning system.

Scenarios modelled for the PIU review have highest practicable capacity values of 10
GW, equivdent to 26 TWhiyr (OXERA, 2001b). These assume a favourable
devdopment sygem, including minimd planing condrants and fast technologicd
progress leading to rapidly reducing codts. The study concludes thet the limiting factors
in development of onshore wind are principdly the speed of planning gpprova, new
network connection and the alocation of subsidies where applicable.

12
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Regional distribution

Onshore wind provides a large contribution to regond targets in Scotland, the West
Midlands, the East of England, Waes and the North East (Oxera, 2002). In Scotland,
the estimated output is over 3.3 TWhiyr, whils each of the other regions mentioned

have scenarios with contributions of over 1 TWhyr.

Cost projections

Electricity generated from onshore wind currently costs 2.5-3p/kWh in good wind
gpeed dtes. The cost is expected to fal to 1.5-2.5p/kWh by 2020, and less than 2p/kWh
in good wind speed dStes, making it the chespest of dl generating technologies (PIU,
2001h). There is good evidence for this levd of cost reduction, given learning curve
andyss and experience with market growth, provided that new build rates do not
decline.

Capital costs under a medium cost scenario are estimated to be £600/kW (OXERA,
2001). Future capita costs have been estimated by scaing with the expected dectricity
cost reduction.

Environmental impacts

Environmentd impacts of wind fams in operation are limited to their visud impact
and noise. Locd oppogtion to wind fams on grounds of these factors can affect
planning decisons (see bdow). It should be noted that the noise levels from wind
turbines have decreased dggnificantly with improved turbine desgn and wind farm
gting, such that noise is consgdered to no longer be a nuisance (DTI, 2001). Wind farms
have aso been integrated into the landscape more effectively, giving a smdler area of
visua impact.

The energy payback time for an average UK wind farm is three to five months
(BWEA, 2002). Decommissioning wind turbines involves removad of the turbine, and
burying or remova of the concrete base, with no land contamination or other adverse
effects (ETSU, 1998).

13
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Other barriersto development

Onshore wind development has several bariers to rapid achievemert of its full
potentid. The mogt sgnificant of these are conddered to be planning and eectricity
network constraints (BWEA, 2001, ETSU, 1998).

Obtaining planning consent for onshore wind energy projects is more problematic
than for most other renewable energy projects. It has been suggested that this may be
due to efforts to Ste projects in the most economically viable areas of high wind speed
and good grid connection, as opposed to those with lesser visual impact and therefore
less locd opposition. This may be true in some cases, but it is now thought that a more
overriding problem is a lack of planning guidance (BWEA, 2001, OXERA, 2002).
Regiond renewable energy targets from the recent regiond renewable energy
asessments have been included in regond planning guidance (RPG) in some regions.
Reviewed RPGs for dl areas are expected to be in place by 2003/4, providing a more
positive framework for renewables development (OXERA, 2002). This will enable locd
authorities to provide supplementary planing guidance on dting for renewables
developers. It was dso advised that public awareness rasing of the benefits of

renewable energy would increase acceptance of projects.

A scond condraint to this technology is the dectricd digribution network. The
network has limits to its physca capacity, and reinforcement to cope with new
embedded generation may be a cost barrier (ETSU, 1998). A redriction for network
availability has been taken into account in Scottish, Welsh, West Midlands and
Northern Irish regiona assessments, which have 4ill esimated a large contribution
from onshore wind.

There are concarns about the detrimental effect of the New Electricity Trading
Arrangements on intermittent generators, which the BWEA sees as a disncentive to
investment in wind energy (BWEA, 2001). Interference with radar communications has
als0 been seen as apossible barrier (ETSU, 1998).

14
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3.2.2 Offshorewind

I ntroduction

Offshore wind is an dtractive eectricity generation option given the higher wind
speeds and larger available area than for onshore projects. Turbines offshore can be
lager and have faster tip speeds than those onshore, due to reduced condraints on
visud intruson and noise. Current offshore wind projects use turbines with ratings of
450kW-2MW, with totd capecities of 2-20 MW (OWF, 2002). Typicad future
developments are expected to use turbines of 2 MW or larger, with thirty turbines per
development, in groups of one, two or three sites (OWF, 2002).

Here, one scde of offshore devedopment will be consdered, with a sngle
devdopment of thirty 2 MW turbines. The mgority of dtes identified by the Crown
Edtate are for a Single development of thistype.

Technology development

Offshore wind generation has been in operation in Denmark since 1991, and there are
currently 8 offshore projects world-wide, one sted a Blyth in the UK. The totd
ingdled cepacity is 804 MW (OWF, 2002). Offshore turbine technology is a
development of onshore technology, and therefore benefits from experience in this aea
‘Mainised versons of onshore turbine technology are currently used, which have been
modified to dlow for the more corrosve marine environment and increased wind and
wave loading. As many onshore turbines are designed for operation in a coadtd
atmosphere, little additional marinisation of the turbine itsdf is necessary for offshore
operation (EWEA, 1999). However, the turbine tower must be strengthened to alow for
wind and wave loading, and there are more dringent requirements for reiability.
Monopile foundation sructures and undersea cabling for grid connection are mature
technologies, however there is scope for continued improvement in foundation design
with respect to interactions between loadings (PIU, 2001h).

Improvement in offshore technology will be made from the use of more specific
offshore designs, exploiting the ability for larger szes and tips speeds (and so grester
efficency) and dedgned for greater reiability and lower maintenance needs. However,
the capacity factor has not been projected to increase sgnificantly above the current
vaue of 0.4 in the medium term. There is dso scope for weight and cost reductions as
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the turbines may be able to exceed onshore noise regtrictions (EWEA, 1999). However,
there may also be greater echnica chalenges resulting from the move to deeper waters

and less auitable Stes after the most favourable Sites are devel oped.

Potential

The technical potentid for offshore wind in the UK was estimated at around 3,500
TWhlyr (PIU, 2001h), over ten times the current UK dectricity demand. This includes
turbines in al waters at a suitable depth and distance from shore, and turbines rated at
1.5 MW. When areas with unsuitable seabed composition or grid connection and those
0 close to the shore as to cause visud disamenity were excluded, this figure was
reduced to 100.18 TWhiyr (ETSU, 1998). This is nearly a third of the current UK
electricity demand, however is conddered to be conservetive in comparison with other
gudies, which exclude less of the tota accessible resource, and consider sites in deeper
waters (PIU, 2001h). For example, an EU study considering a maximum distance of 30
km offshore, @ maximum water depth of 40 m, and a maximum average wind speed of
10 m/s gives the UK potentid as 986 TWh/yr (Border, 1998).

Summing regiona targets for offshore wind generation by 2010 gives outputs of 2.6
and 5.2 TWh for low and high scenarios respectively (OXERA, 2002). Under the high
scenario, a further 3.5 TWh is added for offshore development in Scotland, which was
not included in the regiond targetss meking the totd 87 TWh. Offshore wind
generation has a large potential in Waes and the East of England, with projected output
of 1.6 and 1.3 TWh/yr respectively (OXERA, 2002). As with onshore wind, each region
has made different assumptions regarding excluded aress, and aso wind speed, water
depth and distance from the shore.

Cogt projections

Offshore wind developments coming into operaion in the period 2002-2005 are
expected to generate eectricity at costs of around 5.0-5.5p/kWh (PIU, 2001h). This is
expected to fal to 23p/kWh by 2020. Several market and technology projections give
costs a the lower end of this range (PIU, 2001h). These projections are rdatively
uncertain as world experience with offshore wind is limited. Also, cod trends ae
affected by technology development and market growth but aso by the incressing

engineering problems of moving further offshore, as the best Sites are devel oped.
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The capitd costs of offshore wind were estimated to be £1000 /rated kW for a
medium cost modd for the PIU Energy Review (OXERA, 2001). Future capita costs
have been estimated by scaling with the expected dectricity cost reduction.

Environmental impacts

Offshore wind turbines a a distance of more than 1-2 km offshore do not have the
problems of visud intruson and noise seen with onshore turbines. However, there have
been concerns as to the effect of ther ingdlation and operation on migratory birds and
maine wildlife. The effects of an offshore wind fam will be heavily dte specific, and
should be teken into account in an environmenta impact assessment, however, some
generd conclusons have been seen. No derimenta effects on birds are expected if
wind farms are Sted away from migratiion paths or large bird population concentrations
(ETSU, 2000). Vibration disturbance from ingdlation of the turbine foundations can be
asesed and mitigated, for example, by ingdlation outsde the breeding season of loca
fish and marine mammas. Impacts during operation are not well characterised; further
monitoring is needed if turbines are to be inddled in areas of importance to particular
marine species (ETSU, 2000).

Other barriersto development

The use of offshore areas for wind fams could cause conflicts with other interests
such as fishing, military activities navigation, marine consavation aeas and maine
archaeology. These effects can be reduced by full consultation with locad users and the
MoD, which may add time to the planning process.

Network reinforcement to alow for increased offshore generation may be needed in
the North of England and Scotland, however there is potentid for increased generation
off the Ea and South-East of England and off South Wades without extensve
reinforcement (ETSU, 2001c).

The dting of offshore wind fams will involve sgnificant conaultation (see above),
however the planning process itself may be faster, due to reduced objections to visud
intruson (ETSU, 2001c). The DTI is currently preparing guidance notes for developers,
and reviewing the procedure for obtaining the multiple planning consents needed for
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offshore generation, with a view to providing a more dreamlined system, whilst

ensuring full congderation of local and conservation concerns (DT, 2002a).

3.2.3 Wave

Introduction

Wave energy devices can be sted a the shoreling, in nearshore aress, or offshore, and
there are a wide variety of different devices for eectricity generation in each category.
Electricity is generated by usng ather the mechanicd motion of the waves, or changes
in fluid pressure within the devicer A huge range of wave energy devices have been
conddered, with dgnificat R&D efforts concentrated on the technology d€nce the
1970s. The use of wave energy to generate hydrogen by eectrolyss for transport and
other uses has dready been considered for the idand of Iday (Wavegen, 2002).

The wave energy development consdered in this modd will represent a cluster of
offshore devices, with a totd rated output of 30 MW. This is due to the increased
offshore resource (see below). As a result of the early stage of development of offshore
devices, wave energy fud chainswill be considered only for 2020.

Technology development

The principd type of device used on the shordine is the Oscillating Water Column
(OWC), a patidly submerged device that uses the movement of a column of ar to drive
aturbine. A 75 kW OWC operated for ten years in Iday, Scotland (ETSU, 2000b). The
OSPREY near-shore device aso includes an OWC, together with the posshility of a
wind turbine (ETSU, 1998). In generd, shoreline and nearshore devices are at the pilot

dage, and are not yet commercidly competitive,

No consensus has been made on the best offshore technology, and none have become
commercidly avalable. Under the third round of the Scottish Renewables Obligation,
two offshore schemes were chosen. The firs uses two 375 kW floating Pelamis wave
energy converters and the second a 400 kW floating wave power vessdl (HCSTSC,
2001). Offshore designs are ill at the research and development stage (ETSU, 2000b),
and therefore there is little experience of their use, or data on costs and performance.
The capacity factor needed for the mode was cdculated from the average annud
outputs of offshore technologies given in ETSU 1998.
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Potential

The technical potential for wave energy is estimated at over 600 TWhiyr, principaly
in offshore locations, but with some potentid for shoreline and nearshore technologies
(ETSU, 1998). When aeas with uneconomicadly low wave power leves
environmentaly sendtive areas, shipping lanes and Ministry of Defence aeas ae
excluded, and technicd condderations such as efficiency are taken into account, this
potential is reduced to around 50 TWhiyr.

Technical potential (TWhiyr) (F)Trs\ftr:/c;g'e potential
Shoreline* ~2 04
Near shore 100-140 21
Offshore 600-700 50

DTI 1998 *Only for the most favourable locations- greatly underestimates the true resource

Regiond renewable energy targets edimate a negligible contribution by 2010; marine
technology (wave and tidd stream) has a projected output of 0.2 TWhiyr in the high
scenario, in the South West and Wales only (OXERA, 2002).

Cost projections

The practicable resource of 50 TWh/yr given above is the economic resource at less
than 4p/kWh in 2025 (ETSU, 1998). The cost projections are based on 4 specific
devices, representing shoreline, nearshore, offshore modular and offshore large scde
technologies. These devices were not those that could produce dectricity most
economicaly, but those about which there was most information available. Costs
include connection to the nearest suitable part of the transmission network.

The resource cost curves in ETSU (1998) show that the bulk of the resource will be
avaldble at a cost of 34p/kWh. These costs will be used for the future codts of offshore
devices, as no more specific data were available. These are likdy to underestimate the
cods, as the resource cost curves include the more commercialy developed shoreline

and nearshore devices.

Capital costs used in the modd for 2020 were the average capital costs of offshore
technologies from figures given in ETSU (1998). Given the lack of information on these
technologies, projection of these costs to 2020 would have been uncertain.
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Environmental impacts

There have been concerns as to the effect of congtruction and operation of wave
energy Systems on marine flora and fauna, and on coadad eroson. The influence of
wave energy devices on waves, tides and currents is thought be generdly benign
(ETSU, 1998). Noise from wave devices has been consdered to be unlikely to affect
marine mammas, though for nearshore devices must be minimised by desgn to avoid
an amenity impact. Ingdlaion of the devices, support dructures and undersea cables,
however, will result in species loss on the sedbed, may disurb marine mammas and
may have a visud impact. These effects can be minimised by careful Ste sdection,
ensuring that Sites considered have no rare or endangered species (ETSU, 1998)

Other barriersto development

There may be some conflicts of interests with other sea use, such as shipping. This
could be a particular problem with wave devices as they would be difficult to detect by
eye or by radar, so would have to be clearly marked (Thorpe, 1999).

As with dl offshore technologies, the avalability of suitable grid connection and the
initid cost of connection may be a barrier.

3.24 Tidal stream

Introduction

Tida sream units generate dectricity by using the energy from current resulting from
tidd movement to turn a rotor, Smilar to a submerged wind turbine. The veocity of
these currents can be magnified by geographical features such as draits between idands,
making these the modt suitable locations. This is not the same as tidd barrage
technology, which generates dectricity from the flow of water stored behind a barrage
back into the sea. As the motion of the tides can be predicted accurately, the energy
output from tidal energy is intermittent, but predictable.

Here, a cluster of tidd stream devices will be consdered, with a total rated output of
25 MW. The current technology is represented by data for horizontal axis devices, while
for 2020, data based on vertica axis turbines is used, as these are expected to produce
electricity more cheagply (ETSU, 1998).
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Technology development

Tidd dream energy is gill a the prototype sage, with only smdl experimenta
devices in the 5-10 kW range (ATLAS, 2002). A number of device designs have been
proposed, and it is not yet clear which of these may be most successful (ETSU, 2001)
The first prototype larger scae device, the 150 kW ‘Stingray’ hydroplane prototype is
shortly to be ingdled in Shetland (DTI, 2002). Subject to the outcome of this trid, a
cluser of devices may be inddled by 2004. Commercia designs may generate up to
500 kW and be ingdled in groups of many devices. A JOULE project has proposed a
tidd stream fam with a totd rated power of 25 MW between mainland Italy and Sicily
(ATLAS, 2002).

Current designs are commonly based on horizontal axis turbines or hydroplanes.
Devdopment of verticd axis turbines with varigble pitch blades would dlow use in
shdlower water sites (ETSU, 2001) and lower ingdlation costs (ETSU, 1998). Annud
energy outputs for tidal stream devices were based on those given for horizontd axis
devicesfor 2002, and for vertical axis devices for 2020 (ETSU, 1998).

Potential

The potentia tidal stream resource for the mogt suitable dtes in the UK is estimated
to be 36 TWhiyr (ETSU, 1998). This figure is the potentia from 6 areas, and dlows for
shipping routes and turbine dendty. The actuad resource is higher but the current
velocities in the remaining areas were consdered to be so smal as to be 'hopeledy
uneconomic. The practicable potentid is then given as 1.9 TWhlyr, the economic
potentia at under 7p/kWh.

A more recent review estimated the potential a between 31 and 58TWh per year
(ETSU, 2001). Although most of this resource is in remote areas, 10 TWh/yr could be

generated from shallow water Stes near to high demand for power.

Vey little deployment of tidd dream energy is expected in the UK by 2010;

projected vaues range from zero (OXERA, 2002, ATLAS, 2002) to 0.7 TWhiyear
(ETSU, 1998).
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Codt projections

The overdl cog of tidd Stream energy is in the range 4 p/kWh to 14 p/lkwWh including
grid connection (Trapp, 2002). By 2020, the cost of eectricity from vertical axis
turbines has been estimated at 3-7 p/kWh (ETSU, 1998).

Capital costs for 2002 were taken as the average cepitd costs of horizonta axis
technologies from 1998 figures (ETSU, 1998). Capitd costs for 2020 were taken as the
average cgpitd cods of vertical axis turbines given in the same source. These costs
asume a maure technology, which is dready dose to the theoreticd maximum
efficiency, and include economies of scde, so capitd costs are not expected to fal in
the future.

Environmental impacts

The precautions described above for the inddlation of other marine technologies
such as assessmert of the loca area and timing of ingdlation must dso be teken for
tidd dream devices. There are no known problems with collisons between fish and
mammals and the devices, and the turbines rotate very dowly (ETSU, 1998). Further
research is needed on this effect, and on the impact of tidd turbines on tida flows, the
seabed and fishing areas (ETSU, 2001).

Other barriersto development

The planning process for tidal projects may be dowed by consultation, as many of the
aress identified are Stes of high landscape vaue, and therefore there may be opposition

to the onshore transmission works needed.

As with dl offshore technologies, the availability of suitable grid connection and the
initid cogt of connection may be a barrier.

3.25 Small hydro

Introduction

Smadl hydro schemes are classfied as those that have a rated output of less than 5
MW. Here a sngle 5 MW smdl hydro scheme is conddered. Larger schemes have been
excluded, asthereis no unexploited large hydro resource in the UK (ETSU, 1998).

22



Technology Review

Technology development

Hydrodectric power is a maure technology, with no dggnificant technology
development expected. Cepacity factor for smal hydro schemes range between 40 and
60% (ETSU, 1998).

Potential

Vey smdl hydro dtes are generdly not commercidly viable due to the high cost of
associaed civil engineering works and grid connection. The economic potentid at less
than 10 p/lkWh is estimated at 550 MW or 1.6 TWh/yr (8% discount rate over 15 years).

Cost projections

Prices for small hydro capacity contracted under NFFO-5 were 3.85-4.35 p/kWh. The
range of costs has been estimated to increase to 27 p/kWh by 2020 (ETSU, 1998). The
increased maximum cost may be due to the mogt profitable Stes being exploited fird.
The potentid in this cost range is 1.8 TWhiyr.

Hydro schemes have high initid cods, then very low cods in operation. The capita
cost of schemes with a 3-400m head on green-fidd stesis £1000-2500 (ETSU, 1998)

Environmental impacts

Hydro schemes at any scale have impacts on the eology of the watercourse both up-
and downgream. Changes in flow rate can affect river ecology and any flow obsiruction
may affect migratory fish. This can be mitigated by careful design (PAN, 2002), though
may lead to congraints in protected areas and alengthened planning process.

Other barriersto development

Mogt potentidd smdl hydro Stes are relatively remote, and therefore grid connection
can be alarge capitd cost barrier, especidly given the low output of the technology.

3.2.6 Building-Integrated Photovoltaics

Introduction

Photovoltaics (PV) can be used to generate eectricity as stand aone units, grid-
connected systems, or when integrated into building materids (BIPV). Large scde PV
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systems are not consdered to be feasble for the UK, due to rdativey low insolation,
and congraints on land use. Therefore BIPV has been consgdered to be the only
sgnificant commercid PV market.

Building integrated photovoltaic units provide dectricity and aso act as congruction
materids. PV can be integrated into roofing tiles, facades, cladding and shading
materids, or mounted on the building as a separate unit. The advantages of this
technology include the ability to be used in urban aeas, highly didributed, modular

generation and low maintenance needs.

A 300 kW, BIPV scheme will be consdered here. This will be sited & and around the
forecourt, with output dedicated to hydrogen production. This is of comparable scae to
the USHER solar hydrogen project in Cambridge. The area of PV necessary is
approximately 3000 n?, depending on the PV technology used.

Technology development

Edablished photovoltaic technology condsts of mono- or polycryddline slicon
photovoltaic cells, connected to form modules with efficiencies of 12-15%. Newer thin
film technologies use deposited layers of other semiconducting materids to form PV
modules directly. Thin film PV modules ae currently less efficient than cryddline
modules, and therefore require a larger area for the same energy output. However they
have severd advantages they are more eadly integrated into building materids, use
sndler amounts of expensve semiconducting meaterids, and have the potentid to be

made in a continuous process.

It is not yet known whether one PV technology will be dominant in the future. The
efficiency of whichever technology is used is likdy to have increased. A range of
efficiencies of 15-22% for commercidly avalable modules is expected by 2010
(Giroult-Matlakowski et d., 1998). PV outputs are generdly cdculated from their
efficency and dte insolation. The ‘capacity factor' used in the mode for PV has been
caculated from the annua outputs of severd PV systems (ETSU, 1998, USHER, 2001).
The future ‘capecity factor was scded with the increase in mean efficiency of the

modules.
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Potential

The technicd potentid for BIPV is esimated to be 266 TWhiyr in 2025 (ETSU,
1998). This was cdculated usng a mode to predict the dectricity that could be
generated from placing PV panels on dl domegtic and non-domedtic buildings. When
new build rates and the possible rate of PV uptake in new buildings are consdered, the
practicable potentia is reduced to 37 TWhiyr (ETSU, 1998). The dectricity generated
from this digtribution of BIPV modules could be output to the grid, and ten eectrolyss
used to generate hydrogen a varying scdes as with the other renewable generating
technologies. However, those inddling BIPV ae likey to use the eectricity generated
to supply the needs within the building, with little avallable for grid export.

In order to edimate the potentid contribution of forecourt PV to generation of
hydrogen in the UK it would be necessary to estimate how many stes would be suitable
for this kind of development, having the required space and insolation. This is beyond
the scope of this project, as each development would have to be consdered on a Ste-

pecific basis.

Note that the chegpest technology in the future may not be the most efficient. It may
therefore be chegper to achieve the same output with a large area of more inefficient
PV. This may reduce the number of steswith enough space for asystem of thistype.

Cost projections

The cost of PV is projected to fal from the current value of around 70 p/kWh to 10-
16 p/kWh by 2020 (PIU, 2001h). Note thet this is based on the historic learning rate for
the technology, and therefore does not dlow for the sgnificant cost reductions that may
reult from thin film modules or future innovatlive PV maerids This longer-term trend
in innovation is projected to lead to a potentia cost reduction to 6-10p/kWh by 2025
(PIU, 2001h).

The average price for PV modules was $3.46 per pesk watt in 2000 (£2260 /kKWp)
(EIA, 2000). The future capitd cost was found by scaling this vaue with the decrease in
maximum cost per kWh.
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Environmental impacts

Photovoltaics have no environmental impacts in operation. Fthenakis and Maoskowitz,
(2000) present a detaled review of hedth and environmentd hazards posed by
photovoltaic materials and the chemicals used in their processng. It was concluded that
the risk of ham from these hazards can be managed by careful handliing and
disposd/recycling of materids used. Problems of the
semiconducting maerids are thought not to be dgnificant unless one thin film PV
technology were to be used to provide a sgnificant proportion of the worlds dectricity
demand (Alsema et d., 1999). The energy payback time of roof mounted PV systems is
currently 2.5-35 years, this is expected to decrease to 0.5-1.5 years by 2020 with

resource depletion of

decreased energy use in manufacture (Alsema, 2000).

3.2.7 Summary of mode input data

. Cost Cost .
. Capacit Capital cost Resource
Technology | Time | ¢ a"(“:tpor Yo | (p/kwh) (p/kWh) (£/arpat kW) | rwhin
Low High

Onshore 2002 03 25 46 600 26
wind 2020 04 15 25 360 26
Offshore 2002 04 5 55 1000 986
wind 2020 04 2 3 400 986

2002 50
Wave

2020 0.37 3 4 1525 50

2002 0.23 4 14 1300 36
Tidal

2020 021 3 7 650 36

2002 05 385 435 1750 1.6
Small hydro

2020 05 2 7 909 1.6

2002 01 70 2048 | Not included
PV

2020 0.13 10 16 306 | Not included

Table 1: Model input data for renewable electricity technologies. Note that a wave energy-based fuel

chain was not included for 2002.
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3.3 Biomass production

3.3.1 Energy crops

Introduction

Energy crops are those grown specificaly for use as a fuel. They can be grown when
and where needed, and can be stored, and so do not suffer the problems of intermittency
and unpredictability of many other renewables. Although carbon dioxide is released
when the harvested crops are combusted or gasified, this is consdered to be carbon
neutra as carbon was absorbed during crop growth.

The energy crop conddered here is short rotation coppice (SRC) of willow. This crop
is included in the Energy Crops Scheme, introduced by DEFRA in 2000 in partnership
with the Forestry Commisson (DTI, 2002b). SRC is perennid, thus minimising energy
and fertiliser inputs (ETSU, 1998). The scde of the SRC scheme used will be
equivalent to that needed to power a 30 MW, integrated gadfication and combined
cycle dectricity generation plant, as this scde is thought to be feasible for loca
generation in the UK (ETSU, 1998)

The potentid for miscanthus, a perennid grass will aso be discussed, however will
not be incdluded in the mode due to lack of commercid experience and therefore input
data.

Development

The fird commercidly grown SRC in the UK provides fud for the ARBRE
gasfication and eectricity generation project in Eggborough, Yorkshire, and covers
2,000 ha (Bauen, 20018). There is wider experience world-wide, for example in
Sweden, where 18,000 ha of willow SRC are grown for district heating (ETSU, 1998).
The SRC is grown on a rotation of 24 years, with current typica yields in the UK of 10
oven dry tonnes per hectare per year (odt/halyr) (Bauen, 2001a). Yields are expected to
increase to 15-20 odt/ha by 2020/25 (DEFRA, 2002a, ETSU, 1998). Better plant
husbandry, variety sdection and breeding are dso expected to incresse disease
resstance and biologica stability (ETSU, 1998).
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Miscanthus is a tropicad grass, nontnative to the UK, that can produce higher yidds
than native plants if planted in the South of the UK (ETSU, 1998). It has been more
widdy sudied than other grasses, but has not yet been widdy used on a commercid
scale. As the equipment needed to harvest, store and transport miscanthus are Smilar to
those used for SRC and the cdorific vaue of the crops dso smilar, the modeling
caried out for SRC could be eadly modified for miscanthus in a further sudy if
required.

Potential

The area of land available for future energy crop production has been edtimated a
between 1 and 55 Mha (Bauen, 2001a). This is surplus agriculturd land, such as s=t-
adde land, which is not needed for food production, from a tota of 185 Mha
agriculturd land. The more redigic esimates are thought to be a the lower end of this
range (Bauen, 2001a, ETSU, 1998).

If between 5 and 20% of the arable land (0.9-3.7 Mha) were used for energy crops
with yidds of 15-20 odt/halyr the available energy crop resource would between 3 and
16 Modt. If 25% (close to 5 Mha) of land were used, a resource of between 70 and 93
Modt would be avalable (Bauen, 2001b). The switch of land use to energy crop
production will depend on additional margins per hectare of energy crops over other
uses, and adso on a wide range of other policy ams, such as agrienvironmentd and rurd
development.

Regiond renewable energy assessments show the largest contribution of biomass
(including energy crops, agricultural and foresiry wadtes) to eectricity generation in the
South West and in Yorkshire and the Humber, with sgnificant contributions in the East
of England, East Midlands, North West, South East and Waes. This shows that biomass
energy production is viable a a regiond leve; for this reason trangport distances
conddered for biomass hydrogen are lower than those for the more remote renewable
electricity generation technologies (see section 4.6).

Cost projections

In the short-term, woody energy aops could be produced at a cost of about £1.70 /GJ,
assuming a 10 odt/halyr yied and excluding transport costs (Bauen, 2001b). The future
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cods of energy crops will depend heavily on grants, as well as support under the
Renewables Obligation (OXERA, 2002). For example, the DEFRA Energy Crops
scheme and Capitd Grants scheme include SRC and miscanthus, but to be digible, the
cops must be grown for power generation, combined hest and power or heat
production. Given that no sgnificant deveopments in SRC production technology are
expected between now and 2020, these costs were dso used for the 2020 fud chains.
Establishment costs for SRC schemes are around £890 /ha (Bauen, 1999).

Transport costs used were from an SRC scheme evauated in Bauen (1999) as £0.2
IGJ. The transport distance for this scheme was 24-33 km one way, which was
comparable to the 19-24 km distances modelled here. The costs were not scaled, as the
relationship between costs and distance for road trangport is nontlinear, and there would
be very low margina cogts for additiona kilometres travelled.

Environmental impacts

The energy ratio, defined as the energy content of the SRC crop divided by the totd
non-renewable energy needed to produce and transport it, is gpproximately 20 (Bauen,
2002, DEFRA, 200248). This energy input includes energy used in manufacture of
fertilisers, fue for agriculturd meachinery and transport etc. The CO, emissons from
energy used in production and trangport were cadculated usng data given in Bauen
(1999). The transport values were scaled for the average transport distance from the area
of SRC used, using aland use factor of 5% and atortuogity factor of 1.3.

SRC is thought to cause little environmentd damege if dted in an appropriate
location (ETSU, 1998). It requires few herbicides and pesticides, and can increase
biodiverdty if sted on agriculturd land. There have, however, been concerns about
water use by energy crops. Stephens et d. (2001) modeled the effects on hydrology of a
change from winter wheat or permanent grass to energy crops, including willow SRC.
This sudy found that the reduction in hydrologicaly effective ranfdl could have
serious consequences for water resources in drier areas of the country, such as in East
Anglia, but may be beneficid in areas prone to flooding. It was concluded that
evauation of the Sze and sengtivity of the catchment aress should be investigated when

Sting energy crops.
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Other barriersto development

The switch of land use to SRC, specificdly the switch to SRC for gasfication and
hydrogen production will be heavily dependent on agrienvironmentd and rurd
development policies both a the UK and EU leve. The Energy crops scheme is part of
the wider England Rurd Development programme, drawn up in line with Agenda 2000
Common Agricultura  Policy reforms to support the environment and the rurd

economy.

3.3.2 Forestry wastes

Introduction

Rdatively dry combustible materids such as foredry wastes, sraw and poultry litter

can be dried and gasified in the same way as energy crops.

Here forestry wastes will be considered, a the same scale as for SRC, as an example
of a wade materid for gadfication. The potentid resource for this materid is not
extensve (see bedow), however the materid is currently available, and could be an
important input in the trandtion to other biomass inputs Due to the smdl avalable
resource, and the ability to use the same converson technologies for energy crops and
forestry wastes, schemes usng forestry wastes as fud initidly are expected to use an
increasing proportion of energy cropsin the long term (ETSU, 1998).

Development

Forestry wastes congst of wood thinnings from managed forests and branches and
other materia discarded when trees are fdled for timber. Find harvesing typicaly
takes places every 80 years. The yied of forestry wastes averages out to around 1.5
odt/halyr (Bauen, 1999), with an energy content of 19 GJodt irrespective of species
(ETSU,1998). Research has been carried out on improved techniques for the remova
and processng of forestry wastes, development in this area has led to a yidd of 2
odt/halyr being used in the model for 2020 (Bauen, 2002).

Potential

Currently 4 Mt of resdue materid is left in managed forests every year (Bauen,
2001a). Not dl of this can be removed, as the resdues form a ‘brash mat’ on the forest
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floor, protecting the soil from compaction during harvesting and adding nutrients
(ETSU, 1998). It has been estimated that 1.4 Modt of this materia could be removed
and used (Bauen, 2001a) and that the forestry waste resource may increase to 1.7 Modt
by 2013 (ETSU, 1998).

Cost projections

Forestry residues are expected to be available at a cost of around £1.75 /GJ. (Bauen,
2001b). These costs were dso used for the 2020 fuel chains as no dgnificant cost
reduction in harvesting cost is expected.

The egtablishment cost of foredry resdues schemes are difficult to quantify, as they
ae a waste materid. This was edimated a £570 /ha on the basis of costs per unit
product given in Bauen (1999) together with the yidds and harveding time given

above.

Transport costs used were from scheme evauated in Bauen (1999) as £0.3 /GJ. The

trangport distance for this scheme was 38 km one way, which was comparable to the 52-
60km distances modelled here.

Environmental impacts

The energy ratio of forestry waste production and transport is approximately 15
(Bauen, 2002). The CO, emissons from energy used in production and transport were
cdculated usng data given in Bauen (1999). The transport vaues were scaled for the
average trangport distance from the area from which the forestry wastes were collected,
using aland use factor of 5% and a tortuosity factor of 1.3.

3.3.3 Other direct inputs

Hydrogen could aso be produced directly from the gedfication of municipa solid
wase (MSW) or sawage solids, from landfill gas, or from the anaerobic digestion of
wastes such as sewage, poultry litter and fam durries. Each of these sources is
digributed, and therefore could provide vduable local gengration if smdl-scde
converson technologies were avalable Use of these wastes may dso contribute to

other policy gods, such as improved waste management and pollution abatement.
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Invettigation of the potentid for hydrogen from these sources would be vauable, but
was not possible during the timescale of this project.

3.34 Summary of mode input data

SRC Forestry wastes
Time 2002 2020 2002 2020
Yidld (odt/halyr) 10 15 15 2
Energy content (GJ/odt) 19 19 19 19
Cost (p/GJ) 170 170 175 175
Transport cost (pGJ) 20 20 27 27
Establishment cost (£/ha) 890 890 570 570
Energy ratio 20 20 15 15
Production CO, (t/GJ) x10° 52 52 17 17
Transport CO, (t/GJ/km) x10° 0.055 0.055 0.024 0.024

Table 2: Model input data for biomass production. The energy ratio of a biomass product is equal to its
energy content, divided by the total non-renewable energy input to its production e.g. fertilisers, transport
fuel etc.
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3.4 Electrolysis

An dectrolyser uses an dectric current to split water into hydrogen and oxygen. A
current is passed between two dectrodes in an ionicdly conducting eectrolyte,
separated by a digphragm, and hydrogen generated a the cathode. Most renewable
energy to hydrogen projects have consdered the use of an dkdine dectrolyser, the
most common technology. However, the Japanese WE-NET project has dso
investigated proton exchange membrane (PEM) dectrolysers (Ulleberg, 2002), and
inorganic membrane dectrolysers are dso commercidly available (Floxa, 2002).

3.4.1 Technology development

Conventional lowpressure alkaline electrolysis has been used commercidly in the
chemicd indudries for over eighty years. However, the volume of hydrogen produced
by this process has been declining due to the availability of cheaper hydrogen produced
from naturd gas, except for where very chegp dectricity is avalable, for example from
hydrodectric plants. 4% of world hydrogen production is from eectrolyss of water
(Padr6 and Putsche, 1999).

Conventiond dkdine dectrolysers have efficiencies of 65-70% (relative to the lower
heeting vaue of hydrogen see gppendix A), and output pressures of 0.2-0.5 MPa. New
digophragm materids and desgn can operate wdl under fluctuating power supply,
making them suitable for direct use from renewable energy technologies (Zittd and
Wurdgter, 1996). They are available in capacities from a few kW to severa hundred
MW.

Alkdine dectrolysers developed specificdly for the vehicle refudling market are at
the pilot stage, and are expected to be commercidly avalable in 2004-2008 (Stuart
Energy, 2002).

Inorganic membrane alkaline dectrolysers developed by Hydrogen Systems have
been commercidly available snce 1987. These modules have the highest efficiency of
any dectrolyser seen, & 77% (LHV). Inorganic membrane dectrolysers operate a up to
05 MW. The USHER project in Cambridge, UK will use this technology, and it is
thought to be rdiable under intermittent supply. The technica chalenge for direct
operation from renewable energy sources is smooth operation under intermittent power
(Ulleberg, 2002, Dutton et a., 2000).
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Proton exchange membrane (PEM) dectrolysers use a solid polymer eectrolyte as
in a PEM fud cdl. This alows for an increased current dendty, and therefore a more
compact system than for dkaine dectrolyss. The high cost of component parts of PEM
eectrolysers has redricted ther use in the past to niche aerospace and military
gpplications. High pressure PEM units have dso been developed, for example Proton
Energy Systems has demondgtrated a unit with an output pressure of over 13 MPa

PEM dectrolysers are most suitable for smal scae sysems. They are currently at the
demondration stage in the Japanese WE-NET project, and low pressure units are
commercidly available a scades of up to 0.04 MW (Proton, 2002). The efficiency of
these units, is however, lower than that for akaline systems, at 50% (6 KWH/NNT).

High pressure electrolysers generate hydrogen at pressures of up to 5 MPa without a
Separate compresson step (Zittel and Wurdter, 1996). They are dso able to perform
efficiently under intermittent supply. This technology is being developed for plants in
the 100 kW to 30 MW range, usng both PEM and akaline technologies. The refudling
project at Munich arport usesa0.5 MW dkdine system of thistype.

High temperature steam electrolysers could reduce the dectricity requirement for
eectrolyss by usng heat to supply some of the energy needed, and by increasng
efficiency due to accelerated reaction kinetics. This would be useful where waste heet is

avallable,

3.4.2 Choice of technology

Conventiond dkdine dectrolyss is the only technology currently avallable for
eectrolyss a scdes greater than 2 MW. Given tha the focus of development of the
other dectrolyss technologies is generdly on smdl-scde ondte units, this is likdy to
continue to be the case in the medium term. Heat for high temperature eectrolyss is
unlikely to be available at the eectricity generation Sites consdered.

For forecourt eectrolyss from ondte renewables, inorganic membrane dkdine
eectrolyser or PEM dectrolysers could be used. Here, an inorganic membrane
electrolyser was condgdered as this has higher efficiency and is known to have been
chosen for intermittent input from renewables in severa demongtration projects.
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34.3 Largescaledectrolyss(>1MW)

Kruger (2000) presents a review of eectrolyser energy consumption for large scae
ingalations, gathered from the literature and dso from manufacturers. Electricity inputs
from dectrolysers from 100MW to severd hundred MW were in the range 4.3-4.9
KWH/NRT in 1995. Energy consumption data available from manufacturers was limited
to smdler scde sysems, and ranged from 4.1-4.7 kWhNmM3. The mode input for 2002

was an average of the values found.

Projected vaues for energy consumption given in Kruger (2000) for 2010 and 2050
were 4 and 3.5 KWHh/NnT respectively. The vaue of 3.8 kWH/NnT used here for 2020
was estimated by extrapolation of this development.

Edimates of dectrolyser cost given in the literature vary condderably, and do not
aways give full details of the scale of system considered.

Thomas and Kuhn (1995) cite a range of sources giving the cods of adkaine
dectrolyss a varying scales. Estimates from 1994 for 6 to 70 MW plants give costs of
$580-$590 /kWqyt. Padré and Putsche (1999) review studies with costs of $63-650 / kW.
Mann et a. (1998) and severd other US DoE studies have used an input value of $600 /
kW for 2000. Given the range of vaues seen, this seems a reasonable darting input
vaue for dectrolysers a scdes of over 2 MW. The dectrolyser capital cost was
estimated to decrease to $240/kWor by 2020 (DTl and AEA, 2002). This is reasonably
consgtent with projections of $300 /kW in the mid term (around 2010) (Mann et 4.,
1998) and US DoE projections for likely cost of large scade dectrolyss with high
manufacturing volumes (Thomas and Kuhn, 1995). See appendix B for a review of
electrolyser data found.

For the forecourt eectrolysers, at a scae of around 1.1 MW, the codts increase
significantly. The value used was an average of those given by Carlsson, cited in Padrd
and Putsche (1999) and Mann et al. (1998) for 0.5MW and 2 MW systems respectively.
The capital cost for 2020 was assumed to decrease by the same ratio as the large system
cost decrease.

Annua operation and maintenance costs for dectrolyser systems were estimated at
3% of capital costs (Mann et ., 1998). This was projected to decrease to 2% by 2020.
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34.4 Forecourt electrolysisat lessthan 1 MW

The energy consumption of commercidly avalable IMET? dkdine dectrolysers is
3.9 kWh/NnT. This was projected to decrease to the average dectrolyser energy use of
3.8 KWh/Nn? by 2020. The minimum possble energy use for ambient temperature
dectrolysis is 3.5 kWHNnT, and therefore the decrease in energy use with development
islikely to dow in the future as this limit is gpproached.

The capital codts for very smdl sysems were estimated from a range of data,
induding those given in Berry (1996) and from persond communications (Madden,
2002). Again, the data are presented in gppendix B. Future capita costs were projected

to decrease by the same proportion as for the larger systems.

345 Summary of modd input data

S2MW | >2MW | 1-2MW | 12MW | <IMW <ILMW

Time 2002 2020 2002 2020 2002 2020
Energy use/ kWh/Nm?® 45 38 45 38 39 38
(Efficiency) (67%) (79%) (67%) (79%) (77%) (77%)
Capital Cost / $/kWoyt 600 240 1170 470 2700 1080
O&M cost / % of capital cost 3 2 3 2 3 2

Table 3: Model input datafor electrolysis. Note that the efficiency used ison alower heating value basis

3.5 Gadfication

Gadfication is a high temperature process used to convert biomass feedstocks to
gaseous products. The brief description of this technology given bdow is summarised
from Williams et d. (1995).

The wet biomass feedstock is first dried and szed if necessary. The feedstock is then
gasfied to form syngas, by being heated to above 700C in the presence of little or no
oxygen. The syngas is composed of CO, H, CO, and HO, and in some cases methane
and smdl quantities of other hydrocarbons. The syngas is then cooled and cleaned to
remove sulphur compounds and particulates. To produce hydrogen, the gases must then
undergo several shift reactions to react the CO with H,O. Hydrogen is then recovered
from the gas stream by pressure swing adsorption (PSA). 97% of the hydrogen passing
through the PSA is recovered, and has greater than 99.999% purity. The hydrogen can
then be liquefied or compressed for transport.
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3.5.1 Technology development

Experience of biomass handling and processng is fairly widespread, as biomass
feedstocks are used in severd countries for dectricity generation via direct combustion.
However, experience of hydrogen production by gadfication is limited, and the

technology is not commercidly proven.

For hydrogen production by gasification, dl process equipment is wel established
and in commercid use, except for the gadfier itsdf (Williams et d., 1995). All the
equipment needed to produce hydrogen from cod gadfication, a very smilar process, is
avalable. Biomass is easer to gadfy than cod as it is more reactive, and eader to clean
up due to its low sulphur content. However, there are fewer economies of scae than
with coa gadfication, due to high feedstock transport cods.

Gadfiers can operate at varying pressures, with a range of input flow designs. Those
demonstrated successfully for biomass are fluidised bed designs, as used a the ARBRE
plant, with thermd efficencies of 55-65%. All data used for gasfiers were the average
of vaues given for four types of gadfier sudied in Williams et d. (1995). Future values
were edtimated by assuming a 15% improvement in efficiency and a 15% reduction in
capital cogts. Codts per unit output were estimated using a 25-year plant lifetime.

Gadfiers require an dectricity input in addition to the biomass feedstock of
approximately 33 kWHh/GJ of hydrogen produced. This input is included in the thermd
efficiency. However this was assumed to be generated ondgite from hydrogen produced
usng a fud cel of 50% efficiency. The process efficiency was therefore reduced to take

this into account.

3.5.2 Summary of mode input data

Time 2002 2020

Efficiency 61% 71%
Efficiency (including electricity use) 55% 63%
Capital Cost (E/GJ out/yr) 16 14
O&M cost (% of capital cost/yr) 48 48

Table 4: Model input data for gasification.
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3.6 Gridtransmisson

Sevegd of the fud chans involve trangmisson of dectricity generated from
renewable sources to dectrolysers, either a a regiond or forecourt scae. The potentia
problem of suitable grid connection of the generation Sites has been discussed esawhere
for each generation option. This section consders the modd data for grid tranamisson
itsdlf.

The losses of 7.6 % in the transmisson and digtribution network were estimated using
annua generation and loss figures for 2000 (ES, 2000). This was assumed to be the

same for 2020.

The cost of trangmisson and didribution per unit of eectricity deivered are more
difficult to determine. Currently, generators pay initid charges for grid connection or
reinforcement, annua Transmisson Network Use of Sysem (TNUO0S) charges, and
then baancing charges, related to the variation between their predicted and actud
output. As the unit prices of renewable energy used include grid connection, this was
not estimated separately. Baancing charges were dso not consdered; it is assumed that
the sde of the renewable eectricity generated would be regulated by a system such as a
long-term bilaterd contract that may not be subject to the controls needed to baance the
fluctuation in eectricity supply and demand.

TNUOS charges vary depending on the generation zone in which the generation is
Sted. For generdtion in remote aress, with low demand and/or condraints on grid
capacity such as the North of England and Cornwall, a charge of around £8.40 / kW
indaled capacity/year is levied. For areas with high demand, such as the South-East,
the Nationd Grid will pay the generator around £9.90 /kW/yr for generation (NG,
2002). This cost per kW ingdled was divided by the annua generation to obtan a
charge/credit per kWh and summed with the generation cost to obtan a low (low
generation cod, trangmisson cost credit) and high (high generation codt, transmisson
cost charge) ddivered dectricity cost. These charges were aso used for 2020.
Projection of future costs would have been very uncertain due to the heavy dependence
on the charging mechanisms of the grid operator at the time, and supporting policies for

renewable generation.
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3.7 Storing hydrogen

Each of the fud chains anaysed includes hydrogen storage a varying scdes. A range
of dorage technologies is available, the most appropriate choice for each fud chain
depending upon a range of factors such as the volume to be stored, storage time, energy

dengty required, and end use (some vehicles may use liquid ontboard storage).

The principd options for stationary hydrogen storage are as compressed gas or as
liquid hydrogen. Metd hydride sysems have not been modeled here for dationary
dorage, as there are few large scde commercid systems and no economies of scae,
meking this a compstitive option orly a very smal scdes (Amos, 1998, Padré and
Putsche, 1999). Drivers for dationary <Storage improvement include higher energy

densities and lower codts.

The most recent and consigtent data available on hydrogen storage was from Amos
(1998). As a result of the dependence of the cost of storage on the factors given above,
using data that was generalised, or not gppropriate to the scale of application considered
would have led to modd insengtivity. The moddling goproach used in Amos (1998)
was therefore modified to dlow a more detaled andyss A summay of these
modificationsis provided a the end of this section.

3.7.1 Conversion technologies
Compression

Hydrogen can be stored as a compressed gas in a pressure vessel at pressures of up to
30 MPa. Compression to high pressures is usudly caried out in severd dtages, the firg
being pre-compression to 3-4 MPa.

Technology development

The compressor used can be a modified verson of those used for naturd gas
compression, with seds modified to take into account the higher diffusivity of hydrogen
(Amos, 1998). Compression technology is well developed and widely avalable,
athough hydrogen compressors are ill more expensve than those for natura gas. The
technical and economic parameters used for compressors were those used in Amos

(1998). As the technology is mature, energy use was estimated to be unchanged in 2020,
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however a future capital cost reduction of 5% was included. Costs of compressors

increase somewhat a smdl scales; a Szing exponent of 0.8 was used (Amos, 1998).

It is dso possble to use meta hydrides for compression, by adsorbing hydrogen a a
low pressure and then hesting up the hydride so the hydrogen is released at a higher
pressure. This process can achieve compression ratios of over 20:1. This would be an
interesting option for gpplications with waste heat avalable, avoiding the need for a

Separate compressor.

Energy use

The energy for compresson is an exponentid function of the reative initid and find
pressures. The energy use is dominated by the initid pressure, and therefore the firgt
stages of compresson are most energy intensive. Initid compresson from 0.1 to 1 MPa
requires the same energy as compression from 1 to 10 MPa (Zittd and Wurgter, 1996).
Therefore the use of high pressure dectrolyss, avoiding the need for the pre-

compression step, could reduce energy consumption significantly (Amos, 1998).

All energy needed for compresson was from the renewable energy source
consgdered. In the renewable dectricity chains, this was a proportion of the eectricity
input, and in the biomass chains a fud cdl was used to produce dectricity from a
proportion of the hydrogen produced. There ae therefore no emissons from

compression.

Liquefaction

Technology development

Hydrogen can be liquefied and stored as a liquid a -253 ?C. There are severd
possible liquefaction processes, which dl involve compresson to a leest 2MPa and
liquid nitrogen pre-cooling, followed by controlled expanson through a vave, causng
liguefaction (Zittel and Wurster, 1996). The process requires a considerable amount of
energy, up to 30% of the energy of the liquid hydrogen produced (Conte et al., 2001).
Adding extra heat exchangers and multiple compressors can reduce the energy required
for liquefaction, and thus reduce operating costs, but increases capitd costs (Amos,
1998).
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Large scae liquefaction plants have been used worldwide since the mid 1950s, with
outputs of between 25 and 60 t/d. There are dso now around 10 medium scae plants
with capecities of 10-60 t/d, and newer smdl plants in the range 3-12 t/d (Zittd and
Wurster, 1996, Amos, 1998). Research units operate at 0.2t/d, but the smalest
commercid plant is over 1 t/d. It has been conddered that smal-scae liquefaction is
unlikedy to be economicdly vidble, given thermodynamic condraints to smdl systems,
and that 60 t/d is a suitable sze for a modular unit (Bracha, 2002). Very large scde
plants have been consdered; Mercuri et d. (2002) condder liquefaction plants with
outputs of up to 237 t/d. In the WE-NET project, a target liquefaction plant capecity of
300 t/d is conddered, dill consderably larger than the largest exigting plant (Matsuda
and Nagami, 1997).

In liquefaction technology, the drive is towards lower cogt of pant, and lower energy
use. A reduction in capitd cost of 15% was used for 2020. The Szing exponent of
liquefaction plants used was 065 (Amos, 1998); smdl liquefaction plants are

congderably more expengve due to low production volumes of equipment at this scale.

Energy use

In the review of liquefaction data presented in Amos (1998) power requirements
varied from 80 kWh/kg to 12.7 kWh/kg. The Ingolstadt liquefaction plant, with a
capecity of 4.4 t/d, commissioned in 1991, has an energy use of nearly 14 kWh/kg. A
vaue of 8 kWh/kg was used here, as this was the lowest available in 1998.

Magnetocaloric conversion processes are being developed in order reduce energy use
and to ad converson from ortho to para forms of hydrogen during liquefaction (Zhang
et d., 2000). This is needed to minimise boil-off losses in storage; 75% of the hydrogen
is in the ortho form a room temperature, but a& 20 K is nearly dl paa Any ortho
remaining a 20K will later be converted to para in an exothermic reaction, which could
lead to evaporation of up to 50% of the liquid hydrogen in 10 days (Amos, 1998).

Magnetocaoric cooling processes could have energy requirements as low as 494
kWh/kg (Amos, 1998). This is gpproaching the ided energy of liquefaction of 3.228
kWh/kg. Zittd and Wurgter (1996) congder that this level of efficiency is commercidly
achievable, though gives no indication of timescde. It was edimated for this modd that
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learning in liquefaction technology would decrease the energy use to this leve by 2020,
either by magnetoca oric processes or other technology improvements.

As for compression, al energy needed for liquefaction is sourced from the renewable
energy input to the fud chain, and sO no non-renewable energy use or emissons are
considered.

3.7.2 Stationary storage systems

Compressed hydrogen

Storage of hydrogen in compressed gaseous form is the most commonly used storage
method. This is usudly high pressure storage, with commercid products avalable in the
range 20-25 MPa (Conte et a., 2001). The gas is dored in cylinders, or sphericd
containers for large volumes (Padré and Putsche, 1999). Smadl volumes are dso stored
in cylindrical tubesa 20 MPa

Low pressure storage a 1-5 MPa is dso used in some applications (Amos, 1998).
Storage at low pressures in cylindrical vessels is available with capacities of up to 400
kg, and in spherica vessdls at up to 1,300 kg (Amos, 1998). There is consderable
experience with low pressure storage in cylindrica tanks, but no experience of low

pressure dorage of large volumes of hydrogen unlike that for naturd gas (Zittd and
Wurster, 1996).

The advantages of compressed hydrogen Storage are smplicity; only a compressor
and pressure vesse is needed, and the consderable experience of the technologies used.
Disadvantages include low dorage dendty, cost of pressure vessels and the large
volume of cushion gas that can be |€eft in large storage vessal's (Amos, 1998)

Here, storage a 20 MPa will be consdered as in Amos (1998). The costs of storage
decrease with a szing exponent of 0.75 a higher volumes, due to a lower materid
requirement per unit volume stored. Capital costs of compressed Storage vessels given
in Amos (1998) are consgtent with those given in previous studies cited in Padré and
Putsche (1999), and are consderably higher than for liquid storage vessds of the same
capacity (see table 5). This is due to a much lower energy dendty, and the more
modular nature of compressed storage (Ogden, 1999). The overdl <torage cost is
heavily dependent on the dorage time. The higher the annud throughput of the storage
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system, the lower the capita cost per unit throughput. The sengtivity of the cogt to this
parameter will be discussed further in section 5.7. The capitd costs of compressed
storage vessals were estimated to decrease by 10% by 2010.

Liquid hydrogen

Liquid hydrogen is stored in insulated cryogenic containers. Energy inputs to the
sysem must be minimised, as this will lead to evaporaion of hydrogen, known as boil-
off. This is achieved by ensuring ortho-to-para conversdon, usng double waled heavily
insulated tanks, and usudly by using sphericd tanks, as they have the lowest surface
area to volume ratio for heat transfer. Cylindrica tanks are sometimes used, as they are
easer and cheaper to produce and have nearly the same surface area to volume ratio
(Amos, 1998).

Bail off rates depend on the Sze and insulation of the storage vessd. A typicd rate is
0.1% per day, but rates can vary from 23% for smal vessdls to 0.06% for large vessals
(Amos, 1998) Hydrogen evaporated in boil-off can be vented, returned to the
liquefaction process or used directly if the gpplication requires gaseous hydrogen.

Cryogenic vessdls are smdler than compressed gas cylinders, as the energy density d
liquid hydrogen is higher than that of compressed hydrogen, therefore more hydrogen
can be stored in the same volume (Ogden, 1999).

There is experience with large-scae storage of liquid hydrogen as a result of the
gpace program, and smal scade storage uses the same technology as for liquid hdium —
either super-insulated or continuoudy cooled tanks (Zittel and Wurster, 1996). Liquid
hydrogen dorage requires ten times more insulation than liquefied naurd gas
(Nakgima et d., 1997) and s0 liquefied natura gas technology cannot be applied
directly to liquid hydrogen (Iwata et d., 1996).

As a result of the increased energy dendty of liquid storage, the materia costs per
unit volume of hydrogen ae lower than for compressed gas dorage. As with
compressed gas, codts ae sendtive to system Sze and dorage time, with a 9zing
exponent of 0.7 (Amas, 1998).
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Other storage technologies

Underground storage

Hydrogen can be stored underground in caverns such as rock or sdt caverns, in
porous rock structures such as aquifers and in abandoned natural gas wells. ICl have
used sdt caverns to store hydrogen a pressures of up to 5 MPa, and Gaz de France have
dored town gas containing 50% hydrogen in an agquifer (Zittd and Wurgter, 1996).
Underground storage can be used for very large volumes of hydrogen, up to a hillion
NnT for aquifers or gas fields, and severa million Nn? for caverns (Ogden, 1999). It is
not suitable for smdler gas volumes, as the ‘cushion gas that needs to be Ieft in the
sorage Site throughout the storage cycle in order to maintain gas pressure can be up to
two thirds of the storage volume. This gas can be displaced by pumping in brine,
however thisincreases capita and operating costs (Amos, 1998).

The capitd cost of underground storage depends on whether a suitable underground
fegture is avalable, or whether one must be mined. Clearly, usng exiding festures such
as abandoned naturd gas wells is the cheapest option, however caverns can be mined
nearer to where needed, with solution sdt mining costs $23 /nT and hard rock mining
costs $34-$84 /nT® depending on the depth (Amos, 1998). In genera the levelised cost of
large scde underground storage is estimated to add about $2-6 per GJ to the cost of
hydrogen for daly or monthly gorage, with increased costs for seasond dorage
(Ogden, 1999). Padr6 and Putsche (1999) estimate this cost at $1-4.7 /GJ.

Underground storage has not been included in this generdised modd, as it would not

be possble in al locations. It would dso require large capita investment and would not
be suitable for gradua development due to high costs at low throughputs.

Metal hydride

Metd hydrides ae med dloys that can dore hydrogen within their chemicd
dructure. Most metd hydrides can adsorb hydrogen a a dightly raised pressure, and
must be smultaneoudy cooled as the process is exothermic. To recover the hydrogen,
heat is added, and the hydrogen is released at a higher pressure. Some hydrides can aso
adsorb hydrogen at atmospheric pressure, and so can be used for compresson. Each
hydride has a different range of operaing temperatures and pressures, which can be
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over 10 MPa and 500 ?C, as wdl as a different cycle life (Conte et d., 2001). The
hydride must be stored within a pressure vessdl that allows rapid hegt transfer.

Metd hydrides can store 2-7% hydrogen by weight (Conte et d., 2001). The energy
dengty tends to increese with the operating temperature range of the hydride. The
hydrogen can be stored indefinitely, only being released when heat is applied. It can be
difficult to remove the last 10% of hydrogen in the norma charge-discharge cycle as it
is strongly bonded to the hydride structure.

Cogts of meta hydride dtorage sysems include the Storage maerid itsdf, the
pressure vessd, heat exchangers for cooling and hesting during adsorption and
desorption and compresson if required. As the principd capitd cost is for the hydride
materid, there is little economy of scade (Amos, 1998). This cost depends on the
required properties of the materia, such as temperature and pressure ranges and storage
densty. The cogt of using metal hydrides for large scae 30 day storage is 20 times the
cost of the origind hydrogen. However, very smdl sysems are expected to be cost
competitive with the other dorage technologies. The largest metd hydride units
constructed have held 27 kg (Amos, 1998).

Carbon materials

Hydrogen could be stored in carbon materids such as nanofibres or nanotubes. The
hydrogen is adsorbed onto the surface of the storage medium, giving a high energy
dengity, but aso potentidly a low weight densty of storage. Carbon can absorb up to 5
10 wt% hydrogen (Padré and Putsche, 1999), with research continuing into new
materiasto improve thisfigure.

Other possibilities

Another method being investigated involves reacting sponge iron (iron oxide) with
hydrogen to form iron and water, then recovering the hydrogen by reacting the iron with
seam. This method would have high energy densty and low Storage cod, but is in a
relatively early stage of development (Amos, 1998).

Other posshbilities include the use of liquid storage in the form of liquid hydrides or
ammonia (Amos, 1998), in zeolites or as a cryogenic dush (Ogden, 1999). Permegble
glass microspheres have aso been used tha are permesble to hydrogen a high
temperatures, but Sore it at room temperatures (Zittel and Wurster, 1996).
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3.7.3 Summary of model input data

The hydrogen storage moddl was based on that developed by Amos (1998). The
principad modificationsto this mode were:

?? Changes to cepitd cogt formulae from a draight line depreciation mode to

discounting a 10% over the lifetimes given, in line with the rest of the modelling

?? Removd of the parameters concerning volume and cost of water used to reduce

model complexity. Thiswas less than 1p/GJyy: for both compression and liquefaction.

7 Addition of factors for reduction of future capital codts of:

?? 5% for mature technologies e.g. compressors

?? 10% for less mature technologies e.g. storage vessels

?? 15% for technologies not widdy commercidly avalable a the range of scdes

conddered eg. liquefaction

Compr essor Compressed storage

2002 2020 2002 2020
Referencesize 4000 kW 4000 kW 227 kg 227 kg
Reference cost (£/unit) 655 620 865 780
Reference pressure (M Pa) 20 20 20 20
Sizing exponent 0.8 038 0.75 0.75
Pressure factor 0.18 0.18 044 044
Energy use (kWh/kg) 22 22 - -
Lifetime (years) 22 22 22 22
Input pressure (M Pa) 01 01 - -
Output pressure (M Pa) 20 20 - -

Table 5: Model input data for compression and compressed storage. Units given are not standard, but are

those commonly used for the technology, for ease of comparison with other studies. The use of pressure

and sizing exponentsis explained in detail in Amos (1998).

Liquefier Liquid storage

2002 2020 2002 2020
Referencesize 454 kg/h 454 kg/h 45kg 45kg
Reference cost (£/unit) 28,820 24,500 290 245
Sizing exponent 0.65 0.65 0.7 0.7
Energy use (kWh/kg) 8 5 - -
Lifetime (years) 22 22 22 22
Boil off rate (%/day) - - 01 01

Table 6: Model input datafor liquefaction and liquid storage
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3.8 Hydrogen transport

3.8.1 Introduction

The hydrogen transport options consdered here are as compressed gas, as liquid
hydrogen, transported by road and compressed gas pipeine ddivery. The mogt suitable
option for each fud chan consdered depends on factors including the trangport
disance, volume transported, cos, and demand didribution. Any other hydrogen
storage technologies could dso be consgdered for transport, ther viability principdly
depending on their energy density by mass and volume and on cost.

3.8.2 Compressed hydrogen

Compressed hydrogen can be transported in high pressure cylinders, in tube trailers or
by pipdine (see below).

Compresson to high pressures is desrable, to increase the hydrogen carried per
vehicle, however very high pressures require more expensve pressure vessds. High
pressure cylinders used store the gas a up to 40 MPa, and hold up to 1.8 kg hydrogen
(Amos, 1998). Tube trailers, where gas cylinders are mounted on a framework, can dso
be used to transport hydrogen at 20-60 MPa, with each trailer holding severa tubes to
givetotas of up to 460 kg (Amos, 1998).

Cost

Amos (1998) edtimated the costs of compressed hydrogen transport by tube trailer.
Costs depend on the pressure a which the gas is stored, the capacity of the traller, the
disance travelled and the quantity transported per year. Codts cited in Padré and
Putsche (1999) were based on the data from Amos (1998). It was therefore decided to
use the more detalled information avalable from the Amos modd results. This was
possble as data was available for the same distances as those consdered and for very
smilar throughputs. It would have been more accurate to modify the transport models
developed by Amos for the UK case, for example usng UK vehicle specifications,
Speeds, wages etc., however thiswas not possible within the timescale of this project.
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Environmental impacts

The capacity of a compressed gas tube trailer used was 181 kg (Amos, 1998). Thisis
consderably smdler than the capacity of a liquid hydrogen tanker (see later) due to the
much lower gas dendty. The trangport of hydrogen as a gas will therefore require a
higher number of vehicles and so lead to increased traffic flows, and potentidly higher

energy use and CO, emissons.

The CO, emissons of hydrogen transport were estimated usng UK road transport
emissons data (TRL, 2002). The emisson rae in gkm is given as a function of the
average vehicle speed. New hydrogen transport vehicles were consdered to be diesdl
powered, and conform with EURO Il legidation. Idedly, hydrogen powered vehicles
would be used to transport hydrogen, however HGVs are likely to be one of the last
vehicles to adapted for hydrogen use. The emission rate for 80 krmvh was 936 g/km.

3.8.3 Liquid hydrogen

Liquid hydrogen can be ddivered in cryogenic vessdls or trangported in a tanker to
refill dationary dorage facilities. As with dationary storage, liquid hydrogen must be
transported with heavily insulated or externdly cooled tanks to minimise boil off losses.
Tankers can carry 360-4,300 kg liquid hydrogen. Amos (1998) consdered a liquid
hydrogen storage tanker, with a cepacity of 4082 kg. The truck boil off rate, of
0.3%/day is higher than for Stationary storage.

Liquid transport and storage could aso be used if the end use required compressed
gas, using adigpensing system that dlows evaporation of the liquid (DT, 1997).

Cost

The cogt of liquid hydrogen trangport increase with distance and quantity transported.
As for compressed gas transgport, the closest available data from Amos (1998) was used
to edtimate trangport costs.  The transport cost for a throughput of 45 kg/hr was under
half the cost for compressed gas (seetable 7).

Environmental impacts

The higher energy densty of liquid hydrogen storage results in nearly 23 times more
energy transported per vehicle than for a compressed gas tube trailer at 20 MPa
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CO, emissons were cdculated in the same way as for compressed gas. This could
have been improved by the use of emissons factors that take into account the mass of
the vehicle, or that are based on fud consumption. However fud consumption a a
given scale would have had to be obtained from Amos modd, which was cerived usng
US-specific data.

3.8.4 Pipdine

Compressed hydrogen can be transported both through dedicated hydrogen pipelines,
and through existing naturd gas pipeines, subject to some modification to alow for the
higher diffusivity of hydrogen, and assessment of the posshility of embrittlement of the
ged pipeine (Padr6 and Putsche, 1999). Typicd operating pressures for pipeine
deivery are 1-3 MPa, with flows of 310-8,900 kg/lh (Amos, 1998). Severd hydrogen
pipeline digribution networks are currently in operdtion, for example in the Ruhr,
Germany, over 50 km of pipeline carrying hydrogen a 2 MPa has operated for over 50
years serving the chemicd indudries (Zittd and Wurgter, 1996). The longest pipdine in
operation is 400 km long (Amos, 1998).

Fipdine ddivery can dso be used as a form of storage, by dlowing pressure changes
in the sydgem. This is currently done with naturd gas to hedp manage demand
fluctuation (Dincer, 2002). As a result, no storage a production dtes or at the forecourt
will be consdered for fud chainsinvolving pipeine trangort.

There has adso been discusson of the integration of hydrogen into the naturd ges
pipeline network. There is consderable UK experience with ‘town gas, a mixture of up
to 50% hydrogen with methane formed from coa, which was used up until the 1970s
(Hart et d., 2000). If hydrogen for transport were to be transported by this method,
gndl-scde forecourt systems for dripping the hydrogen back from the mixture would
be needed.

There are liquid hydrogen pipelines of up to 40 km in the USA (Zittd and Wurger,
1996). Liquid hydrogen pipdines require high insulation, as wdl as pumping and re-
cooling. They have not been widdly considered as a viable transport option.

49



Technology Review

Cost

Capitd codgs include the sted pipdine itsdf and ingdlation. Operaing costs include
compressor power and maintenance. Hydrogen losses in pipeline trangport are not

known; for natural gas, losses are less than 1 % (Amos, 1998).

The totd cost of hydrogen deivered by pipeine increases with distance ddivered,
and decreases with the energy ddivery rate. Padré and Putsche (1999) summarise
earlier work estimating capital and total costs / GJ ddivered. The data reviewed is for
transmisson rates of a minimum of 015 GW, and from sources assuming a range of
pipeline diameters (Amos, 1998, Oney, 1994). This is equivdent to 4500 kg/hr, when
the largest flow rate considered here is 540 kg/hr.

From andysis of the data presented, it was found that the cost scaded approximately
linearly with distance for shorter distances presented, so that costs could be estimated
for the lower distances needed for this model. However, the costs could not be linearly
extrapolated to lower flow rates. The cost of a pipdine is a complex function of its
diameter, which is in turn a function of the flow rae required, friction factors etc.
(Ogden, 1999). The repidly increasng cost a smal flow rates and diameters was
therefore estimated by applying a power law (y = o) lesst squares fit trend line b the
data cited from Oney (1994) in Excel 2000 and projecting it back to lower flow rates.
The trend line fitted the data very wdl, with an Rsquared vaue of 0.986 for costs per
unit throughput, and 0.996 for capita codts.

Pipdines have high capitd costs compared with road transport option, but very low
operating costs. The use of pipdines is dso inflexible; routes and capacities cannot be
eadly changed. Given the uncertainty on upteke of hydrogen technologies, it would be
very difficult to determine the capacity of any system built, in order to alow for future

demand.

Environmental impacts

The compression needed for pipdine ddivery was assumed to be equd to that needed
for compressed storage, as in Amos (1998) and the energy used from the renewable
source. The pressure needed for pipdine delivery is much lower, a 13 MPa. However,
some booster compression may be needed at stages dong the length of the pipeline.
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The inddlation of pipdines, paticulaly to remotdy dtuated renewable energy
generation dtes may have an impact on the loca environment, for example disruption
of habitats. However, the dgnificance of these impacts would likdy be teken into
account in an environmental impact assessment, required under the Pipeine Works
(Environmental  Impact Assessment) Regulations 2000 for pipelines over 10 miles in
length (ODPM, 2002). The environmentd impacts of the pipdine in operaion would be
minima compared with the noise and emissons from road transport, or the visud

impact of overhead power lines.

3.8.5 Summary of mode input data

Type Quantity / kg/hr Distance/ km Cost $/ kg Capital cost / $
Compressed 45 32 064 250,000
Compr essed 45 161 139 250,000
Liquid 45 32 0.26 500,000
Liguid 45 161 0.29 500,000

Table 7: Model input datafor road transport

Pipdine

Cost $/GJ/km =186.14 X -0.6278

— 33044 x 08376

Capital cost $/GJ/year/km

Table 8 Model input datafor pipeline transport. x is the annual throughput in GJ

Future unit cost and capita cost reduction for al transport methods. 5 %

3.9 Forecourt systems

Forecourt storage of compressed or liquid hydrogen was modeled in the same way as
for dorage a the generation Ste. No losses in filling these dorage vessdls were
included. This leaves the last step in fud distribution, and the last contribution to the
delivered cogt, dispensing.

3.9.1 Compressed hydrogen dispensing

Dispensng of compressed hydrogen can be achieved in severa ways. Each of the
methods involves compressing hydrogen from the storage pressure to that needed for
onboard storage. Praxair compared the costs and performance of cascade and booster
refuelling with onboard storage at 34.5 MPa (DT, 1997). In the cascade system, a series
of interconnected tanks is used, with the firg a low pressure, and the last a the ddivery

pressure. This was found to be twice as expensive as a booster system, where the gas is
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gored a 25 MPa, and then a single booster compressor used to fill an intermediate tank
at the ddivery pressure.

A vehide requiring compressed hydrogen could dso be refudled from a liquid
dorage system using a dispenser that dlows the liquid hydrogen to evaporate and then
compreses it. This option has not been included in the modd, but could be
reconsdered if it is found that liquid hydrogen didribution and sorage is chegper than
that for compressed gas. Cost estimates for dispensers of this type vary consderably
despite being of dmilar desgns (DT, 1997), but for the scde of refudling dation
considered are around $24,000 /kg/hr.

Cost

There is limited experience with compressed hydrogen dispensing technology, with
ongoing deveopment of compresson saging and dispensing equipment  (Schoenung,
2001, DT, 1997). The mgority of forecourt cost estimates in the literature do not give
separate costs for storage and dispensing (DT, 1997, Thomas et d., 1999, Ogden, 1999).
Capita cost estimates of $25,000 for an 8.3 kg/hr dispenser were taken from Ogden
(1995) cited in Schoenung (2001). Costs for larger systems were then scaled using the
same capita cost/kg/hr and discounted over the total output of the system over 20 years.
The cost of digpensing technology in 2020 was estimated to be 5% lower than the 2002
vdue. Despite the lack of experience with this technology, there are unlikdy to be
ggnificant improvements in relaively mature compresson eguipment. Also, as with
compressed natural gas (CNG), a sgnificant proportion of dispenser codt is likely to be
due to gas flow metering (Arcadis, 1999).

The energy use of dispendang equipment was not included. The ddivered cost of
hydrogen was intended not to be specific to a particular fud cell vehicle technology,
and therefore not specific to an onboard storage method or pressure. The energy use of
the dispenser would depend heavily on these parameters.

Other issues

Digpensing of CNG has suffered from problems of a lack of sandardisation of the
technology (Arcadis, 1999). Dispensrs with vaying performance, rdiability and
metering systems inddled before standards were established are now being modified to
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comply with safety and weights and measures dandards, a dgnificant cogt to the
supplier. The variation in desgn of refudling sations aso has an impact on the ease of

use for the consumer unlike lack of standardisation of earlier stages of the fuel chains.

3.9.2 Liquid hydrogen dispensing

Liquid hydrogen dispendang can be achieved ether from a tank with a smal over
pressure, or using a pump system (Wetzdl, 1998). The Munich airport hydrogen project
uses automated robot refueling, resulting in improved safety and refueling time, and
minimal leakage (Pehr, 2001).

Cost

The Munich arport hydrogen project is the only public liquid hydrogen refudling
dation in operation. Therefore experience of the technology is very limited, and cost
edimates are for ‘one-off’ systems. The capitd cost estimate of $100,000 per 8.3 kg/hr
dispenser used was a BMW edtimate from 2000 taken from Schoenung (2001). Again,
this was spread over the output of the dispenser over 20 years to obtain a cost per unit.
Costs for 2020 were estimated to decrease by 15% from this value, as the technology is
a avery early stage of development.

The energy need to power the liquid hydrogen pump has not been included, to reduce
modd complexity. Its energy requirement is etimated to be very smdl, a only 1 kW
when in operation (Schoenung, 2001).

3.9.3 Summary of model input data

Capital cost Lifetime Cost reduction Minimum capital

/$/kg/hr lyears for 2020 cost / $
Compressed 3,000 20 5% 25,000
Liquid 12,000 20 5% 100,000

Table 9: Model input data for dispensing. The minimum capital costs were needed to account for very

low throughput forecourt generation and electrolysis systems.

3.10 End use

Hydrogen could be used both in fue cdls and internd combugtion engines (ICEs) to
power a range of road and other vehicles. The end use consdered for the hydrogen
produced by the fud chains is as a fud for cars, and is compared with petrol car
technology. A detalled study of the technology satus of fud cdl and hydrogen ICE
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vehicles is beyond the scope of this project, however this section will introduce the key
data needed for demand estimation and comparison of hydrogen and petrol costs.

The characterigics of the hydrogen fud cel vehide (FCV) will be used to provide
the primary comparison with petrol ICEVs The fud cdl vehicle has advantages over
the hydrogen ICE which incdude improved efficiency, zero talpipe emissons, improved
low speed acceeration and quieter operation. However, there is consderably more long
term and widespread experience with ICE technology, such that the hydrogen ICE has
been consdered to be an important technology either in the interim before FCVs are
commercidly developed, or in the case of the FCV never becoming a commercidly
viable option.

Vehiclecharacteristics

An FCV was assumed to have an energy consumption of 1.2 MJkm (Mercuri et d.,
2002). The onboard storage method was not specified, but was assumed to have a
capacity of 3.75 kg, as used in Ogden (1999). This was consstent with a range of other
dudies and industry assessments using values of around 4 kg (Schoenung, 2001). The
energy consumption of a hydrogen ICE is higher, a around 2.7 MJkm, and therefore dl
results given per km for an FCV can be multiplied by 2.25 to give vadues for use of an
ICEV.

3.10.1 Summary of mode input data

Energy use Stor age capacity
(MJ/km) (kg)
FCV 1.2 3.75

Table 10: Model input datafor the fuel cell vehicle
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4 Model design

4.1 Introduction

The modd was set up to evauate the technica, economic and environmentd
parameters of each fud chan, giving results per unit of energy ddivered (/GJ) and per
unit of digtance travelled (/km). This was carried out for two timescdes, 2002 and 2020.
The detailed parameters for each chain are given in section 3 but in generd involve the
efficdency, cost per unit output and indicative capitd cost for each fud chan
component. Non-renewable energy use, carbon dioxide emissons and land use ae
included where appropriate. The software used was Microsoft Excel 2000.

411 System boundaries

In taking a life cycle anadyss based agpproach to energy use and emissons, often
known as a ‘wel-to-wheds evduation for vehide fuds it is important to define the
system boundaries used. The energy use and CO, emissons conddered in the modd
related only to the operation of the fud chain, for example in trangporting biomass and
hydrogen. No energy use or emissons were included related to congtruction,
decommissoning or recycing of the components. Emissons of pollutants other than
CO, were not moddled, however will be discussed quditatively.

4.1.2 Technical and economic assumptions

Lower heating value of hydrogen

10.783 MJ/Nm”>

Density of hydrogen

0.899 kg/Nm®

Discount rate

10%

Exchangerate USdallarsto GB pounds 0.654 £/$
Exchangerate: Euroto GB pounds 0.634 £/€
Exchangerate: DM to GB pounds 0.327 £/DM

Table 11: Technical and economic assumptions. All exchange rates from www.xe.com, 8 August 2002

4.1.3 Demand distribution

It was necessary to edimate the dengty of refueling dtations in the UK, and their

current and future demand in order to size the fud chain components appropriately.
These data were used to provide a generic demand profile for a region of radius 50 km,
consdered to be appropriate for the UK. It was assumed that the entire transport
demand of each dtation was supplied by hydrogen, to be used in fud cdll vehicles.
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The throughput of a medium szed refudling daion in the UK in 2000 was 2.12
million litres per year (OGD, 2002). The average fud consumption of the UK vehicle
fleet in 1999/00 was 0.096 I/km (DfT, 2001). These data were used to caculate the
dally travel demand per dation, of around 60,500 km/day. Then assuming this is
provided entirdy by hydrogen FCVs, this trandates to a hydrogen demand of 25 kg/hr,
or 0.6 t/d.

The cdculation was repeated for 2020, usng a refudling sation throughput of 2.77
million litres per year. This medium dzed dation throughput was esimated by
extrgpolating the throughput increase from 1990 to 2000 to 2020. The hydrogen demand
was found to be 33 kg/hr, or 0.8 tpd.

It should be noted that these values were not used to provide an indication of tota

demand, purely to dlow for the trend towards larger stations. The throughput of stations
in 1996 varied from about 1 to 8.5 million litres per year (OFT, 1998).

The number of petrol refudling gations in the UK was just over 12,200 in 2001
(UKPIA, 2002). The total land aea of the UK is 241,590 kn? (CIA, 2002). This gives
an average density of refudling stations of 005 saionskn?. Therefore in the 50km
regiond didribution radius there would be agpproximatey 400 dations. Assuming the
dations are lad out in a grid, this gives a disance between dations of 4.45 km. This
vaue is needed to esimate the length of pipeline network needed. A vaue of 10,000
dations was used for 2020, extrgpolated from the continuing decline in numbers of
refudling sations with increasing market share of large supermarkets (UKPIA, 2002).

The demand profile of the refudling dtation must be consdered in order to provide
appropriate storage a the forecourt. The refudling station was assumed to be open 24
hours a day, but with very low night time demand, and with morning and evening pesk
demand (DT, 1997).

The following sections describe the five forms of fud chan moddled. The fird three
chans A-C condder large scde renewable dectricity generation followed by
dectrolyss a vaying scdes. Fud chan D condgders dectricity generation a the
forecourt, with forecourt eectrolyss. Fud chain E uses biomass gadfication to generate
hydrogen a a regiond ste. A summay of the assumptions behind each chan are
presented in appendix C.
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42 A: Electricity generation — onsite electrolysis- transport 160 km

The inputs to this fud chain are offshore wind, onshore wind & 60 MW and 10 MW
scaes, wave, tidd and smal hydro. The location of the generation is not defined, but a
generic distance of 160 km from the forecourt is consdered. This is reasonable, given
that no point in the UK is further than 125 km from the sea (CIA, 2002), dlowing for
some tortuosity. The dectricity generated is used to power an dectrolyser a the
generation dte, which is dzed a the rated output of the generation technology. The
hydrogen produced is then compressed usng a compressor dso szed for the rated
output of the generation. The hydrogen is then ddivered by one of three routes by
compressed gas road transport, liquid road transport, or by pipeline.

9 y and storage storage

4.2.1 Advantagesand interactions

The principa advantage of this fud chan is that the generation dte does not
necessarily have to be connected to the dectricity network. This could dlow the
inddlation of generating technology near to adequate road networks, exigting pipeline
networks or where new pipeines could be ingdled more easly than extending or
reinforcing the dectricity network.

Electricity network connection, however, would dlow the generator to switch
between export of dectricity to the network and hydrogen production. Incluson of a
fud cdl in the sysem would dlow dectricity generation, 0 that the hydrogen storage
facility could be used as buffer storage to baance intermittency of network output.

4.2.2 Compressed storage and road transport
The ondte compressed dorage acts as a buffer for the variation in output of the

generation. Offshore wind, onshore wind and wave technologies are intermittent, and so
are assumed to have storage volumes equa to 3 days average output. This alows
hydrogen produced at pesk output to be stored to dlow for below average output on
subsequent days. It would obvioudy be preferable to have a much larger Storage
volume, to dlow for longer term levelling of the hydrogen supply, such as over seasond
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vaiations. The average capacity factor of wind turbines in the UK varies from 0.167 in
the summer to 0.445 in the winter (BWEA, 2002). However, adding longer term storage
may add consderably to the cost of the system. Therefore the 3 day short term storage
was chosen as a base case, with the sengtivity of the cost to this parameter discussed
later. The tida generation has predictable diurnd pesks in output. Therefore if the
vaidions due to soring tides etc. are excluded, 0.5 days storage will dlow a levelled
output of hydrogen to be supplied. The output of smdl hydro schemes is likely to be
reasonably consstent over a timescde of severd days, and therefore 0.5 days storage
was aso used. Again, smdl hydro output shows consderable seasona variaion, and the
additiona cogt of long term storage may need to be considered further.

The compressed gas is then trangported by tube traller 160 km to the refudling
dations. This is assumed to be a Straight return journey to each dation. The number of
dations to which it is delivered is equa to the totd output divided by the demand per
dation, and is therefore different for each generating technology, and differs between
2002 and 2020. For example, offshore wind supplies over 18 dations in 2002, whereas
the smdl hydro scheme consdered supplies fewer than 2. Note that it is only this fud
chain (A) that is scded with supply, the others being scaled from forecourt demand. The
delivery rate is equal to the demand rate for each station e.g. 25 kg/hr for 2002.

Storage at the forecourt is scded with the interva between hydrogen ddiveries. Since
supply of the tota hydrogen demand by tube trailer would currently require three 181
kg tube trailers per day (!), only 0.3 days storage would be required. However to dlow
for fluctuating demand, and therefore fluctuating Storage requirements, storage of 0.5
days demand has been assumed. Again, the sengtivity to this parameter will be
discussed in section 5.7.

4.2.3 Compressed storage, liquid storage and road transport

The hydrogen produced is again stored as a compressed gas, using the same storage
volumes as given above. The gas is then liquefied for trangport, with a short Storage
time equd to the intevd between tanker refueling. This pre-compresson and
compressed gtorage system has been included to dlow liquefier dzing for the average
output of the generation. In this way, the liquefier is operated a a condtant rate, at its
full capadty. Running a liquefier scaed a the rated output of the generation technology
a as low as a third of its capacity would represent considerable wasted capita
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invetment, due to the high cost of liquefaction technology. The liquefier hes a
throughput of 1-12 t/d, scales that are commercialy available (see section 3.7.1).

The liquid hydrogen is then transported 160 km to the refueling dations by road
tanker. The assumptions of number of dations served and ddivery rate are as for
compressed ddlivery.

Ddlivery to each refuedling dtation is needed every 4.9-6.8 days. The forecourt storage
volume was overszed by 10% to dlow for fluctuations in demand (dlowance for boil-
off isaready consdered in the storage model used).

4.2.4 Pipeline storage and transport

The compressed gas is trangported 160 km to the forecourts, with the number of
refueling stations served determined as above. The pipdine network is consdered to be
156 km of bulk pipeline, taking the entire output of the generating Ste to a centra point.
For connection of each dation, 4 km of additional pipeline, sSzed a the demand of a
sngle dation is added. This is equivalent to a long distance transport of 156 km,
followed by regiond didribution as condgdered in fud chans B and E, and will be
discussed further in section 4.3.4. The posshilities for pipeine digribution would
change congderably once a network began to be built up; this network format can be
used only to provide an indication of the costs of new networks. The pipdine is

considered to act as storage, and so no ongte or forecourt tank storage is considered.

43 B: Electricity generation —grid — regional eectrolysis- trangport 32 km

The inputs to this fud chain are the same as for fud chain A. However in this chan,
the eectricity output is then exported to the dectricity transmisson and digtribution
network. This is then used to provide a proportion of the power needed to run an
eectrolyser szed for the demand of dl the gations within a 50 km radius. The capita
cost of the eectrolyser is spread over its total output over 20 years. The capita cost of
the whole dectrolyser gpportioned to the generation route considered is in proportion to
their relative outputs. The hydrogen is then stored and ddivered by compressed gas or
liquid road transport, or by pipeline.

Electricit Regional <G
generation electrolysis H;ﬁgg‘t’s:z&n H. distribution - Use

storage
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4.3.1 Advantagesand interactions

This fud chain has severd advantages over digtributed hydrogen production as in fue
chans A, C and D. The ability to buy in éectricity from different renewable dectricity
generators (both intermittent and predictable) dlows the plant to be run a congtant
capacity, and removes the need for buffer storage. Centralised compression, liquefaction
and dorage gives economies of scae over numerous smaler sysems. The operation and
maintenance of the sysem is dso likey to be eader; there is no need for expertise with
hydrogen processng a multiple smdl dtes. The shorter hydrogen didtribution distance
than in fud chan A will result in less road traffic or need for the disruption of pipeline
ingdlation.

4.3.2 Compressed storage and road transport

The hydrogen produced by the eectrolyser is compressed and stored. The storage
tank is Szed for one hours output. This is because there is no uncertainty in the output
of the dectrolyser, and the time between the arrivas of deivery vehicles to transport the
hydrogen to the forecourt is very short. The one hour storage is used as a minimum
buffer to dlow some flexibility. Again, the compressor and storage tank costs are spread
over the total throughput of the regiond dte, and capitd costs gpportioned according to
relative throughput.

The compressed gas is then supplied to dl the refudling sations in the 50 km radius.
The average transport distance is 33 km (the average distance of a point in a circle from
the centre is two thirds of the radius). For the purposes of comparing the capita
invesment needed for the whole fud chain, however, the number of Sations that could
be supplied from the output from the generation Ste used was dill cdculated. The

forecourt storage assumptions used were the same as those for fuel chain A.

4.3.3 Liquid storage and road transport

There is no need for pre-compresson and compressed storage in this fuel chain, as
the liquefier can be gzed a the congtant rated output of the dectrolyser. A very smdl
volume of liquid storage is then needed to dlow for refilling of the road tankers. This
was taken to be one hour’ s rated output.

The liquid hydrogen is then ddlivered an average distance of 33 km to the forecourts

as for compressed gas. One tanker-load is considered to be delivered to each forecourt,
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to reduce mode complexity. It would be possble to mode the logigics of deivery
more rigoroudy to dlow for more regular refudling of severa dations, as pat of a
more responsive travel cost model (see section 3.8). Forecourt storage assumptions are
the same as those for fudl chain A.

4.3.4 Pipeline storage and transport

The pipeine infragtructure used to didribute hydrogen to refueling Sations within
the 50km radius could be established in a number of ways, the extremes being from a
radicd switch to hydrogen provison, with a centrdly planned full cagpacity network to a
more organic growth of the network from a regiond hydrogen production point. The
ingdlation would need to be planned to avoid the need to increase the capacity of the
main pipelines as demand for pipeline branches and throughput increased. As a path for
possble growth of a pipeine network is not known, and this modd is constructed
around a generic system, a margind length of 4.45 km was consdered (equa to the
distance between gations). The throughput of the margind length is the demand of one
dation. This could represent an edtimate of the capitd cost apportioned to one dtation
from the congruction of a full capacity network, or the cost of connection to the next

nearest connected dation in a growing system. Again, the pipeline was aso assumed to

provide dl necessary storage.

44 C: Electricity generation —grid —forecourt electrolysis

In this fud chain, the output from the same range of generating technologies is
assumed to be transmitted and didiributed via the dectricity network to the forecourt.
Here it is used to power a forecourt eectrolyser at a scde of around 1 MW. The
eectrolyser is scded to meet the forecourt hydrogen demand if run continuoudy
(severd dudies condder forecourt eectrolyss to only operae a night, to take
advantage of off-peak eectricity prices eg. DT (1997)). The capitd cost per unit output
of the dectrolyser used is higher than in fud chans A and B as a result of its amall
capacity. The hydrogen produced is then compressed and or liquefied and stored. In
order to edtimate capitd cods of the whole fud chain, the number of Sations supplied
by the average output of each generation technology is calculated.
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<
Electricity Grid Florecolurt_ H, conversion
generation = electrolysis and storage

4.4.1 Advantagesand interactions

This fud chan involves no trangport of hydrogen by road or pipeline and therefore
less new infragtructure than for chains A, B and E providing there is suitable grid
connection to the refudling dtation. There is therefore dso no dependence on hydrogen
delivery from an externd source and S0 greater security of supply and greater control of
the volume of hydrogen sored for use As with fud chan B, it is assumed that
renewable eectricity can be bought in from a variety of sources, both intermittent and
predictable, such that the sysem can be run a its full capacity. However, the moddling
assumes the input is entirdly from one source, to dlow the cost data from one source to
be used. There is dso no need for any of the chains to be exclusve — a refudling Sation
could be supplied by a combination of hydrogen generated ondte and tha brought in
from regiona or national production. Given that there may ot be scope for liquefaction
a a forecourt scale, this could be important if both liquid and compressed hydrogen are
required. It would aso be posshle to use a higher output eectrolyss sysem and
produce hydrogen to match the daly demand profilee This would depend on the
eectrolyser performance a variable load, and the reaive sendtivity of cods to
eectrolyser and storage costs. A disadvantage of this fuel chain might be a lengthened
planning process. Production of a gaseous or liquid fue onsite may be subject to greater
controls than sorage done. Efficent planning regulation for hydrogen production and
handling facilities would be a prerequisite for a successful hydrogen infrastructure.

4.4.2 Compressed storage

The hydrogen is compressed by a compressor Szed for the rated output of the
eectrolyser. 0.5 days <orage is provided; this adlows hydrogen produced during the
night, when demand is low, to be stored for the daytime demand peaks.

4.4.3 Liquid storage

As discussed in section 3.7.1, there is some doubt as to the viability of very smadl
scde liquefie's. The liquefier output here is 0.6-08 t/d, smadler than current
commercidly avalable plant. This option will 4ill be conddered, however, as
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modelling by Amos (1998) condders liquefaction at scdes down to a fifth of those
consdered here, and dso to dlow for technology development. The liquefier is scaed
a the rated output of the edectrolyser, and operates continuoudy. 0.5 days liquid
storage is provided as above.

45 D: Forecourt electricity generation — forecourt electrolysis

This chain condders generation of eectricity a the forecourt, ether from a single 2
MW wind turbine, or from a 300 kW, PV aray. The output is used to power an
electrolyser szed for the rated output of the generation. The hydrogen produced is then
compressed using a compressor also sized for the rated output of the generation.

Forecou_rtelectrlcny L Forecourt_ H, conversion Use
generation electrolysis and storage

45.1 Advantagesand interactions

This fud chain is a completely decentrdised system, with no dependence on externd
supply of hydrogen or electricity. Nether generation technology supplies enough
hydrogen for the whole of the refueling station demand, however there is a vaue to any
secure generation capacity, especidly if this is found to be competitive with other forms

of supply.

452 Compressed storage
3 days compressed dtorage is provided to act as a buffer to intermittency of the

generdtion. As in fud chan A, longer term sorage would alow a more consstent
output, however may add sgnificantly to the cost of the system, especidly at this scae.
The sengitivity of the hydrogen cost to the storage time will be considered later.

45.3 Liquid storage

A liquefier Szed at the average output of the generation is used to liquefy the stored
compressed hydrogen a a congant rate. The output of the chain with input from wind is
0.2-04 t/d, comparable with research scde liquefaction, but the PV chain would require
liquefaction a 0.01 t/d. This is unlikely to be viable a present, but has been included to
dlow for possble developments in the technology. 0.5 days liquid storage is provided
to ore liquid hydrogen produced during the night.
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46 E: Biomass production —gasification —regional transport 32 km

The inputs to this fud chain are short rotation coppice and forestry wastes. These
biomass products are harvested from an area large enough to provide 70 MW biomass
input to a gedfication plant (see section 3.5). This area is determined using the crop
yield per hectare and an assumption of land use, and used to find the transport distance
for biomass harvesting (see section 3.3). The biomass production and gadfication plant
are conddered to be sted closer to the hydrogen demand than the dectricity generation
technologies, and therefore hydrogen didribution by compressed and liquid road
trangport and by pipeline is consdered on the regiond scde used for fued chain B. The
assumptions used for digtribution of the hydrogen are therefore the same as those used
for fud chan B.

Bi Biom Regi |
iomass iomass egional . .

> a AN H conversion H. distribution Forecour Use
production transport gasification and storage storage

4.6.1 Advantagesand interactions

A biomass crop could be used interchangesably as a feedstock for dectricity, heat or
hydrogen production depending on market conditions, demand or plant availability.
Electricity generated could even be used in the other fud chains (and would be available
more chegply than some other renewable generating technologies (ETSU, 1998)),

however thiswould be aless efficient use of the biomass crop (see section 3.3).
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5 Resultsand analysis

5.1 Resaultsdata

The cods, energy use and emissons from the fud chains are presented in appendix
D. The travel cost per kilometre driven assumes the use of hydrogen in a fud cdl
vehicle. Capitd cogts for the whole fud chain are given per vehicle served. Note that
the tota number of vehicdes served by each refudling dation is severd times greater
than the number refudled per day, as each vehicle has to refud gpproximatey once
every 7 days Energy use and emissons are dso given per kilometre driven in a
hydrogen FCV.

Appendix D gives the full results of the modd. This study does not present an
andydgs of dl 58 combinations of fud chain, generaing technology and digtribution
method, for both 2002 and 2020, as this would be lengthy, and would not highlight the
key results The principd trends and sengtivities of the modd will therefore be
discussed, usng individua generdting technologies and fud chains as examples The
results from other generating technologies will be discussed if they differ Sgnificantly
from the trends seen.

This section will fird explan how the results obtaned were compared with
dternatives such as petrol and hydrogen produced from fossl fuds. The trends in
hydrogen cost with energy source, time, fud chan and deivery method will then be
discussed for sdected fud chains. In order to understand the factors contributing to
these trends, the results will then be broken down into congtituent component costs, and
the sendtivity to variation in these codts andysed. The trends in energy use and

emissions from the chains will aso be consdered.

It must be consdered that there is potentid for dl of the generation technologies
consdered here, and the aim is not to make a technology choice, but to assess a range of
possihilities. It is aso important to consider the avallable resource for each generaion
technology. Once the range of fud chains with the greatest potentid has been identified,
usng the consderations given above, the resources for each generation technology will

be used to derive an approximate resource cost curve.
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5.2 Comparison with alternatives

Travel cods per kilometre from renewable hydrogen will be compared with those
from driving a petrol car in 2002 of 5.2 p/km. These costs were caculated usng the
average fud consumption for new cars in 2000 (0.079 I/km) and the petrol price from
June 2002 (74.1 p/l) (DfT, 2002, DTI, 2002). This petrol price includes VAT and fud
excise duty, which together make up around 73% of the pump price (IFS, 2000). The
travel costs using hydrogen will therefore dso be compared with the untaxed price of
1.4 p/km. Current prices will dso be compared with 2020 hydrogen costs, it would be
very difficult to project petrol prices to this deate, given the heavy dependence of trave
cods usng petrol on crude prices, fud duty and vehicle efficiency improvements. Note
that none of the costs consdered include an dlowance for the capitd costs of the
vehide used, which are likdy to be condderably higher for fud cdl vehides in the
short term.

Trangport policy and fisca regimes heavily influence the price of any automotive
fud. It is not possible to forecast how these may change over a twenty year period.
However, pilot projects usng hydrogen in the UK will be exempt from fud duty (Foley,
2001). It is not clear what level of fud duty would be levied once the use of hydrogen
became more widespread. Foley (2001) suggested that the government should make a
commitment to st the duty a zero over a 5-year period to boost market confidence.
Alterndtively, it could be st a a levd commensurate with the externdities, such as
emissons, involved in its production and use. This is seen with the low current duty on
road gases (LPG and CNG) in recognition of ther low emissons of particulates and
oxides of nitrogen (Brevitt, 2002).

The travel costs of hydrogen from renewable sources must dso be compared with
those for hydrogen produced other methods such as steam methane reforming. The cost
of hydrogen from industrid scae seam methane reforming has been etimated at £3-5.6
/IGJ (Hat e d., 2000). If this is assumed to be produced a a regiond dSte, and
digributed as in fud chan B as a compressed gas, the ddivered cost would be
approximatdly £8-10.5 / GJ. This gives a travel cost of 0.95-1.26 p/km. Note that this is
acogt, and not a price, and therefore includes no profit mergin, fuel duty or VAT.

66



Reaults and andys's

5.3 Variation of hydrogen costs with energy source

Fud chan E, with inputs from the biomass products SRC and forestry wastes
provides the cheapest delivered hydrogen, irrespective of digtribution method. SRC and
forestry wadtes give very dmilar cods within 0.02 pkm, with SRC being margindly
cheaper.

For fud chans A-D, with renewable dectricity input, onshore wind gives the lowest
trave cods. This is shown in figure 2 for fue chain B for 2002. Onshore wind has the
lowest generation costs of the dectricity technologies consdered. The eectricity

generation cost makes up a large proportion of the travel cost, and the travel cost is most
sengtiveto it for most fud chains (see section 5.7).

Comparison of the fud chains and their components will therefore be carried out
usng results from SRC and onshore wind fud chains. Results from other technologies
will be included where they differ Sgnificantly from these trends.

Variation of delivered cost of hydrogen with generation technology
Fuel chain B - compressed storage and transport

[oe]

High electricity cost

~

Low electricity cost

Liks ihili

o

(¢

IN

Travel cost (p/km)

w
]

N
]

[y
]

Offshore Offshore Onshore Onshore Wave Tidal Tidal Small Small
wind wind wind wind 2020 2002 2020 hydro hydro
2002 2020 2002 2020 2002 2020

Figure 2: Variation of hydrogen cost with electricity generation technology. Note that wave energy based
chains were not considered for 2002, and that fuel chain E (biomass) is not included here
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5.4 Variation of hydrogen costs with fue chain and transport method

Figure 3 shows that for 2002, the lower bound of the travel cost of hydrogen from al
of the fud chains would be lower than the current taxed travel cost of petrol. Pipdine
transport is the lowest cost didribution method for dl fud chans where used;
compressed storage and transport is cheaper than liquid Storage and transport.

Variation of delivered cost of hydrogen with fuel chain and transport
method for 2002
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Figure 3: Variation of hydrogen cost with fuel chain and transport method for 2002.

Fud chain E provides the lowest cost hydrogen, with travel costs lower than that d
untaxed petrol for dl digtribution methods. Note that the value indicated from hydrogen
produced regiondly by steam methane reforming is the lower bound of the range given,
and is.for trangport and storage as compressed gas. Therefore delivered cods for
hydrogen production from biomass via fud chan E ae about the same as those from
SMR, at around £8.80 /GJ.

Regiond dectrolyss and digtribution, as represented by fud chan B, dso provides
hydrogen a a lower cogt than untaxed petrol, but only if pipdine transport is used
(E11.40 /GJ). Chan B is chegp for dl three didribution methods because of the short
transport distance and because of economies of scde in conversion and Storage.

However, if the pipdine case is excluded, compressed hydrogen could be delivered a a
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lower cost using forecourt dectrolyss via fud chain C. This dso avoids the need for
road transport of hydrogen, reducing traffic and emissons If liquid hydrogen is
required, fuel chain B codts less than fuel chain C. This is as a result of the high cost of
gmdll-scale liquefaction, which outwel ghs the saving made by avoiding liquid trangport.

Electrolyss and converson a the wind farm, as represented by fud chan A, has
cods over a third higher than for fud chain B. This is a result of reduced economies of
scde of converson technologies, and the high cost of hydrogen transport when
compared with tranamisson and digribution of dectricity. The higher cost of chans A
and D may dso be due to the need for overszing of components to dlow for
intermittency. The sengitivity to costs of the components will be assessed in section 5.7.

Liquefaction at the electricity generation dte, as in fud chan A, or a a forecourt
wind turbing, as in D, adds consderably to the system cogst, making these the mogt
expensve options. This is as a result of both the need for pre compresson to alow for

intermittency of generation, and the high cost of small-scae liquefaction plant.

5.5 Variation in hydrogen costsover time

Variation of delivered cost of hydrogen with fuel chain and transport
method for 2020
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Figure 4: Variation of hydrogen cost with fuel chain and transport method for 2020
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Figure 4 shows that travel cods for al the fud chains decrease for 2020. Note that
this is not the case for the chains based on input from smal hydro, for which the high
eectricity cost vaue increases for 2020. This is because the upper bound of the

electricity cost range increases as the best sites are devel oped.

The reaults in figure 4 have been presented in order of decreasing cost for 2002. This
is to dlow easy comparison across figures 3 and 4 The petrol prices given are the same
(as discussed earlier), and the SMR hydrogen cost was projected to decrease to a low
vaue of 0.87 p/km, given a 10% decrease in SMR cogt, constant gas price, and the same

decrease for the other components as used in fuel chain B.

The reaults from fud chain E do not decrease greatly between 2002 and 2020. The
sgnificant decrease in cost of the eectricity-based chains results in the cheapest of
these now being avalable a lower cost than the biomass-based ones. This is an
important result given the limited biomass resource (see section 5.10). The lowest cost
eectricity based-chains would dso be avalable a a lower cogt than hydrogen from
SMR. In 2020, over hdf of the fuel chains provide hydrogen a a travel cost lower than
the untaxed travel cost of petrol.

The reative cogts of chains with liquid storage decrease rdative to the other chains.
For example, in 2020, A (liquid) is chesper than A (compressed), there is less
discrepancy between liquid and compressed vaues for fud chain C, and the costs ae
gpproximately the same for liquid and compressed in fuel chains B and E.

The travd costs of chains with pipdine transport aso decrease more sgnificantly
than those with compressed or liquid transport. This is because there are fewer cost
components of the pipeline fud chains, and so the decrease in dectricity cost has a
greater effect.

5.6 Costsof fuel chain components

The discusson of totd travel codts from dl the fid chains showed that it is necessary
to condgder the relative cods of the fud chain components and their decrease to 2020 in
order to explain the range of fud chan travel costs. It would not be possble to assess
the effects of adl components of dl fud chans within this thess Fud chans B and E
were chosen as representative examples, as both include al components studied. Fuel
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chan D was dso conddered, as the results for PV inputs to this fud chan ae

sgnificantly different from those for other chains modelled.

Figure 5 shows the breskdown of costs for fuel chain B, which gave the lowest codts
for an eectricity chain for al three trangport methods.

Contribution of fuel chain components to delivered cost of hydrogen
Onshore wind - Fuel Chain B - 2002 and 2020
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Figure 5: Component costs for fuel chain B: onshore wind for all transport methods, for 2002 and 2020

Figure 5 shows that dectricity generation contributes to more than hdf of the trave
cost of hydrogen, irrespective of transport method and time. The reductions in cost for
2020 are principdly due to reductions in the eectricity cost. Other important effects
shown include the high contribution of compressed transport to travel costs, and the
impact of high costs of liquefaction and liquid dispensng. Note that the cods of
eectricity generation per km driven are not the same the same output of eectricity is
produced, but the cost is higher per km for the liquid chain as the chain isless efficient.
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Contribution of fuel chain components to delivered cost of hydrogen
SRC - Fuel Chain E - 2002 and 2020
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Figure 6: Component costs for fuel chain E for all transport methods, for 2002 and 2020

Figure 6 shows the breakdown of costs for fud chain E. The converson, transport,
forecourt storage and dispensing costs are the same as those for fud chain B. The cost
of energy input, here the biomass production, is a much smdler proportion of the travel
cost. There is a much smaler decrease in cost to 2020 as the cost of biomass production
and transport was not projected to decrease. The reduction in cost is due to cost
reductions in gasfication and conversion with technology development and learning.

Figure 7 is provided to show how the breakdown of costs varies for forecourt
generation systems (chain D). The forecourt wind generdion is large enough to benefit
from some economies of scae in the dectrolyser and converson equipment. The PV
chans, however, have such small output that even costs such as that from the dispenser,
which is minima for the other fud chains, become important. This is the only fud chain
where the cost and scde of generation varies so much as to have a large effect onthe

travel cost. PV aso has the largest projected decrease in generation cost for 2020.
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Contribution of fuel chain components to delivered cost of hydrogen
Forecourt generation - Fuel Chain D - 2002 and 2020
60
O Dispensing
50 1] Oconversion and storage
Electrolysis

—~ 40 1 )
c B Generation
=
=
3 30
o
T
>
o
'_

20

10

wind  Wind wind  Wind PV PV PV PV
2002 C 2020 C 2002L 2020L 2002C 2020 C 2002L 2020 L

Figure 7: Component costs for fuel chain D, for both wind and PV generation for 2002 and 2020

These figures show the impact of the input cost parameters on the travel codt, but do

not show how sengtive the costs are to these parameters, or their range of variation.

5.7 Sensitivity analyses

Sengtivity andyss was caried out on fud chains A-E, with compressed storage, for
the low dectricity cost vaues for onshore wind and SRC for 2002. The compressed
storage option was chosen as it dlowed comparison of the sengtivity of travel codts to
the same parameters across dl five fuel chains, and was one of the lower cost options
for each. In order to dlow this comparison across the storage and transport methods,
sengtivity andyss of compressed, liquid and pipeline options was dso carried out for
fud chan B. This chan provides low travel cost hydrogen for each transport and
storage option, can be compared with fuel chain E, and the spider graphs obtained can
be compared with the component cost charts in figure 6. All possible parameters were
vaied for the sengtivity andyss The modd was not sufficiently sendtive to dlow
vaiation of some parameters, such as truck volume and delivery logigics. This would

be a useful improvement for future modds The following table shows the parameters
used, and the range over which they were varied.
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Parameter Min Original Max Notes
- . Future low cost estimate and
Electricity price (p/kWh) 15 25 46 current high cost estimate
Future cost estimate and highest
Eﬁ;ﬂﬁr cost ($GJ our) 76 190 31.7 | valueseenin literature (Padr6 and
Putsche (1999))
In proportion with future cost
El I
v (‘]ﬁgfte((iﬁf)"“‘) 148 370 555 | estimate and highest value seen in
' literature (Padré & Putsche (1999)
Electrolyser energy use L owest possblevaluegnd highest
35 45 6.1 | value seen for commercialy
(KWh/Nn) ,
available system
Compressor cost (E/kW) -20% - +20% | Established technology
Tank cost (E/kW) -40% - +40% | Variation in tank type and material
Storage time at generation > 3 45 Variable buffer storage (Chains A
site (days) compressed "7 | and D)
. ; Thelow valueisthe one-hour
Storage time at regional . .
S - 0.04 0.06,0.08 | minimum, higher values allow
production site (days) flexibility
- Value used was not specific to the
tCompr and liquid -50% - +50% | volume transported and so large
ransport costs . o
potential for variation
. Thelow valueistheinterval
Forecourt storage time for > .
delivered compressed 04 05 1 bjwe:jr: del |\f/er|.es and thi hlg:
hydrogen (days) valueallows or increased truc
capacity
Compressed dispenser cost Low value is—20%, highest value
2400 3000 6000
($/kglhr) was quoted for asmall system
Forecourt storage time for . . .
. S The lowest isthe delivery interval,
delivered liquid hydrogen 6.8 75 8.2 highest is +10%
(days)
Liquefier energy use 49 80 140 Lowest is magnetic liquefaction,
(kWh/kg) ' ' " | highest isLinde Ingolstadt plant
Liguefactionisat arelatively early
Liquefier cost (E/kg/hr) -40% - +40% | stage of commercialisation so a
widerangeisused
Thereislittle experience with very
Dewar cost (£/kg) -40% - +40% | large scale Dewars and arange of
types and materials can be used
At small flows the variation of
Pipeline cost (£/GJ/yr) -20% - +20% cost W.'th .ﬂ ow rate s steep, giving
potential inaccuracy in pipeline
cost, estimated at ? 20%
Pipeline branch length 29 a4 89 The distance of arefuelling station
(km) ’ ) " | from apipeline may vary
: Littleinformation was available
B f k
(flj(();n;)ass eedstock cost -20% - +20% | on biomass costs, however they
are unlikely to vary widely
Range given in Williams (1995)
Gadsifier efficiency (%) 50 55 58 | for different gasifier types (minus
electricity requirements)
A widerangeisused given the
Gasifier cost (E/GJ/yr) -40% - +40% | early stage of commercialisation

of gasification to hydrogen
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5.7.1 Acrossfud chains
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Figure 8. Cost sensitivity for fuel chain A: compressed. ‘Tank cost’ is the compressed storage cost, and

affects both the storage costs at the production site and at the forecourt
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Figure 9: Cost sensitivity for fuel chain B: compressed
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Figures 8 and 9 show the sendtivity d cods to the parameters used in fuel chains A
and B. Note that the scales are the same, to alow comparison of the gradients of the
lines. Both chains are most sendtive to the cost of dectricity and therefore dso to the
energy use of the dectrolyser, which has the largest energy consumption of the fud
chan components. This result shows the effect of uncertainty in projecting future
renewable eectricity cost on future hydrogen costs. The uncertainties in projected codts
of many of the hydrogen technologies, which are in some cases Sgnificant given ther
ealy dage of devdopment and commercidisation, have a minima effect when
compared with those for dectricity generation. It should be noted, however, tha one
hydrogen technology having a direct effect on the costs per km driven is the hydrogen
consumption of the FCV itsdf. The use of a hydrogen ICE, with an efficiency less than
haf that of the FCV would more than double the travel codts.

The cost of compressed transport is dso an important factor, more so for fud chan
A, due to the longer transport distance. A more sendtive mode for transport costs
would therefore be beneficid in future work. Electrolyser and tank costs have a lesser
effect on cods in fud chan B than in fud chain A, due to economies of scae. It can
a0 be sen that dorage time a the generation Ste and forecourt has a much lesser
effect on chan A than expected. It might therefore be possble to increase the buffer
dorage included to baance intermittency of generation without adding ggnificantly to
the sysem cost. This may need to be assessed on a dte-by-Ste bass knowing the
specific capacity factor and trangport parameters for that Ste.

Figure 10 shows the cost sengtivity for fue chain C, forecourt dectrolyss. The cost
of hydrogen from fud chains B and C is more heavily dependent on the dectricity price
and dectrolyser energy use than for fuel chain A. This is because the eectricity price is
a higher proportion of tota cods. In generd, the sendtivity of codts to the cost of each
component increases with decreesng number of components. Therefore a variation in
the cost of one component that may not have been identified in the modd is likdy to
have a greater impact on the fud chains with fewer stages, i.e. C and D.

Fue chain D is more sengtive to the cost of eectrolyss and forecourt storage than
the other fud chains as codsts increase for smal sysems and adl components are
oveszed. Figure 11 shows that a decrease in cost of the dectrolyser could have a
greater effect than dectricity price reduction, reducing the travel cost to 2.5 p/km.
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Figure 10: Cost sensitivity for fuel chain C: compressed
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Figure 11: Cost sensitivity for fuel chain D: compressed
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5.7.2 Acrosstrangport and storage options

As liquid trangport is chegper than compressed trangport, the costs of liquid hydrogen
from fue chan B ae less sendtive to trangport costs than those for compressed
hydrogen (see figure 9). Costs are rdatively dable (variations of less than ?10%) with
variation in al parameters except eectricity cost and electrolyser energy use.

Cost sensitivity for fuel chain B - Liquid
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Figure 12: Cost sensitivity for fuel chain B: liquid

This is ds0 the case for regiond digtribution by pipeine (see figure 13). Due to the
smdl contribution of pipeine cods to the travel cod, there is dso rdatively low
sengtivity to the length of branch pipdine needed to connect the refueling dtation to the
nearest connected Ste. The low hydrogen costs from this chan mean that eectricity
price and dectrolyser energy use cause sgnificant variation in the result, to a maximum

increase of over 75%. A cost lower than the cost of untaxed petrol may therefore not be
achieved in dl cases.
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Cost sensitivity for fuel chain B - Pipeline
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Figure 13: Cost sensitivity for fuel chain B: pipeline

5.7.3 Fud chanE
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Figure 14: Cost sensitivity for fuel chain E: compressed
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The cogt of hydrogen from fud chain E is far more sable than from the dectricity-
based chains (note the incressed scale of figure 14). Only the cost of compressed
transport causes a vaiation in cost of more than ?10%. The sengtivity to the codts of
the other hydrogen technologies are larger than those for compressed transport in fue
chain B, as they comprise a higher proportion of the find costs. However, the cogt of
hydrogen is more stable with respect to the cost of the biomass crop, cost of the gasfier
and gadfier efficiency in this chan than to the cods of dectricity generation and

converson in chains A-D.

5.8 Energy use emissonsand the environment

The life cycle energy use of a petrol ICE is 284 MJkm (Shdll, 2001). Appendix D
shows that the non-renewable energy use of the fuel chains modeled here does not
exceed 9% of this vadue. The nonrenewable energy use of fud chan A is 21% of the
energy content of the fud used per km. As the only nonrenewable energy use
conddered here is diesd for hydrogen and biomass transport, and for biomass

production, many of the fuel chains have zero values.

The hydrogen production efficiency (the energy content of hydrogen produced per
unit of dectricity or biomass energy input) of the fue chains A-D dso varies depending
on the energy consumption of dectrolyss and converson. The fud chans with
compressed dorage or pipdine ddivery have an efficiency of 64% (excluding non-
renewable energy input) in 2002, increasing to 75% in 2020. The 2002 vaues reduce to
53% for liquid storage in fud chains B, C and E, and 51% for fud chans A and D,
where pre-compresson adds to the energy use of the conversion step. Fuel chain E is
only 49% efficient in 2002 for compressed or pipeline transport, increasing to 56% in
2020 with improved gasification.

The ‘energy ratio’, i.e. the energy content of hydrogen produced divided by the
energy input for each chains adso varies condderably. The only energy inputs to the
electricity-based fud chains are from trangport, as eectricity generation has a very large
energy rétio. Thus the energy used in compressed transport in fud chain A results in a
very low energy ratio, of only 4.7. This increeses to 24 for fud chan B with
compressed transport, and to 600 if liquid transport is used. For eectricity-based fuel
chans not incduding road transport, the energy ratio is very large, and cannot be
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edimated within the scope of this study. Energy ratios for fud chain E are between 6.9
and 9.8 depending on didtribution method, as a result of the energy used in biomass
production and transport.

Appendix D aso shows that carbon dioxide emissions are greatest from the use of
short rotation coppice in fud chan E, a 16-21 g/km, depending on transport option.
Fud chans A and B have nonzero emissons for compressed transport, of 17 and 3
okm respectively, with the rest of the chains having negligible emissons. These figures
ae very smdl compared with the average well-to-whed CO, emissons of a new petrol
car in 2000 of 170 gkm (EST, 2002). The smallest, most efficient petrol cars such as
the Smart and Prius petrol hybrid have wdl-to-whed emissons of under 140 g/lkm, with
a levd of 100g/km being set as the threshold for congderation as a ‘low carbon
technology (EST, 2002).

Given that the compressed hydrogen tube trallers have a capacity of only 180 kg, a
very large number of tralers are needed for even smal volumes of hydrogen supply.
For example, the hydrogen demand of one refudling station in 2002 would require 3.3
tralers per day. If a regiond didribution Ste, as conddered in fud chan B were to
supply the whole regional demand with compressed hydrogen ddivered by tube traler,
over 1300 tralers would leave the Ste every day, i.e nearly one traller every minute.
This volume of large vehicle traffic, fudled by diesdl for the foreseeable future, would
have a detrimental effect on the locd area in terms of noise, ar quality and congestion.
Such frequent resupply of refudling sations would aso be disruptive to the operation
of the dation. This option is therefore only redly suitable for a smal hydrogen demand,
i.e. infrequent ddivery. Improvements in trailer capacity, usng higher storage pressures
or dternative storage methods (see section 3.7) would be needed to make compressed
delivery aviable option for supplying the entire trangport demand of arefuelling sation.

5.9 Fud chain comparison

In order to estimate the potentia for renewably produced hydrogen in the UK, the
most viable fue chains for its production must be identified. As discussed above, dl of
the fudl chains conddered are available a cods in the same order of magnitude, and the
most suitable option will depend on the specific location and supply characterigtics of
the generdtion gte, location and demand of the refudling Ste, demand growth and the
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form of hydrogen required by consumers. However, severa of the chains have

particular benefits that would make them a viable option in awide range of cases.

Fud chan E provides the lowest cost hydrogen, with the lowest capita cost
requirement per vehicle served. Fipeine ddivery is the lowest cost and lowest energy
use and emissons option, however this lacks short-term flexibility of supply volume.
Compressad ddivery could be used for very smdl demands, though liquid ddivery
would be aviable option during market growth.

Fud chain B with liquid or pipdine ddivery would supply hydrogen a low codt, has
low carbon dioxide emissons and energy use, and no problems of road traffic volume.
As with fud chan E, centrdised hydrogen production gives economies of scae and
means that maintenance is not needed for alarge number of distributed Stes.

Fud chains C and D could be used if compressed hydrogen were required, and may
be very ussful in the early sages of infrastructure introduction, but are unlikely to be
viable in the short term for liquid hydrogen supply. Fud chain C is availdble a lower
cog than fud chan B in some cases, has zero emissons, and dlows the refueling

dation to manage its own production to meet demand.

5.10 Resource

The renewable energy resources given in section 3.2 can be used to derive an
gpproximate resource cost curve for renewable hydrogen transport. It was assumed that
hydrogen was produced from renewable dectricity by fud chan B and from biomass
from fud chain E, with pipeline ddivery in both cases, as this is the chegpest and one of
the most efficient options. The fuel chain efficiencies and other data used in derivation
of the curve are given in table 12 below. It was assumed that the resource Stated was
only avalable at the high travel cog, i.e. the upper bound of the cost range. This was
necessary because the proportion of the resource available at lower costs was not
known. A more accurate and less consarvative estimate could be made by summing
hydrogen resource cost curves derived from those for each generation technology. Note
that the resource avallable from forecourt generation, as modeled in fud chan D, was
not included, as the number of possble stes for sngle wind turbines or refueling
stations with space for asignificant area of PV pands could not be estimated.
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2002 2020
Efficiency of fuel chain B: pipeline 64% 75%
Efficiency of fuel chain E: pipeline 49% 56%
Vehicle energy consumption (M J/km) 1.2 1.2
Annual trave per vehicle (km) 15,150 15,150
SRC resource (Modt/yr) 16 24
Forestry wastesresour ce (M odt/yr) 1.4 1.7
Onshorewind resource (TWh/yr) 26 26
Offshorewind resource (TWh/yr) 986 986
Small hydro resource (TWhiyr) 1.6 1.6
Waveresource (TWh/yr) 50 50
Tidal resource (TWh/yr) 36 36

Table 12: Data used in estimation of the resource cost curve.

The annud travel per vehicle was cdculated from a figure of 9410 mileslyear (DfT,
2002). To facilitate comparison of the results for 2002 and 2020, the vehicle trave
parameters were kept constant for 2020. This avoids error in projecting the combined

effect of decreasng vehicle energy consumption with increase in travel demand given

the rdatively early sage of fud cdl vehide commercidisation and the possble policy

influences on persond trave.

Renewable hydrogen travel resource for 2002 and 2020
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Figure 15: Estimated resource-cost curve for 2002 and 2020
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Figure 15 shows that if the tota resource of the renewable technologies considered
here were used to produce hydrogen, enough could be produced to refue the UK fleet
of 244 million cas (DfT, 2002) nealy sx times over. Even if the totd dectricity
demand of the UK of 300 TWhiyr (equivdent to about 41 million cars) was assumed to
be produced from renewable sources, the fleet could be fudled four times over. Note
that this does depend heavily on the offshore wind resource, responsible for the large
increases in resource a 1.6 p/km in 2020 and 3.2 p/km in 2002. If the potentid for
offshore wind were reduced to the most consarvative estimate of 100 TWhiyr (ETSU,
1998), the total resource would be reduced to only 29 million carsin 2002.

Figure 15 is more useful for demondrating the sgnificant resource avalable a low
cost. Nearly 19 million cars, or 40% of the UK car fleet could be fuelled a a cost lower
than that for untaxed petrol in 2002. Biomass, onshore wind and smal hydro contribute
to the resource below this cost (1.4 p/km). In 2020, over 75% of cars could be fuelled at
this cost. Note that these figures do not nclude a contribution from offshore wind, and
therefore are not affected by the differing estimates of its potentid.

This represents the total practicable hydrogen resource available, from the practicable
resource of each renewable energy source. In practice, the number of cars fuelled by
renewable hydrogen will depend on the levd of renewable energy generation, and the
proportion of that generation used for hydrogen production. Switching of renewable
electricity generation to hydrogen production, or investment in renewables capacity
dedicated to hydrogen will depend on a range of market and policy factors, discussed in
section 7.
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6 Discussion of model results

6.1 Introduction

The identification of possble hydrogen production routes, review of the datus of
their component technologies, and subsequent moddling of ther performance shows
that renewable production of hydrogen can be consdered to be a viable option for the
UK. Whilg not induding a detaled sysem smulation for each fud chan, the modd
provides the important result that the mgority of the fud chains provide hydrogen a
travel cods in the same order of magnitude, which for 2020 are lower than for untaxed
petrol if used in a fud cdl vehide This dlows choice between fue chains based on
other, more sysem specific factors, such as whether a refudling Ste is suitable for
hydrogen production, or would benefit more from hydrogen being delivered to it by
road or by pipdine. It aso dlows interactions between the fud chans so that a
combination of hydrogen supply chains could be used a any one time. Infrastructure
and expertise developed during use of one fuel chain could be used as building blocks
for new chans becoming more viable with increesng demand or technology
development.

This result does, however, bring up the question of whether the mode is sufficiently
sengtive and accurate to diginguish between the fud chans effectivdy. It dso means
that to determine the mogt suitable range of fue chains for a particular demand, a more
detaled study may be needed. This section will therefore consder the qudity of the
model sructure and input data, and suggest improvements that could be included in
further work based on thisinitia study.

6.2 System choice

The scope of the technologies included in the mode was narrow enough to dlow
detailled consderation within the timeframe of the proect, but wide enough to
incorporate the principa options. In future work it would be vauable to assess further
technology options such as other biomass crops and wastes for hydrogen and electricity
production. Further condderation of hydrogen storage and transport options such as

underground storage, and the use of metd hydrides for compresson and storage could
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aso reduce the costs of some fuel chains consdered. Consultation with developers of
hydrogen technologies could help in assessng the potentid timescde for introduction of
novel components, such as smaler scale liquefaction.

The grestest benefits of many of the fud chains could lie in the interactions between
them, paticulaly the switching of output from hydrogen to dectricity production
possble with biomass gadification or with eectrolyss a the remote generation Ste as in
fud chan A. Moddling these interactions as pat of a modular energy sysem would
ental condderably more complexity than the liner modd used, and therefore
preferably the use of a more sophisticated program to ded with feedbacks and enable
optimisation. A detaled sudy of the technicd and economic characterigics of the
electricity network would be also needed, and the most valuable results obtained when
modelling generation & a defined location. This would adlow use of specific capacity
factors, network availability and transport distances.

In a more detailed study, the system boundaries used for estimation of energy use and
cabon dioxide emissons could be widened. Embedded energy in fud chan
components and energy used in ther operation and maintenance could be included.
Congderation of other emissons such as NOy and particulates would dlow comparison
of loca ar quaity impects.

6.3 Input data

The data were obtained from a thorough review of papers from peer reviewed
journas, the US Depatment of Energy publications and UK government department
datigtics. For some parameters there was a dgnificant discrepancy between estimates
from different sources, such as for the potentid of renewable dectricity resources, or
the cost of eectrolysers at varying scaes. In these cases, the different estimates, and if
possible the assumptions behind them were discussed. The vaues chosen were then
those on which there appeared to be a consensus from several sources, or those that
were most recent and/or gpplicable to the systems studied in this model. In several cases
the vaues used were checked through discusson with others working in the fidd (e.g.
Hart, Bauen, Madden). As a result of this process, the input data for 2002 can be
considered to be the best available from a literature review. For a nore detailed system

study, it would, however, be preferable to contact a range of component manufacturers
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directly to obtan up-to-date quotes and technicd data not avalable in the public
domain. For some of the parameters, it was not possible to find data applicable to the
scde of sysem used, or to find a suitable scading factor. The assumptions used to
extrgpolate the data found to the scale needed were described in the technology review,
and will be assessed in section 6.4.

There was very little available information on projected costs and efficiencies for
2020 for the mgority of the fud chain components excluding the renewable ectricity
generation technologies. As a result, costs and in some cases, efficiencies for 2020 were
edimated usng a rddivdy sSmple method linked to the dage of technology
devdopment. More dealed andyss such as the combined engineering
development/learning curve gpproach used in the working paper on dectricity
generdtion technologies for the PIU Energy Review (PIU, 2001h) would provide more
accurate projections. However this would be very difficult for many of the fud chan
components given the lack of market experience with ther use. This study was dso
intended to assess the potentia for dl the fud chans concurrently, without considering
eech to be the dominant option, with large manufacturing volumes of the components.
As learning curve gpproaches rey on projected manufacturing volumes it would have
been difficult to gpply them in this case.

Section 5.7 showed that the travel costs obtained from the modd were sendtive
principdly to the dectricity price and to the cost and energy use of the dectrolyser. The
best projected data were available for the dectricity generating technologies, making the
results fairly robust with respect to this component. However, the data for eectrolysers

were one of the areas of greatest uncertainty (see below).

In a longer-term study, it would be beneficid to send the modd input data and
assumptions out for discusson and review among those working in the area, such as

manufacturers, academics and developers of hydrogen projects.

6.4 System design

The fud chains modeled include al mgor components, as seen in the other smilar
sudies reviewed but did not go into detail of more minor components such as inverters.
These components would be unlikdy to contribute sgnificantly to the system cod,
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unless their energy consumption was on the scde of the liquefaction or eectrolyss,

given the sengttivities seen in section 5.7.

The dectrolyser costs for systems above 2 MW were not scaled to the system Size, as
data given for ‘large systems in the literature reviewed was generdly not specific to a
given rated output, and no mention of scale factor at this scae were seen. This may be
because the technology is modular, and therefore few economies of scde are seen for
large systems, or because there has been little consderation of widespread large scde
electrolyss. Sources contacted were not forthcoming with details of the variation of cost
with scde. Given the sengtivity of the results to the dectrolyss parameters further
consultation with manufacturers would be beneficid. 1t should be noted, however, that
economies of scae not included for large eectrolysers would further reduce the costs of
fud chan B, which was generdly the lowest cost option for production of hydrogen
form renewable eectricity.

As explained in section 3.8, a detailed logistic model for hydrogen transport by road
was not used. Costs were estimated from data applicable to a throughput of 45 kg/hr,
when the throughputs used were 25-33 kg/hr. Similarly, biomass transport costs used
were for amilar scae projects, but could not be adjusted for the transport distances
used. Given that the cogs for fud chan A were sendtive to the transport cods,
especidly for compressed transport, a detailed model should be used in further studies.
Again, this would be mos vauable for a sysem with defined geographica locations for
supply and demand, as described by Row et d. (2002). It would also alow use of UK
specific input data

The extrapolation of US pipeine cost data to lower flow raes is dso reaivey
uncertain, given the power law redaionship between flow rae and cost and the
differences in codts for the UK. The results, however, are stable with respect to variation
in pipdine cods. Figure 5 shows that even if pipdine cods were severd times greater
than those used, pipeline trangport would ill be the lowest cost option. If a system with
defined supply and demand locations were used, consultation with gas supply industries

to estimate network costs would provide a more accurate estimate.
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6.5 Concluson

Despite the ineviteble limitations of a study in this timescae, the modd desgned
provides a vauable synthess of the avalable data on the fud chain components. The
data used are sufficiently detalled and representative for the mgority of the parameters
to enable comparison of the fuel chain characteristics. The model scde is appropriate
for the UK renewables potentid and likdy sysem scde, and identifies sengtivities

which can be explored further in further work.
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7 Market development and policy options

7.1 Autonomous development

There ae severd possbilities for the development of a market for renewable
hydrogen within the exiging policy framework. The possbiliies are not entirdy
independent of policy, as they may occur as a reaction to policies, such as dectricity
market mechanisms, or in expectation of future regulation. They are not, however, the
result of directed promotion of the technology, as discussed in section 7.2.

7.1.1 Interaction with electricity market

Hydrogen production could improve the economics of dectricity generation for small
renewable generators under the New Electricity Trading Arrangements (NETA). Since
the introduction of this system in 2001, generators have had to pay increased pendties
for imbaance between their predicted and actud output. These pendties have been
conddered to impact unfarly on smdl, intermittent generators such as wind farms
(Smol, 2001, Milborrow 2001). Onste hydrogen production could counteract this

decrease in revenue in severa ways.

At times of low dectricity demand, and therefore low prices, a generator may be able
to gan higher revenues from hydrogen production than from grid export. If the leve of
renewable generation capacity became so high as to exceed the minimum nationd
demand, it would make sense to use the excess output at times of high supply (eg.
windy summer nights) for hydrogen production (Eyre, 2002). For intermittent
generators, only a proportion of the output can be bid for sde to the grid in periods of
uncertain output, with output above this level used for hydrogen production (Chambers,
2002).

7.1.2 Premium pricing

Renewable dectricity generators may even bendfit from switching the mgority of
their output to hydrogen production, if they could command a higher price for hydrogen
than for grid export of eectricity. This would occur if a market for hydrogen developed
in padld with the devdopment of fud cdl cars and public transport projects.
Renewably produced hydrogen could be sold a a premium, in the same way as
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renewable eectricity is now sold through ‘green’ tariffs. If the price of onshore wind for
2002 used in the modd is doubled from 2.5 to 5 p/kWh, the hydrogen travel cost for
fud chan B with pipdine ddivery is 4ill bdow 5 pkm, and so dill lower than the
taxed travel cost of petrol. Eyre (2002) notes that the long term cost of fue cel vehides
could be comparable to the long term costs of petrol ICEs. Given that fud cel vehicles
could be over 50% more efficient than ICEs, hydrogen could be sold a a price 50%
higher than that of petral.

A high market price for hydrogen, or a premium for renewably produced hydrogen
could simulate investment in renewables with output dedicated to hydrogen production.
These could be sted away from dectricity network connections without incurring initia

grid connection or reinforcement charges, or near to areas of high transport demand.

7.1.3 Energy storage

The economics of the use of intermittent generation to supply a large proportion of
eectricity demand could rey on the use of energy sorage. Smadl proportions of
intermittent generation (up to 15-20%) could be integrated into the exiging transmisson
and generation network with no technica difficulties, as the output of individud wind
fams, for example, is not highly corrdated (Strbac, 2001, Milborrow 2001). At higher
proportions, additiona reserve generation capacity or energy storage would be needed.
Many options for dorage exis, for example pumped dorage, flywheds and
electrochemical methods such as Regenesys. Hydrogen has several advantages over
these methods, such as the ability to be stored seasondly underground and aso to be
used as a medium for transport and distribution of energy.

7.1.4 Policy impacts of development

The use of renewably produced hydrogen in trangport would contribute to policy
goas of reduced wel-to-whed vehicde emissons of greenhouse gases and locd ar
pollutants, and reduced noise. The security of energy supply for transport fud would be
improved by using the large domedtic renewable dectricity resource. Prices of
renewably produced hydrogen would dso be likdy to fluctuate less than those of the
international oil market. Renewably produced hydrogen would be likey to promote
development and innovation in the renewable eectricity market and hydrogen systems
industries. There have been some concerns, however, a to whether the use of renewable

electricity to produce hydrogen is advantageous in terms of avoided CO, emissions.
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Provisond edimates by Eyre (2002) have suggested that generating one kWh of
renewable dectricity would save the emisson of 110 g carbon if used to replace gas
fired power generation. If used to produce hydrogen for transport in a fud cedl vehicle,
90g carbon emissons would be saved. If this were correct, then it would be preferable
to ue dl renewable generation to displace nontrenewable technologies given the
limited renewables cepacity at present. However, mogt of the posshilities for hydrogen
production described above would provide grester total avoided carbon emissions than
a present, whatever the rdative emissons savings of the end use options. Competition
for emissons savings between eectricity and hydrogen use would only become an issue
if exiging renewables generators switched to hydrogen production. If avoided carbon
emissons were the sole policy concern, this switch would need to be discouraged by
changing supply-based policy support such as the Renewables Obligation and Climate
Change Levy, which do not distinguish between end uses of the dectricity supplied, to

avoided emissions-based systems such as the UK and EU emissions trading schemes.

The likdihood that the mgority of hydrogen production options conddered will
reduce carbon emissons, and adso improve ar quaity, reduce noise and incresse
security of supply together mean that hydrogen use in transport should be sipported by
the energy, trangport and environmenta policy framework.

7.2 A supportive policy framework

It is first necessary to clarify whether policy measures to support renewable hydrogen
should be technology specific, or be pat of wider support for hydrogen, or for low
carbon transport methods in genera. Note that the policy discussons in section 7.2.1
onwards are those related to renewable hydrogen production; it is beyond the scope of
this report to review dl policy for hydrogen

Usng renewably produced hydrogen in fud cell vehicles has been described as likey
to be ‘the ultimate low carbon dedtination’ (PFV, 2002), with non-technology specific
policy needed to ad interim technologies en route to this dedinaion. Any generd
support for low carbon transport options, such as reduced vehicle excise duty on cleaner
vehicles, reduced fud duty, tighter vehicle emissons dandards, encouragement of
upteke amongst fleets and public authority vehicles and provison of information on
options available will aso be of benefit to renewable hydrogen devel opment.
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The use of hydrogen in fud cdl vehicles does, however, contribute more effectively
to policy goas of reduced CO,, ar pollutant emissons and noise than other low carbon
dterndives. There is therefore an argument for greater promotion of hydrogen vehicles
in reflection of this improved environmenta performance. It has aso been suggested
that increased support is currently needed for hydrogen, given the need for new
infrastructure, and for continued development of component technologies in order to
keep the option for hydrogen open (EST, 2002, Foley, 2001).

For the same reasons, renewably produced hydrogen should be promoted further,
given its increesed environmenta and supply security benefits  Possble policy

measures with this aim are discussed below.

7.2.1 Optionsfor renewable hydrogen
Just as policy should not provide a detalled and technology specific route to low

carbon vehicles, there does not seem to be a need for a commitment to a single route for
production and delivery of renewable hydrogen. As discussed in section 5.9, there are
many fud chains avalable, each with many posshble interactions with other chains and
advantages for specific forms of supply and demand. It is therefore unlikdy that
hydrogen used for a large proportion of transport demand would be produced and
ddivered using one st of technologies.

The relative costs of hydrogen production routes now and in 2020 are not the same.
Some production routes are dso more flexible dlowing for variation in levd and
location of demand. Therefore it is important to look not only a support for what would
be possble in the short term, but to keep the trangition to future possihilities in mind. It
IS dso essential to condder technology development on which the future possbility
may rdy - is there an essentid factor, such as the development of improved compressed
dorage, needed to meke the option viable? Commitment to a hydrogen production
technology available in the short term may delay the introduction of an improved one,
through diverson of resources and expertise. This ‘lock-in" is amilar to the suggestion
that the introduction of other dterndtive fuds, or of fud cdl vehicles with onboard
reforming technology could dday the trandtion to hydrogen fud cdl vehicles (Foley,
2001). It is therefore essentid to ensure that policy support continues to facilitate new
technology development even after the success of initid hydrogen projects.
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7.2.2 Trangport policy

It may be easer to promote the use of renewable hydrogen in trangport through
trangport policy than through renewable dectricity policy, given the grester range of

fiscal measures available in this area

Graduated vehicle excise duty and company car tax ae currently used to give
incentives for purchase of cars with lower carbon emissons. This would promote the
use of hydrogen vehicles in generd, however in order to support only renewably
produced hydrogen, the duty of the fue itself would need to be adjusted. As mentioned
previoudy, there is a fud duty differentia for cleaner fuels such as LPG and CNG. Fud
duty on hydrogen for pilot projects is set a zero. In the longer term, it would be
reasonable to set the fud duty for hydrogen produced from naturd gas d a higher leve
than that produced renewably (EST, 2002).

An dternative or complementary policy would be to include hydrogen production in
the Climate Change Levy. This would mean that a levy of 0.15 p/kWh would be placed
on the use of natura gas for hydrogen production, and 0.43 p/kWh for non-renewable
eectricity use. Currently, the levy does not gpply to fuds used for production of other
sources of energy (such as hydrogen) or to any dectrolysis processes (DEFRA, 2002b).
This would give an incentive for producers to use renewable sources, however it has
been suggested that the government should not place too many restrictions on producers
a an early stage (Foley, 2001). The production of hydrogen from naturd gas could help
to build the rest of the supply system, as well as consumer confidence. However, given
that modelling in this sudy has shown that hydrogen from biomass could currently be
produced a around the same price as steam methane reformed hydrogen, there are
options open now to producers for renewable production. There may dso be
opportunities for low cogt hydrogen form sources not moddled here, such as sewage
gases and landfill gas. Incluson in the climae change levy would provide a clear sgnd

for amove to entirdly renewable generation.

Renewable hydrogen use in pilot projects with fleet vehicles, such as hydrogen bus
partnerships would demondrate to the public that both renewables and hydrogen are
vidble energy technologies. The scthemes would have improved environmentd
credentids, and may help to boost the renewable dectricity industry as wel as the
public acceptance of hydrogen technologies.

94



Market development and policy options

7.2.3 Rural development policy

The use of energy crops or biomass wastes for hydrogen production is not included in
the Energy Crops scheme (see section 3.3). Given that it is more efficient to produce
hydrogen directly from biomass gadfication than from dectricity production and
eectrolyss, it would be advantageous to dlow for thisin arelated support scheme.

7.24 Planning

The speed of development of many of the renewable generation options consdered is
currently limited by the length of the planning process (see section 3.2). If generation
stes were to include facilities for hydrogen production, as modeled in fud chan A, it
would be essentid that obtaining consents for these components did not lengthen the
planning process sgnificantly.

Effective planning guiddines would be needed for production and/or storage of
hydrogen a regiond and forecourt Stes. These could be developed in conjunction with
dandards and safety legidation for forecourt systems. Initiatives for public awareness of
the benefits and safety agpects of hydrogen technologies may ad acceptance of these
dtes The current reform of planning guideines for renewables could be used as an

opportunity to add sgna genera support for hydrogen projects.

Consents for the transport of naturd gas by pipeline vary depending on whether the
developer is licensed as a Public Gas Transporter (PGT). PGTs are exempt from having
to obtan pipdine condruction authorisation from the Secretary of State under the
Pipeines Act 1962 (ODPM, 2002). A smilar system could be introduced for licensed
developers to facilitate planning of hydrogen pipelines.

7.2.5 Research and development support

Many of the technologies required for a successful hydrogen infrastructure would
benefit from increased support for research and development. Severd of them, however,
are not needed in systems for hydrogen production from naturd gas, and therefore may
not be promoted by general hydrogen research support. These include dectrolyss
technology, and systems design and control of eectrolysers run directly from renewable
output. It is aso posshble that production from eectrolysis could be viable on a smdler
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scde than other hydrogen production routes, resulting in a need for smdler scde
converson technology such as liquefaction.

7.3 Futuredemand

As mentioned previoudy, severd auto menufacturers plan to introduce fud cdl cars
commercidly by 2004-5 (Ogden, 1999). Fud cell buses are currently in operation, with
many further demondration projects sarting in the next few years. The mgority of the
fud cdl vehides in quesion use hydrogen as a fud, rather than reforming other fuels
such as petrol or methanol on board. Whatever the motives of the manufacturers and
devedopers involved, whether acting in anticipation of clean vehicle regulaion, or
adding a new product to their range, a demand for hydrogen will be created. The
demand for renewable hydrogen will be related to the Sze of the totad market for
hydrogen as afud. This section gives a brief review of UK and world projections.

The firsd market for hydrogen is likely to be in buses and other fleet vehicles The
Government’'s Powering Future Vehicles Strategy (PFVS) sets a target of 600 low
carbon (30% emissions reduction) buses coming into operation every year by 2012.

Fergusson (2001) agrees that the firsd commercialy available fud cdl cars could be
introduced in the next five years (2003-4). Rapid commercidisation would continue to
the end of the decade, with 10% of new car sales by 2015 being fud cdl vehicles. If the
growth in sdes of new vehicles over the past decade (DfT, 2002) is projected to 2015,
this would be equivdent to over 4.1 million vehicles. Fergusson projects fud cdl
vehicles to become the dominant vehicle technology after 2030. If the total number of
cars increased at the rates projected for 2010, there would be a total of 38 million
vehicles on the road in 2030. If this were the case, over 19 million non zero carbon
vehicles would still be on the road, equivaent to 80% of the current UK car fleet.

The PFVS sats a target for 10% of new cars to be low carbon (with well-to-whed
emissons under 100g/km) by 2012. By 2020, 10% of vehicles should be ‘ultra low
carbon’. This level has yet to be defined, by a sgnificant proportion of the vehicles are
projected to be zero carbon. Hydrogen fud cdl vehicles, biofud vehicles and dectric
vehicles are the only technologies that could currently fit into this category. The PFVS
dates that most experts fed that fued cdl cars will not reach mass-market costs before
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2010-2015. However, it dso notes that sdes of fud cdl cars in Jgpan have been
projected to reach 500,000 per year by 2010, or nearly 12% of new car sales.

The ‘advanced scenario’ for the US described in Brown (2001) has fud cdl vehicles
representing 10% of the new light duty vehicle market by 2020. This is equivaent to 2.2
million vehides Hydrogen fud cdl vehides ae the dominant technology, with 1
million of the sdes In busness as usud and moderate scenarios, with limited policy
support and technology development, dternative vehicle technologies and fuels cannot
overcometheinitia capitd cost barriersto their uptake.

Potential proportions of vehicles using low carbon fuels in the UK
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Figure 16: Scenario for introduction of low carbon and hydrogen vehicles, based on proportions of new
vehicles projected in the references given above. Principal assumptions. The total number of cars
increases by 17% every ten years (DfT, 2002). The number of new cars increases at the same rate as for
1996-2000, using figures from (DfT, 2002). In 2000, 2% of new cars are low carbon., increasing to 30%
by 2015 and 90% by 2030. The proportion of new cars being hydrogen vehicles increases annually to a
figure of 10% in 2015. The number of hydrogen cars then increases to 50% of the total by 2030.
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8 Conclusion

This sudy consdered that the renewable dectricity technologies with the grestest
potential for hydrogen production in the UK were offshore wind, onshore wind, tidd
energy, wave energy and smal hydro. The cost of photovoltaic systems proved to be a
barrier to their commercia use at present, but future cost reductions could give potential
for didributed generation using photovoltaics by 2020. The biomass products
congdered, short rotation coppice and forestry wastes, provided examples of low cost
hydrogen production routes. Many other biomass crops and wastes available in the UK,
such as sawage and landfill gases could be considered in further work.

The fud chans defined provided a range of options for hydrogen production,
trangport and storage from each energy source. All of the fuel chain components were
found to be avalable, either commercidly or at the demondration stage. Technology
improvements, coupled with sgnificant cost reductions through learning, are expected
for components including tidd, wave and photovoltac systems, biomass gadfiers
gndl-scde dectrolysers, and liquid hydrogen technologies. The mogt sgnificant non
technica condraints identified were for renewable dectricity technologies, specificaly
planning and dectricity network regulation.

The modd st up was sufficiently sendtive as to dlow comparison of the codts of
hydrogen, and capitd investment required for each fue chan. It provides an initid
comparison of the chains, and assesses the sengtivity to component costs, which could
be used as a bads for further, more detailed sudies on individud fud chains. These
gudies could include wider consultation with component manufacturers and hydrogen
systems developers to provide more specific input data, and use more complex modes
alowing interactions with other systems, such as the eectricity network.

The results of fue chain moddling showed that hydrogen provided by four of the fud
chains in 2002 would result in a lower travel cogt if used in a fud cdl vehide than if
petro were used in an internd combugtion engine a untaxed prices. Biomass

production routes were chegpest, with costs of around 1 p/km, approximately equa to
those of hydrogen produced from steam methane reforming. Biomass hydrogen trave
costs were lower than the untaxed petrol travel costs by up to 50%.
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The chegpest of the renewable eectricity technologies was onshore wind, with the
chegpest options for compressed hydrogen supply being either eectrolysis a a regiond
scade, with delivery by pipdine, or forecourt dectrolyss, a 1.4-3.1 p/km. The cheapest
option for liquid hydrogen delivery was eectrolyss a a regiond scde with liquid
hydrogen ddlivery by road, a 2.0-3.6 p/lkm. The costs of hydrogen from the mgority of
other fud chans moddled was 4ill not prohibitively high, with many of the 58 fud
chans moddled having hydrogen travel costs lower than those using taxed petrol. This
range of options would dlow flexible infrastructure development, with the fud chan
used dependent on the reative locations of supply and demand, demand growth and
avalable capitd for large-scde infragtructure invesment. None of the fud chains were
found to have dgnificant well-to-wheds carbon dioxide emissons when compared with

exiging ‘low-carbon’ vehicle technologies.

If the most efficient, and lowest cost fudl chains were used for production and supply
of hydrogen from each renewable energy source identified, the UK vehicle fleet could
be fueled severd times over. More interestingly, 40% of the current UK car fleet could
be fueled a a cost lower than that of untaxed petrol, using hydrogen from biomass,
onshore wind, and smdl hydro schemes. By 2020, this figure increases to 70%.

In a supportive policy dimate, induding improved planning guiddines and
agrienvironmentd policies, large volumes of renewable hydrogen could be produced at
prices competitive with production from seam methane reforming. Currently avalable
renewable hydrogen sources, such as biomass wastes, would provide the low cost
hydrogen needed whilgt infrastructure is developed. This would reduce the dependence
on foss| fudl derived hydrogen as a epping-stone to renewable hydrogen.

Given the bendfits of renewable hydrogen, not only in reducing the environmentd
impacts of road transport, but adso in providing options for renewable generators, a
supportive policy framework is needed. Hydrogen must be included in integrated
climate, energy and transport policies, to promote renewable production, support
technology development, and reduce planning congraints at dl stages of the fuel chains.

Many routes for renewable hydrogen production are technicdly feasble and
economicaly competitive. Renewable hydrogen should not be dismissed as a long term

solution, but considered as a viable option for low carbon transport now.

99



References

9 References

Alssma, EA., Baumann, AEE., Hill, R.,, & Patterson, M.H. (1999) Hedlth, safety and
environmenta issuesin thin film manufacturing.
http:/Amww.chem.uu.nl/nwsiwww/publica/97052.pdf. Accessed on 10/08/02.

Alsema, E. A. (2000) Energy pay-back time and CO., emissons of PV sysems
Progress in Photovoltaics Research and Applications, 8, 17-25

Amos, W.A. (1998). Costs of dsoring and transporting hydrogen. NREL  report
NREL/TP-570-25106. http://www.eren.doe.gov/hydrogen/pdfs/25106.pdf. Accessed on
06/09/02.

Arcadis, Geraghty & Miller Inc. (1999) Evaluation of compressed natura gas (CNG)
refudling dations. Consultant report for the Cdifornia Energy Commisson P500-99-
019.  http://www.energy.ca.gov/reports1999-10 500-99-019.PDF.  Accessed  on
12/08/02.

ATLAS, 2002. EU ATLAS renewable energy research programme tida energy website.
http://europa.eu.int/comm/energy _trangport/atlas’htmlw/tiddintro.html. Accessed on
06/09/02.

Barclay, J (2002) Cryofud Sysems Group Webste. http://www.cfsmeuvic.ca
Accessed on 28/06/02

Bauen, A.W., (1999). Gadfication-based Biomass Fue Cycles An Economic and
Environmentd Anadyss a the Regiond Levd. PhD thess King's College, Universty
of London.

Bauen, AW, (2001a). Biomass energy, greenhouse gas abaement and policy
integration. Aspects of Applied Biology, 65 Biomass and energy crops |1, 353-363.

Bauen, A.W., (2001b). Briefing note to the PIU Energy Review on long-term potentia
of biomass energy supplies. Available from www.piu.gov.uk. Accessed on 06/06/02.

Bauen, A.W. (2002), persona communication.

Bery, G.D. (1996). Hydrogen as a transportation fud: Costs and benefits. US DOE
report UCRL-1D-123465.

http://www.osti.gov/gpo/servlets/purl /230382- aX fCX H/webviewabl e/230382. pdf .

Accessed on 06/09/02

Border Wind Report for Greenpeace, (1998). Offshore wind energy - building a new
industry for Britain. http://Aww.borderwind.co.uk/frames.htm. Accessed on 06/06/02.

Bracha, M. (2002) Linde. Personad communication.



References

Brevitt, B., (2002). Alternative vehicle fuels. House of Commons Libray Research
Paper 02/11. Accessed on 12/08/02
http:/Aww.parliament.uk/commong/lib/research/rp2002/rp02- 011. pdf.

Brown, M.A., Levine, M.D., Short, W. & Koomey J.G., (2001). Scenarios for a clean
energy future. Energy Policy, 29 (14), 1179-1196.

BWEA, (2000). Planning for wind energy. British Wind Energy Association report.
http://www.bwea.com/pdf/planning.pdf. Accessed on 06/06/02.

BWEA, (2001). British Wind Energy Association submisson to the PIU Energy
Review. http://mww.bwea.com/pdf/bweapiuer%2013.09.01.pdf. Accessed on 06/06/02.

CFCP, (2002). Cdifornia Fud Cell Partnership webste.
http:/Amww.fuel cellpartnership.org. Accessed on 06/09/02.

Conte, M., lacobazzi, A., Ronchetti, M. & Vedlone R. (2001). Hydrogen economy for a
sugdtainable development: date-of-the-art and technologica perspectives. Journal  of
Power Sources, 100 (1-2), 171-187.

Dante, R. C., Guereca, L. P., Neri, L., Escamilla, J. L., Aquino, L., & Cdis J. (2002).
Life cycle andyss of hydrogen fud: a methodology for a Strategic gpproach of decison
meking. International Journal of Hydrogen Energy, 27 (2),131-133.

DEFRA, (20024). Energy crops
webste http:/Mmww.defra.gov.uk/farm/acu/energy/energy.htm. Accessed on 10/06/02

DEFRA, (2002b). Climate change Levy website.
http:/Aww.defra.gov.uk/environment/ccl/intro.htm. Accessed on 05/9/02

Dincer, 1. (2002). Technicd, environmental and exergetic aspects of hydrogen energy
systems. International Journal of Hydrogen Energy, 27 (3), 265-285

DfT, (2000). Transport 2010: The 10 Year Plan. London: DETR (now DfT).
DfT, (2001). Transport statistics Grest Britain: 2001 edition. London: HMSO.

DfT, (2002). Transport datistics webgte.  http://mww.trangtat.dft.gov.uk/index.htm.
Accessed on 06/09/02.

DT — Directed Technologies Inc. (1997). Hydrogen infrastructure report. Prepared for
the Ford Motor Company, Michigan, U.S. and the US DOE. DE-A C02-94CE50389

DTI, (2001). Wind power: environment and safety issuess Wind energy fact sheet 4.
http://ww.dti.gov.uk/renewabl e/pdf/wind_power/wind_fs4.pdf. Accessed on 06/09/02.

DTI, (20028) Government response to consultation on a proposed consents process for
offshore wind or waer driven generding dations in England and Wades.



References

http://mww.dti.gov.uk/energy/leg and reg/consents/consentsenglish.pdf. Accesd on
28/06/02.

DTI, (2002b). Guidance notes for the bioenergy capitd grant scheme
http://ww.dti.gov.uk/renew/form_guide.pdf. Accessed on 06/09/02.

DTI, AEA Technology (2002). Low Carbon Technology Workshop held at Imperid
College, duly 2002.

Dunn, S. (2002). Hydrogen futures. toward a sudainable energy system. International
Journal of Hydrogen Energy, 27 (3), 235-264

Dutton, A. G,, Bleijs, J A. M., Dienhart H., Falchetta, M., Hug, W., Prischich, D., &
Ruddel, A. J. (2000). Experience in the design, Szing, economics, and implementation
of autonomous wind-powered hydrogen production systems. International Journal of
Hydrogen Energy, 25 (8), 705-722.

EIA, (2000). Energy Information Adminisration Renewable Energy Annuad 2000
http://mwww.e a.doe.gov/cneaf/solar.renewables/page/rea.datalchapter2.html#photo.
Accessed on 06/08/02.

ES, (2000). DTI Energy Statistics 2000
http:/Amww.dti.gov.uk/energy/inform/energy_stats/dectricity/index.shtml. Accessed on
06/08/02.

EST, (2002). Pathways to future vehicles. London: EST.

ETSU, (1998). New and renewable energy: prospects in the UK for the 21st century:
supporting andysis. ETSU R-122. London: HMSO.

ETSU, (1998b). The vadue of dectricity generated from photovoltaic power systems in
buildings. ETSU SP2/00279/REP. London: HMSO.

ETSU, (2000). An assessment of the environmenta effects of offshore wind farms.
ETSU W/35/00543/REP. London: HM SO.

ETSU, (2000b). Draft Technology Status report: Wave Energy.
http://www.dti.gov.uk/renewabl e/pdf /wavee.pdf. Accessed on 06/09/02.

ETSU, (2001). Draft Technology Status report: Tidd Energy.
http://www.dti.gov.uk/renewabl e/pdf/tidal_stream.pdf. Accessed on 06/09/02.

ETSU, (2001b). Renewable energy assessment and targets for the South West.
http://mww.gosw.gov.uk/dochank/ch3_resource assess.PDF. Accessed on 06/09/02.

ETSU, (2001c). Electricad network limitations on large-scae development of offshore
wind energy. ETSU W/33/00529/REP/1. London: HMSO.



References

EWEA, (1999). Wind energy in Europe - the facts. European Wind Energy Network
report. http://www.ewea.org/doc/ewea.pdf. Accessed on 17/06/02.

Eyre, N., Fergusson, N. & Mills, R. (2002) The Prospects of Hydrogen from Renewable
Electricity. EST draft critique of key trangport assumptionsin the PIU Energy Review.

Fergusson, M. (2001). PIU working paper on transport.

Floxd Hydrogen, (2002). Air Liquide ‘Hoxa Hydrogenw service webste
http://mwww.airliquide.com/en/business/productson_site prod/floxa_hyos.asp.
Accessed on 03/07/02.

Foley, J, (2001). H2: Driving the future. Inditute for Public Policy Research report.
Guildford: Biddles Ltd.

Fthenakis, V. M., & Moskowitz, P. D., (2000). Photovoltaics. environmenta, hedth and
safety issues and perspectives. Progress in Photovoltaics Research and Applications, 8,
27-38.

Giroult-Matlakowski, G., Theden, U., Blakers, A., (1998). Photovoltaic Market
Andyds. Proceedings of the 2nd World Conference on Photovoltaic Solar Energy
Conversion, 3403-3406.

GLA, (20018). Greater London Authority Draft Air Quality Strategy.
GLA, (2001b). Greater London Authority Transport strategy.

Hamelinck, C. N., & Faaij A. P. C. (2002). Future prospects for production of methanol
and hydrogen from biomass. Journal of Power Sources, In Press.

Hart, D., Bauen, A., Leach, M. A., Fouquet, R., Pearson, P. J, & Anderson, D. (2000).
Hydrogen supply for SPFC vehicles. ETSU report F/02/00176/REP. ETSU, Harwell,
UK

HCSTSC, (2001). Wave and Tidd Energy. House of Commons Science and
Technology Sdlect Committee, Seventh Report.

Hijikata, T. (2002). Research and development of international clean energy network
usng hydrogen energy (WE-NET). International Journal of Hydrogen Energy, 27 (2),
115-129.

Hoffman, P. (2001). Tomorrow’'s energy: Hydrogen, fud cels and the prospects for a
cleaner planet. Cambridge, MA: The MIT Press.

H2MUC, (2002). Hydrogen project a Munich  Airport  website.
http://mwww.hydrogen.org/h2muc/introe.html. Accessed on 06/09/02.



References

Iwata, A., Kamiya, S. & Kawagoe, E. (1996). Technica development for large Sorage
of liquid hydrogen in WE-NET. http://mww.enaa.or.jp/WE-
NET/ronbun/1996/e3/kawasaki 1996.html. Accessed on 06/09/02.

Jones, M. (2002). Providing cleaner fuels. Hydrogen (CUTE project). Report to Globa
Hydrogen 2002, H2NET Annua Review Mesting.
http://mwww.h2net.org.uk/PDFSYRN_3/h2net2.pdf. Accessed on 06/09/02.

Kruger, P. (2000). Electric power requirement in the United States for large-scde
production of hydrogen fud. International Journal of Hydrogen Energy, 25 (11), 1023-
1033.

Madden, B. (2002). USHER project, Whitby Bird & Partners. Persona communication.

Mann, M., DiPietro, P.,, lannucci, J. & Eyer, J (1998). Technoeconomic analysis of
different options for the production of hydrogen from sunlight, wind and biomass.
Proceedings of the 1998 U.S. DOE Hydrogen Program Review NREL/CP-570-25315.
Avalable on  http/iwww.eren.doe.gov/hydrogen/pdfs/25315r.pdf.  Accessed  on
06/09/02.

Mercuri, R., Bauen, A., & Hart, D. (2002). Options for refudling hydrogen fud cell
vehidesin Italy. Journal of Power Sources, 106 (1-2), 353-363.

Matsuda, H. & Nagami, M. (1997). Study of large hydrogen liquefaction processes.
http://mwww.enaa.or.jp/WE-NET/ronbun/1997/e5/sanso1997.html. Accessed on
06/09/02.

Milborrow, D. (2001). PIU Working Paper on Pendties for Intermittent Sources of
Energy

Nakgima, M., Tseng, C. & Ohmori , T. (1997). The thermd insulation sysem of a large
scae liquid hydrogen dorage tank using polyurethane foam. http://www.enaa.or.jp/WE-
NET/ronbun/1997/e12/ad1997.html. Accessed on 06/09/02.

NG, (2002). National Grid Transmisson Network Use of System Tariffs 2002-2003
http:/Awww.nationa grid.com/uk/indinfo/charging/pdfS TNUOS Tariffs 90-91 to 02-
03.pdf. Accessed on 06/09/02.

ODPM, (2002). Environmenta Impact Assessment — A guide to procedures.
http:/Aww.planning.odpm.gov.uk/eia/guide/03.htm#oil. Accessed on 06/09/02.

OFT, (1998). Competition in the supply of petrol in the UK. Report OFT 230.

* Ogden, J. M., et d. (1995). Hydrogen Energy System Studies, DOE Report, Contract
No. XR-11265-2.

Ogden, J. M. (1999). Prospects for building a hydrogen energy infrasructure. Annu Rev
Energy Environ, 24, 227-279.



References

* Oney, F., Veziroglu, T.N., Dulger, Z. (1994). Evduation of pipeline transportation of
hydrogen and naturd gas mixtures. International Journal of Hydrogen Energy, 19 (10),
813-822.

OWF, (2002). British Wind Energy Association Offshore wind fams webste.
www.offshorewindfarms.co.uk. Accessed on 06/09/02.

OXERA, (2001). Renewable energy cost modelling: Note 1. Working paper to the PIU
Energy Review.

OXERA, (2001b). Renewable energy cost modelling: Note 2. Working paper to the PIU
Energy Review.

OXERA Environmentd, & ARUP Economics & Panning (2002). Regiond renewable

energy asessments — A report to the DTl and the DTLR
http://mwww.dti.gov.uk/energy/renewables/policy _obligation/oxera_renew.pdf. Accesd
on 06/09/02.

Padr6, C.E.G. & Putsche V. (1999). Survey of the economics of hydrogen technologies.
Technica Report NREL/TP-570-27079.
http://mwww.eren.doe.gov/hydrogen/pdfs'27079.pdf. Accessed on 06/09/02.

PAN, (2002). Renewable energy technologies hydro power (and shore line wave
power). Scottish Executive Planning Advice Note PAN 45 (revised 2002).
http://mww.scotland.gov.uk/library/pan/pan-cover.asp. Accessed on 06/09/02.

Pehr, K., Sauermann, P., Traeger, O. & Bracha, M. (2001). Liquid hydrogen for motor
vehides - the world's firgt public LH; filling gation. International Journal of Hydrogen
Energy, 26 (7), 777-782.

PIU, (2001). The Energy Review.

PIU, (2001h). Technicd and economic potentid of renewable energy generating
technologies. Potentials and cost reductions to 2020. Working paper to the PIU Energy
Review.

PFV — DfT, DTI, DEFRA & H M Tressury, (2002). Powering future vehicles strategy.

Proton (2002). Proton Energy Systems webste. http://mww.protonenergy.com.
Accessed on 06/09/02.

Row J, Arnold G., Legati R, Monk R., Raynolds M., (2002). Life-cycle vdue
asessment (LCVA) of Canadian fud supply options for hydrogen fud-cdl vehides.
Pembina Ingtitute for Appropriste Development, Canada. Presented to the 14™ World
Hydrogen Energy Conference, Montreal, 2002.

VI



References

Schoenung, S. M., (2001) IEA hydrogen annex 13: trangportation gpplications anadysis.
Proceedings of the 2001 DOE Hydrogen Program Review NREL/CP-570-30535.
http://Amww.eren.doe.gov/hydrogen/pdfs/30535br.pdf. Accessed on 06/09/02.

Shell, (2001). Wdl-to-whed energy use and greenhouse gas emissons for various
vehicle technologies. Shell Globa Solutions report 2001-01-1343.

SMMT, (2001). Towards a shared vison - future fues and sustainable mobility. Report
of the SMMT Future Fuels Strategy Group.
http://mww.smmit.co.uk/downl oads'news/3826.pdf. Accessed on 06/09/02.

Smoal, D. (2001). PIU Working Paper on NETA and Small Generators.

SNW, (2001). From power to prosperity: advancing renewable energy in Northwest
England. Summary of regional renewable energy study by Sustainability Northwest.
http://Amww.snw.org.uk/renewabl es/downl cads/Power 2Prosperity.pdf. Accessed on
06/09/02.

Spath, P.L., Lane, J. M., Mann, M. K. & Amos, W. A. (2000). Update of hydrogen from
biomass - determination of the delivered cost of hydrogen Milestone Report for the
U.S Department of Energy’ s Hydrogen Program Process Analysis Task Milestone Type
C (Contral).
http:/Awww.deci sl oneering.comvarticles/downl oad/biomass _to_hydrogen.pdf. Accessed
on 06/09/02.

Stephens, W., Hess, T. M., & Knox, JW. (2001). The effect of energy crops on
hydrology. Aspects of Applied Biology, 65 Biomass and Energy Crops 11, 101-108.

Strbac, G. & Jenkins, N. (2001). PIU Working Paper on Network Security of the Future
Electricity Sysem

Stuart Energy (2002). http://Amww.stuartenergy.com. Accessed on 06/09/02.

Thomas, C. E. & Kuhn, I. F. (1995). Electrolytic hydrogen production infrastructure
options evauation. NREL report TP-463-7903

http://www.osti.gov/gpo/serviets/purl/125028- M GPow5/webviewabl e/ 125028. pdf.

Accessed on 06/09/02.

Thomas, CE. (1998). Affordable hydrogen supply pathways for fud cdl vehicles.
Internationa Journd of Hydrogen Energy, 23 (6), 507-516.

Thomas, C.E., Barbour, JP., James, B.D. & Lomax, F.D. J. (1999). Andyss of Utility
hydrogen systems and hydrogen airport ground support equipment. Proceedings of the
1999 U.S DOE Hydrogen Program Review NREL/CP-570-26938
http://www.eren.doe.gov/hydrogen/pdfs/26938aaa.pdf. Accessed on 06/09/02.

VII



References

Thomas, CE., James, B.D., Lomax, F.D. J. & Kuhn, I.F. J. (2000). Fuel options for
the fud cdl vehide hydrogen, methanol or gasoline? International Journal of
Hydrogen Energy, 25, 551-567.

Thorpe, TW. (1999). A brief review of wave energy. ETSU R-120. Hawdl: ETSU
http:/Avww.dti.gov.uk/renewabl e/pdf/r120w97.pdf. Accessed on 06/09/02.

Trapp, T. (2002). Developing a tidal stream energy business. Report for Oceanology
Internationa 2002. http://mww.engb.com. Accessed on 06/09/02.

TRL, (2002). UK road transport emisson data. Transport Research Laboratory.
http://ww.trl.co.uk/1024/mai npage.asp?page=759. Accessed on 06/09/02.

Ulleberg, @. (2002). Modding of advanced akdine dectrolyzers a sygsem smulation
approach. International Journal of Hydrogen Energy, In press.

UKPA (2002). UK Petroleum Industry Association website www.ukpia.com. Accessed
on 24/05/02.

USHER (2001). Urban solar hydrogen economy redisation project webste.
http:/Amww.miljo.lth.se/Hel by/USHER%:20summary%620- .htm. Accessed on 06/09/02.

Wavegen, 2002. Wavegen website http://mwww.wavegen.co.uk. Accessed on 06/09/02.

Wetzd, F. (1998). Improved handling of liquid hydrogen a filling dtaions review of
SX years experience. International Journal of Hydrogen Energy, 23 (5), 339-348.

Williams, RH., Lason, ED., Katofsky, RE., & Chen, J (1995). Methanol and
hydrogen from biomass for transportation, with comparisons to methanol and hydrogen
from naturd gas and cod. Princeton University CEES Report No. 292.

Yamaguchi, M., Shinohara, T., Taniguchi, H., Nakanori T. & Okisawa, K. (1998).
Development of a 2500cn? solid polymer eectrolyte water electrolyser in WE-NET.
http://mwww.enaa.or.jp/WE-NET/ronbun/1998/10/1098.htm. Accessed on 06/09/02.

Zhang, L., Sherif, S. A., DeGregoria, A. J, Zimm, C. B. & Veziroglu T. N. (2000).
Dedgn optimization of a 0.1-ton/day active magnetic regenerative hydrogen liquefier
Cryogenics, 40 (4-5), 269-278.

Zitd, W. & Wurster, R. (1996). Hydrogen in the enegy sector.
http:/Amww.hydrogen.org/index-e.html. Accessed on 06/09/02.

VIl



Appendix A

10 Appendices

10.1 Appendix A: Conversion factors

Value Unit
Lower heating value of hydrogen 10.783 MJINn?®
Higher heating value of hydrogen 12,745 MJINn?*
Density of hydrogen 0.0899 kg/Nm3
Onemile= 1609 km
Onebar = 01 MPa
Oneatmosphere= 0.101 MPa
Onepound per squareinch (ps) = 6895 Pa
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10.2 Appendix B: Electrolyser data

Available

output scale |Energy input
Manufacturer Model/reference |[Nm3/h] [KWh/Nm3]
Stuart Energy TTR (H) 12-36 59
Norsk Hydro AP 60-377 41
Norsk Hydro AP 60-485 43
Teledyne Brown Titan HM 50 28 6.1
Teledyne Brown Titan HM 100 56 57
Teledyne Brown Titan HM 125 7 5.7
Teledyne Brown Titan HM 150 84 57
Teledyne Brown Titan HM 200 112 53
Teledyne Brown Titan EC 28-42 5.6
Teledyne Brown Titan HP 75150 5.6
Fluor Daniel Cited in Kruger 21788 44
Norsk Hydro Cited in Kruger 45205 49
Stuart Energy Cited in Kruger 22000 45
Hydrogen systems IMET 30 30-120 39

Output rre\?)tlf Capital cost Capital gssrt)ltal

Reference | Details Time | () | awy | FCINYD os @) | (@kWaw)
Berry 1996 18 01 110,000 2031
Hydrogen
Systems IMET 30 2002 30 0.135 305,972 3405
Berry 1996 108 05 650,000 2000
Carlsson Cited in Padro 1998 05 55 1734
Mann 1998 2 600
Berry 1996 542 24 2,100,000 1293
Lawrence
Livermore Cited in Thomas 194 25 1275
Mann 1998 635 29 600
Ogden Cited in Thomas 194 10 580
Carlsson Cited in Padro 1998 12 32 1009
Andreassen Cited in Padro 1998 4000 18 31.88 1005
Scherer 1999 80 670
Fluor Daniel Cited in Thomas 1991 100 770
Electrolyser Cited in Thomas 1995 100 590
Kirk-
Othmer Cited in Padré 1991 | 116667 525 2.95 93
Thomas Cited in Padro 1995 530 42.8 1350
LosAlamos Cited in Thomas 1986 530 1350
Foster -
Wheeler Citedin Padro 1996 | 281250 1265 30.97 or7

Only akaline electrolyser data are included

. Figures in bold are those given in the reference, with other

figures provided for comparison. An energy consumption of 4.5 kWh/Nm® was used to calculate these

figures.
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