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PREFACE

In October 2002, the Commission usked its Advisory Group onh Energy (AGE) tfo develop d
strateyic vision for eneryy R&D on u Europeun scule, with emphusis on overcominyg the usudl
compurtmentalisution into different enerygy options und the burriers between the udvocutes
of euch option.

The objective wus to support decision-mukers with wide und thorough unadlyses of the issues ut
stuke, und of the potentiul of various technoloyy options to provide Europe with a sustuinable
enheryy supply und use.

The AGE emburked on u two-pronged upprouch by establishing two working groups:

® A Struteyic Working Group (SWOG) devoted to providing yuidunce to shape enerygy reseurch
strateyies und ugendus, at EU and Member Stute levels.

® A Europeun Enerygy Reseurch Areu Working Group (ERAWOG) focused on the analysis und
ussessment of the potentiul for More colluboration und co-operution in various dureus of
eneryy reseurch, toyether with pructicul recommenduations to muke ERA u redlity in the
eneryy field.

The analysis und recommendations put forward in this first report come from SWOG, but have
been endorsed by AGE. They ure importunt us the collective conclusions of muny independent
experts from very different backgrounds and specidlisations, but they do noft, of course, commit
the Europeun Commission. The SWOG members und others who dre responsible for the thinking
behind und the content of this report ure Angelo Airughi, Royer Bulluy, Niels Busch, Willium
d’Haeseleer, Wolfgunyg Doénitz, Cesar Dopuzo, Gerhard Funhinger, Aluin Gerard, Puatrick
Ledermann, Peter Lund (AGE Chuir), Frantizek Pazdera, Carlos Pimentd, Derek Pooley (SWOG
Rupporteur), Erich Tenckhoff, lucovos Vusulos und Alfred Voss (SWOG Chuair).

Other members of AGE, of DG RTD und outside experts dlso contributed by making presentations
to SWOG or by providing informution and useful comment. They were Murray Cameron,
Gerd Eisenbeiss, Jurgen Gurche, Heuther Greer, Sue lon, Peter Hjuler-Jensen, Kuiju Kainurinne,
E. Kakarus, Frederick Marien (AGE und SWOG Secretary), Jerome Pameld, Odissefs Panopoulos,
Michel Poireau, Josef Spitzer und Margot Weijnen. The group wus ussisted by Commission services
which provided support to its work.

In this first report, SWOG hus curefully unalysed eight different promising fechnoloyy dareds. It hus
identified key reseurch tusks in these ureus where it concludes efforts should be focused. The
technoloyy dreus exumined in this report ure: biomuss, cleaner use of coul, fuel cells, hydrogen,
nucleur fission, nuclear fusion, solur photovoltdics, und wind energy. Other potentidlly importunt
issues und eneryy technologies will be examined in 2005, such as other renewdble technoloyies,
enheryy storuge und trunsport, distributed electricity yenerdtion, system inteyration, eneryy
efficiency und cross-cutting issues.

However, AGE hus decided to releuse this present report now in order to contribute in u timely
fushion to the important process of reflection presently under way to make energy research more
respponsive und more efficient in Europe.






MESSAGES FOR POLICY-MAKERS

1.

o

Energy is vitdll Like cleun water and dir, eneryy is essential to ‘life’” in the sense thut it is a
prerequisite for maintaining our stundurd of living. SWOG hus unhunimously concluded thut u
fdilure to muke our eneryy use und supply Much more sustuinuble — a fuilure which is likely
unless we uct urgently —is the bigygest threut fucing our developed economies.

. Sustuinuble eneryy provision reyuires that energy supply is secure, afforduble und clean (so

that bluckouts ure prevented, rocketing prices ure uvoided, demund does hot outpuce supply,
environmentadl impauct is mitiguted - both for locul pollution und global climute chunyge). Even
internutionul peuce muy be ut risk becuuse of the concentrution of enerygy sources in highly
sensitive geopoliticul regions. Becuuse of the difficulties and uncertdinties involved in meeting
these chullenges und becuuse of the lony leud times for infroducing new eneryy technoloyies,
we cunnot afford o waste time. We should start immediately and with redl determination to
uchieve sustuinuble eneryy provision.

. Although other instruments (such us tuxes, subsidies or regulations) may be helpful, by

ucceleruting murket diffusion of recently developed eneryy technologies, SWOG believes thut
the only route to u sustuinuble enerygy system is through new or improved enerygy technoloyies
that will have to be found through resedarch and development. SWOG udlso thinks that the
eneryy sector is the only community-level reseurch priority fucing such crucial challenges,
which must be solved if economic, sociul und environmentul decline is to be uvoided.

. To uddress the energy-related challenges uppropriately, SWOG uffirms that it is hecessary to

develop u portfolio of enerygy technoloyies und options. There is no certuin solution: No single
technology that can provide ‘the’ dnswer, nor is energy conservation (dlthough very
commenduble und to be strongly encouraged) sufficient on its own. SWOG therefore believes
that turgeted reseurch should be performed in a range of energy technoloygy dredus, but on
well-selected topics, tuckling key tusks where a technicul breukthrough would dramatically
improve our chances of muking our enerygy system sustuinable.

. In this initial report, SWOG hus identified a humiber of these key tasks. Most ure not eusy problems

to solve und muny will reyuire strony, focused, Europe-wide R&D effort, i.e. R&D ‘Schwerpunkte’,
directed 1o solving them. Enhanced support for cross-cutting issues und busic science research of
relevance to eherygy could dlso help to uchieve the reguired breukthroughs.

SWOG therefore regrets that Commission-funded energy R&D expenditure hus decreused
dramatically over time, in readl terms by dlmost a factor of four over the pust 25 years. Pardllel
declines have occurred in funding by EU Member States und by private industry, the latter
uccelerated during the last decade in the eneryy utilities by the liberdlisation of the energy market.

. It is SWOG's firm conviction that it is how reckless to muintain such d low level of energy R&D

funding. It believes that the level should be restored in redl terms to the levels of 25 yedrs ago -
that is, increused by ut leust a fuctor of four. Moreover, the hew enerygy technoloyies which dure
needed will hot be delivered quickly. The increused R&D effort should start now, und will have
to continue over u lony period of time.

. SWOG firmly believes that, if nothing is done to increuse and focus the energy R&D effort, our

society will not meet the crucidl eneryy chullenges we fuce, with potentidlly dire consequences.






|. THE CHALLENGES AHEAD

The fuel shortfuges that plugued Europe in the uftermuth of World War Il have lonyg been consigned
to history. Even the eneryy crises which shook the Western world in 1973 and 1979 are now distunt
memories, their dumaying economic impuct largely forgotten. Neurly two decudes of chedp,
readily-avdilable oil and gus have lulled the great industrial economies of Europe, the USA und
Jupun into complucency ubout eneryy, with ordinury consumers tuking it for granted that the
shortuges und very high prices of the 1940s und 1970s huve yone for good. Recent increuses in the
price of oil muy huve rocked thut complucency ulthough, we believe, only very slightly.

Yet many eneryy unalysts believe that increusing energy demand is once uguin on u collision
course with both supply constraints und unucceptable environmental impact. And this time, the
problems seem certuin to be truly globdl in scule und technicully more difficult to overcome than
in the pust. There is u growiny uwdreness that much of world’s eneryy is produced und consumed
in ways that cannot be sustuined with current enerygy technoloyies if demand grows substuntidilly,
us expected, und/or environmentul impuct must be contuined or reduced. The result will either
be high energy costs or the heed for restrictions/tuxes on enerygy use, or both. Either will dumuge
Europe’s economy und muke its industries relutively less competitive uguinst countries which are
technicdlly better prepared to meet the eneryy chdllenges — and uguinst those with cheuper
labour aund less enhergy-intensive manufacturing. On the other hand, the demund for hew
technology which cun tup info hew energy sources und use energyy more efficiently will offer
Europeun industry mujor opjportunities.

Trends in demand and supply

The forces driviny increuses in energy demund dre no lonyer primurily in the developed world.
Both Chinu and India, euch with populations bigger than Europe, the USA and Japun combined,
have ubundoned their policies of economic isolution und strict central control fo espouse the free
trade und murket economics which made OECD countries so wedlthy over the second hdlf of the
20th century. Their economies ure now growing rapidly, bringing wedlth und u better life to their
people but dlso un increusing demand for high-grade energy. They dare no longer content to burh
only locully produced firewood or even indigenous coul, dlthough the lafter will probubly
dominute their eneryy supplies intfo the medium-term future. Their demund for the oil und yus
which currently fuels dll advanced industriul economies is dlso growing spectacularly; in 2003,
Chind's use of oil und yus grew by 38%!

Thouygh individudlly smdaller, many other Asian and Latin American economies are following the
sume puth. Purts of Eustern Europe have now joined the EU! The result is that a further three-fifths
of the world's populution ure heuding for levels of economic uctivity und energy use previously
enjoyed by only the privileged one-fifth, of which we are u purt,

This potentidlly severul-fold growth in yglobul energy demund would perhaps have been less
thredatening if the rich countries of Europe, the USA uand Jupuh had muhuged, over the last few
decudes, to find wuays to reduce their own high energy demund by improved efficiency in energy
use. They could then have pussed onh ways in which the fast-developing economies could
become wedalthy without as much energy use ds in the pust. The developing world certainly
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needs to improve ifs eneryy efficiency und the developed world hus certuinly mude
commenduble efforts in this respect, with the energy consumed per unit of wedlth creuted in
advunced countries reducing steadily, by dbout 1% per year over the last 50 yeurs, But, during
almost dll of those yeurs, economic growth in the developed countries has exceeded 1%, so that
ehergy demund in OECD countries has almost always grown yeur-on-yedr, und there is no sign
that this frend will change in the near future. It has become apparent that the large reductions in
overdll energy use in rich countries, predicted by some optimistic unulysts in the eneryy-crisis yeurs
of the 1970s, have just hot occurred. Nor will they do so in the future unless draumuatic steps are
tuken, such us much heavier tuxation on enerygy use. There ure muny worthwhile improvements
in eneryy efficiency to be mude but ho technoloyicul miracles wuiting to happen!

Others active in the energy industries during the 1970s crises predicted that so-called dlternative
eneryy sources, the ‘new renewdbles” and nuclear fission and fusion, would provide ubundant
new eneryy supplies, economic, sustuinuble und independent of limited oil und yus reserves in
politicully sensitive puarts of the world. Thirty yedrs on, they still have not dohe so. Renewdbles
cohtribute some 6% of EU primary energy, but this includes the traditional contributions from large-
scule hydroelectricity und biomuss (mostly wood und wuste) combustion. Few hew renewdubles
are economic without subsidies and, as yet they conftribute only 1%, although their contribution is
now ygrowing rapidly. Nucledar fusion remains only u distunt possibility and fission is currently stalled,
strugyling to recover public confidence und, until recently, hot economicully competitive against
gus. Fission’s contribution to EU enerygy supply (15%) is very significant but is falling because of its
generdl unpopularity following the Cherhobyl accident and the low price of gas from 1986 until
the large increuses of recent yeurs (since 2000).

As u cohseyuence, the International Energy Ayency predicts that the world will remain highly
dependent on fossil fuels for the foreseeuble future despite growth in eneryy demaund — unless
there ure drumutic chunyes in eneryy policies. Yet muny non-OPEC reserves of oil und gus, which
were found dunhd developed us u consequence of the eneryy crises of the 1970s, ure now
significantly depleted. For exumple, the UK sector of the North Sed has pussed its production peuk
and is in decline. Muny unalysts believe that the situation in the North Seu is symptomutic of ol
and yus production worldwide; we dre at or neur the pedk in production and will simply hot be
able to meet greutly increased demand for fossil oil and gas. SWOG does hot have the expertise
to predict when yglobul oil production will peuk und consequently it is becominy impossible to
meet future demund ut unything close to current prices. Indeed, those with more uppropriute
expertise cannot ugree whether that point of redl und permanent oil price increuse will be in ten
or 50 yedars, But it is coming; the current situation is hot sustainable!

Environmental Impact

Similarly, the concerns for the environmental impacts of energy use in the 1970s and 1980s were
centred on the locul or regiondl issues of ducid rain from power stations and photochemical
‘smoy’, cuused by orgunic combustion residues from automobiles. Acid rain wus reduced fairly
eusily by u combinution of switching to higher-grade, low-sulphur fuels, flue-gus desulphurisation
and better burhers, und vehicle-exhaust pollution wus reduced by muking cutalytic ufter-burners
compulsory.



In contrust, toduy's environmentul concerns focus on the ylobul impuct of greenhouse yus
emissions, particularly the CO, produced when fossil fuels are burned. The evidence that CO, and
other greenhouse yguses ure having u sighificunt effect on the eurth's climute hus steudily
become more convincing, with g humber of climute simulution Models converying onh u ylobul
waurming by 2100 in the range of 2-5°C. Thouygh not dll the impacts of climate change dare
necessurily bud, most seem likely to be unwelcome, with more frequent severe storms und floods,
islunds submeryed permunently, tropicul diseuses moving further into temperute reyions, hot dry
summers in places not well-equipped to cope with them, etc.

Whuat is certuin is that u mussive increuse in the use of fossil fuels, uccompunying economic
growth in Chinu, Indiu und elsewhere, will greutly exacerbute climate chunge and muy prove
environmentdally unsustaindble. Cohsequently, dlmost everyone in the energy business accepts
the urgent need to develop und deploy both traditional and novel ‘curbon-free’ eneryy sources
— und wuys of poweriny vehicles other thun by fossil-fuelled internul combustion engines.

Lurge reductions in CO, (curbon dioxide) emissions from fuirly conventionul fossil-fuelled power
stations muy be possible by CO, separation und sequestration, dlthough the economics of
sepurdtion und lony-term inteyrity of the CO, storuge hus yet to be determined. In confrust,
although modern diesel engines do dllow a useful reduction of CO, emissions from vehicles, and
hybrid electric/internal-combustion-engine-driven vehicles cun go even further, neither reduces
CO, by u lurge factor. Very lurge reductions in CO, emissions from fransport vehicles, compuarable
with the impuct of CO, sepurution und seyuestrution on electricity yenerution, looks impossible
without d switch to electric or hydrogen-fuelled curs, whose current performunce und costs ure
far worse thun conventional vehicle power plant. However, u curefully munuged bio-liguid fuel
system for tfransport vehicles could potentidlly eliminate net CO, emissions, with hew biomuss
growth cupturing the CO, in the enyine exhuusts.

Economic threats and opportunities

Difficulties in meeting the rising demand for enerygy with traditional fossil fuel supplies will inevitably
cuuse eneryy prices to rise und have un audverse impact on Europeun industries. The impuct may
be direct, with energy-intensive maunufucturing finding its costs increused; or indirect, us consumer
spending that hus to be transferred to eneryy is ho longer uvdiluble for other consumption, und
tuxes previously levied on energy must be moved elsewhere. The initial impuct on eneryy-poor
regions such us the EU will be proportiondlly gredter, as more of their wedlth must be spent outside
the EU on eneryy supplies, und could eusily trigger un economic recession us it did in the 1970s.

The EU will dlso fuce a difficult challenge in making the contribution it would like to reducing
globul emissions of greenhouse yuses. If the newly developing economies of China, India etfc.,
and perhaps even the USA, dre unhwiling to place foo muny restrictions or taxes on the use of
fraditional fossil fuels by their industries, und the EU tries to do so without new, reusonubly
competitive, more-carbon-free eneryy technoloyies, then EU industries will find competing in the
yglobul market place more difficult than in the pust.

But for every problem there is dlways un opportunity. No country will be immune from the
difficulties in enerygy und dll will be seurching unxiously for new, competitive eneryy technoloyies
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thut depend less on oil und yus und cun reduce CO, emissions. Those compunies uble to
develop substitutes for traditionul energy sources und methods of use will find un enormous
market for their products ucross the world.

SWOG therefore believes that the EU hus three powerful reasons for frying to solve the difficult
enheryy problems we huve outlined:

® to muintuin the stundurd of living of EU citfizens und the competitivity of importunt enerygy-
intensive industries;

® to put the EU in g position to take d leud in tackling the problems of globadl warming without
harming its competitiveness and hence, us fur us possible, protect its citizens from uny adverse
impacts global warming may have;

® 1o yrusp the commerciul opportunities to supply the emeryiny ylobul heeds for new, curbon-
light energy sources, hot dependent on oil und gus.



Il. SWOG’S VISION OF A SUSTAINABLE ENERGY FUTURE

Doing nothiny is certuinly hot u serious option, since modern life cunnot continue without eneryy; it is
essentidl for food, clothing und housing, through communication and fransport to leisure and culturdl
uctivities. An udeyuute supply of economic eneryy is ulso u prereyuisite for economic development
und u decisive factor in environmental cure. The EU Treuty on ‘sustainduble development, globdl
chunge und ecosystems’ mukes sustuinuble development u centrul objective of the Europeun Union
und recoynises that it cun only be uchieved if eneryy provision is ulso Mude sustuinable.

However, SWOG believes that ‘simple’ sustainability in energy, in which the energy resources pussed
oh by euch generdtion to the next are not significantly different from those they inherited, cun no
longer be dachieved by this generdtion. It is inevitable that our present high and growing reliance on
oil und gus will significantly deplete the eurth’s fossil fuel resources before we cun lessen our
dependence on them. Nor is it how possible to ensure the environment remauins essentidlly
unchunyed by eneryy use during our lifetimes. Further increuses in atmospheric CO, ure inevituble
and some ylobal warming will probably occur —indeed, it may dlready be occurring. Redlistically, our
societies cunnot prevent it und they will have to cope with its consequences.

Broad sustainability

But sustuinubility heed nhot be simple! The World Commission on Environment and Development
(the Brundflund Commission), reporting in 1987, defined sustuinuble development us
‘development that meets the needs of the present without compromising the dbility of the future
generations to meet their own heeds’. Of course, it must provide equal opportunities and yood
sociul welfare within and dcross countries (und nhot just for the fuvoured few) dund dcross
generutions (not just for u fuvoured period of time), us well us ensuring the conservution of the
environment. But it cun dlso incorporate economic und technoloygicul development und we
should recoynise thut the puth to u more sustuinuble eneryy future will never be stutic. It must be
contfinuously redefined und rebulunced, hot only to fuce new problems but dlso to incorporute
new scientific knowledye und improved technoloyicul options which cun muke eneryy systems
more efficient, ufforduble, uccessible und environmentully friendly.

Thus, ulthough our yenerution cunnot uchieve simple sustuinability, it can develop hew energy
technoloyies und briny them into use, ready for our successors 1o use more extensively if they heed
them. It is in this way, rather than by simply conserving the oil und gus resources avdiluble to us, that
we cuh ensure that the energy avdiluble to our descendants is functiondlly similar to that avdiluble
to us — cupuble of providing eneryy for homes, industry und transport in different ways but at costs
which will dllow our descendunts to enjoy wedlth and comfort broudly similar to ours.

Similarly, the only environmental sustainability that is practical is to bring on-stream enerygy
technoloyies which cun initidlly lessen the growth in utmospheric CO,, und eventuully reduce it
to ucceptuble levels, us well us ensure that other environmental resources ure not significauntly
deyruded.

SWOG believes thut this ‘broad’ sustainubility is consistent with the Bruntlund definition aund the
only one that is practicdl in the present circumstances. It should be our target.
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I1l. ACHIEVING BROAD SUSTAINABILITY THROUGH R&D

Achieving broud sustainability in eneryy is no soft option. In general terms, it requires that we:
® ensure secure und reliuble supplies of eneryy for the future;

® ensure thut eneryy services ure provided with g minimum use of scurce resources, i.e. ut
minimum totul costs (both internul und externdl);

® ensure that the quuntity of economicully uccessible energy hunded over to the next
genherution is ho less thun we inherited;

® |imit the use of slowly renewuble enherygy resources, such us biofuels, to rutes which do not
exceed their regeneration rate;

® |imit eneryy-reluted pollution und wuste flows info the environment so thut the dbsorption
cupucity of the natural environment is not exceeded;

® |imit huzards und risks to human heulth from energy use so that they ure below natural hazards
und risks und those uvoided by the use of eneryy.

Our current specific circumstances require the development und widespreud deployment of
enherygy techholoyies which do not depend on oil und gus und do hot releuse sighificunt
yuuntities of CO, into the utmosphere. This implies significant changes in the enerygy industry
which cannot be made quickly; with a turnover of roughly €3,000 billion world-wide, it inevitably
hus substuntial inerfiu, Maximum effort to bring dbout the required changes must therefore be
dpplied us soon us possible.

Fortunutely, there ure muny technicul options for the new eneryy technoloyies required, some
with exciting potentidl. Unfortunutely, none is without disudvantages that have so far prevented
their widespreud use und will have to be overcome. To uchieve even broud sustuinubility, we will
therefore huve to:

® demonstrute the practiculity und costs of hew technoloyies;
® improve the performaunce und/or reduce the costs of existing fechnoloyies;

® increuse eyuipment avdildbilities und lifetimes to make dll the potential solutions mMore
attractive und eusier to use;

® ensure thut new eneryy technoloyies uchieve high levels of sufety and have low impucts on
humun heulth und the local and global environment.

This tusk of developing und improving energy (or any other) technoloyies is the role of resedrch,
development and demonstration (dll three dre covered by the Frascati definition of R&D).
Thus, short- and medium-term R&D funds will be heeded to improve existing non-oil-and-gas, hon-
CO,-producing energy technoloyies to the stuge where their economic competitiveness und
overdll ucceptubility is sufficiently yood thut they become preferred options for hnew enerygy
investment, without government intervention. Medium- and longer-term R&D funds ure hecessury to
atfempt the development of hew energy sources and cdrriers such ds bio-liquids from ligno-cellulose,
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nucleur fusion und hydrogen which, if they become practicul and reusonubly ufforduble, would
be very cleun und sustuinuble.

SWOG wus tusked to define u strategy for EU energy R&D which can move Europe towards a
‘boroudly sustuinuble” eneryy system. It chose to beyin by identifying what it believes ure the most
important R&D tasks within that programme. Although it was ih ho way constrained by eurlier
work, it does recoynise thut its predecessor, the EU ‘Eneryy Reseurch Working Group’ (EWOG) took
an important first step here. That group looked at the possible technical contributors fo a hon-
oil-und-gus, non-CO,-producing enerygy system, humely:

® |mproved eneryy efficiency

® Renewuble eneryy sources

® Cleuner use of coul und other fossil fuels
® Nucleur fission und fusion enerygy

® Hydrogen us un enerygy carrier

Having considered these in u very broud-brush way, it concluded (EUR 19790; Januury 2001)
that, *.... given the present status of these technoloyies und the uncertuin future, none cun be
relied on for more thun u contribution to solving the overdll problem und dll options should be
kept open und further development be pursued...”. Huving considered the mutter aguin,
SWOG agrees with this conclusion that nhone of these broud options on offer is so certuin to
succeed thut others cun sufely be ubundoned, nor is uny one without sufficient promise that
it should be ighored enfirely. Key R&D tasks will be found dcross a very broud front of
technoloyies.

Funding for EU energy R&D

SWOG does recoynise thut following up every technoloyicdl possibility is not a redlistic option. It
would be extremely expensive und even u very lurge economy such us the EU may be unuble or
unwilling to do so. But focusing limited resources on one or two favoured technologies is hot
sensible either since the outcomes ure still too uncertuin.

SWOG therefore deplores the relentless erosion of energyy R&D expenditure over the last 25 yeuars.
This hus led to u level of funding which is neither commensurate with the importance und severity
of the eneryy chdllenge nor with the conclusion that g wide range of technoloyies must be
foursued 1o be sure that the challenye cun be met.



For example, Europeaun Commission expenditure on energy R&D is illustrated in
the tuble below:

Framework Total R&D Energy R&D
Programme number (G€) (% of totul R&D)

Before Framework 66

Programmes

1-1983 to 1986 . 66

2 - 1987 to 1990 . 50

3 - 1991 to 1994 . 23

4 - 1995 101998 . 22

5 - 1999 to 2002 . 18

6 - 2003 to 2006 . 11.6

In fuce-vulue terms, expenditure is how less thun it wus 25 years ago, in reul-value terms it is very
much less und, s a percentage of the total Community R&D, it is roughly six fimes smaller than 25
yedrs uyo.

These reductions in EU Commission funding for enhergy R&D reflect government funding more
genherdlly, us shown in the diagrum below which uses duta provided by dll those nutiondl
governments which are members of the Internationul Energy Agency. Note that the reduction
factor hus been greater in EU countries than for other members of the [EA.

Government energy R&D Expenditures 1974 - 2002
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The overdll impact of these cutbacks hus been exacerbuted by the substantial de-regulation of
the eneryy industries in Europe that hus occurred over the pust ten to 15 yeurs. The how private-
sector energy compunies have to balunce the use of funds for R&D aguinst dividends and cupitadl
investments to increuse shareholder value (o protect the compuny ugadinst hostile tukeover), and
ayuinst price reductions for customers (fo protect the compuny ugainst competing suppliers).
Eneryy compunies no longer have un obligution to ensure supplies in the lonyg-term future
dlthough they will, of course, tuke steps to ensure their business continues for as lony us it is
profitable. Conseyuently, they no longer tuke such d long-term view us they did when they were
public sector monopolies, und they how fund less R&D.

SWOG therefore believes that the Europeun Commission und EU Member States should incredse
the public sector resources avdilable for energy R&D, ut leust to the same level in redl terms as
25 yedrs ugo, when energy supply und use wus lust seen us the key issue it hus once aguin
become. SWOG believes that, for the enlarged Europedun Union (EU-25) the present level of EC
eneryy R&D expenditure should be increused by ut leust a fuctor of four.

The EU eneryy industries receive significunt public subsidies: 29.2 billion euros in 2001, uccording to
the Europedn Environment Agency (see fable below), which dwarf the enhergy R&D expenditure.
This support is provided us u mixture of direct subsidies, finunciul incentives, feed-in-tariffs, and ftux
reductions, and the figures include public sector R&D expenditure. However, much of this support is
technoloyicully buckward-looking, such us the support for deep-mined coul, for the oil und yus
from which we need to turn, und for the decommissioning of old nhuclear facilities. With the
exception of the support for renewdbles, it is unlikely to contribute mMuch to future eneryy problems.

Energy Source EU 15 Subsidy in 2001: G€

Coal 13.0

Oil and Gas 8.7

Nuclear Fission 2.2

Renewables 53

TOTAL

SWOG believes that there needs to be u better balance between funding to solve pust problems,
to meet short-term eneryy heeds, und to position ourselves for a more sustainuble future.



IV. MAKING EFFICIENT USE OF ENERGY RTD RESOURCES

Having deplored the erosion of funds for energy R&D, SWOG does accept that there will never be
ehouyh money to do everything which might help us to meet the eneryy chullenges uheud.
A strategy for EU-wide energy R&D must try very hard to identify the redlly key tusks und eliminate
work which is either:

® unnecessury, becuuse the desired developments will huppen unyway, without the
involvement of the Commission or governments; or

® unproductive, becuuse the technicul or economic chullenges ure too severe und therefore
the R&D is unlikely to succeed; or

® insignificunt, in the sense thut the technoloyy, even if successfully developed, cunnot be
applied widely und its conftribution to enerygy supplies will therefore be smaill and/or local.

SWOG believes the best energy R&D strategy is to focus resources where concentrated und
effective R&D is likely to have d big impuct onh the problem we fuce - ie. inh u few R&D
‘Schwerpunkte’.

Therefore, the muin thrust of the first phuse of SWOG’s work hus beeh to look at prima facie
important technhology options which lie within the broud groups cohsidered by EWOG, and to
evdluute them in order to try und identify key R&D tasks which have the gredtest potential to
change the EU energy scene und which seem likely to redlise that potentiul given well-directed
R&D effort, but which are unlikely to be developed without EU-wide involvement.

The last point is crucial for the Commission’s Framework Programme. There ought to be clear
udded vudlue in huving un EU-wide programme us opposed to sepurate programmes in individuadl
Member Stutes. This udded vulue may come either from dllowing Member Stutes to curry out
programmes otherwise beyond their meuns (e.y. fusion), or in enubling common stundards to be
developed which are crucial for the deployment of the technology (e.g. CO, sequestration), or
in deployiny u wider runye of tulents und skills o tackle fechnicully novel und perhups intractable
froblems (e.y. bioloyicul routes to bio-liquids). It is ulso importunt for the Commission to yuide R&D
funds to where Europe is likely to sustuin globully competitive industries, with the consequent
benefits for employment und the bulunce of puyments. In order to ullow EU funds to be focused
in ureus where there is clear Europedn udded value, an important part of the SWOG exercise wus
to set uside uny EU-wide concern for that R&D which cun either be done eyudlly well in Member
States oris without sufficient promise. But the main work has been to identify those R&D tasks which
dre importunt for the success of euch promising new energy technoloyy.

The choice of technologies

In looking ut some technoloyies und not others, SWOG recogynises that it may be misunderstood.
Almost dll enerygy technoloyies have their enthusiustic supporters who believe thut their particular
ideus ure important for the future, aund it is therefore importunt o explain the process by which its
key R&D tusks were identified. Not everything caun be key becuuse, dlthough it seems likely
that no single technology caun meet future needs, it is eyudlly likely that not dll will be heeded.
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SWOG believes thut spreuding scurce R&D resources ucross too broud u front is nhot the best
strategyy — even its initiul choice of technologies wus more selective thun EWOG's broud
conclusions (puragraph 26) in two important ways,

First, it hus not yet considered improved eneryy efficiency. As ENVOG suid in its report, improved
efficiency ut the point of use relies on “u mosuic of More-eneryy-efficient products und processes
that are continudlly being invented, uadopted, improved und eventudlly discurded for something
better”. Few of the individuul fechnoloyies in the mosuic have u high potential on their own,
dlthough collectively they dre very important. Moreover, most developments here will occur
without the help of EU-wide R&D, as manufacturers develop better products to improve their
competitive edge und users buy more efficient eyuipment for better performunce or to suve fuel
costs. Also, improving the energy efficiency of industrial processes (such ds puper-muking or
materidls fabrication) or of particular industrial, commercial or domestic equipment usudlly
requires industry-specific knowledyge dand insight beyond the general competence of SWOG.

SWOG hus therefore hot evaluated improved-enerygy-efficiency options so far, with one important
exception — that is fuel cells which dre likely to be deployed primarily neur the end use for the
electricity they make from chemicul fuels. They have the potential to muke u substantial impuct
on the efficiency of electricity generdtion from fossil fuels aund, more importuntly, could
revolufionise surfuce frunsport by dllowing vehicles to be driven by hydrogen fuel, essentidlly
pollution free und ut high-enerygy efficiency. Therefore, SWOG explicitly included fuel cells in its
phuse-1 programme.

Neither did the group consider explicitly two other importunt uspects of eneryy efficiency, numely
the conversion of fossil fuels to electricity viu gus und steum turbines und their conversion to motive
power for vehicles viu internul combustion engines. However, some ygeneric issues here are deult
with in our report on the ‘cleuner use of codl’. It is probubly worth emphusising ut this point that
SWOG uses ‘coul” us shorthund for the various non-oil-and-gus fossil fuels such as heavy oils, tar
sunds and couls. These dre more widespreud and chedper und could certuinly reduce our
reliunce on oil und yus, but they ure generdlly dirtier und emit more CO, per unit of useful eneryy.

The second difference between our choice of fechnoloyies und those in paragraph 26 is in our
freutment of renewubles. Renewuble energyy technoloyies ure u lurge und diverse group, ulbeit
with less diversity than end-use technologies. SWOG hus therefore chosen three of the ‘new
renewuble’ technoloyies for the first phause of its work, the three which, primu fucie, huve the best
potential for growth, numely biomass fuels, wind power and solar photovoltdics. SWOG recognises
that u fourth renewdble, traditionul large-scule hydropower is aun importunt electricity yenerutor,
but its potentiul for future growth in the EU is limited und the constraints on that growth are not
fprimarily tfechnoloyicul. SWOG dlso recoynises that other renewubles, such us geothermul and
oceun enheryy, might muke useful contributions to Europe’s eneryy.

Biomuss fuels und wind power ure dlready important and generadlly recoghised ds having high
potential for the future. Thus, the IEA ‘World Energy Outlook 2004" projects that hon-hydro
renewuble electricity generdation in OECD Europe in 2030 will supply dbout 16% of our
electricity, consisting of 5.1% from the combustion of biomuss (und wuste) and 7.8% from wind
power. The Europeun Commission, in its ‘Europedn Enhergy und Transport — Trends tfo 2030°



makes different predictions for the EU-25, giving wind power an 11% share of electricity
generation in 2020, und biomass und wuste about 4%. Their numbers differ but both agree that
biomuss and wind are likely to make the largest contributions, supporting SWOG’s choice of
biomuss und wind power.

There is less ugreement ubout the future importance of solur photovoltuics (PVs). PVs are currently
much too expensive for commodity energy supply, but if they becume sufficiently cost
competitive, their potentiul would be very large. We could then expect their wide use in southern
Europe with wind power more important in nhorthern Europe. SWOG therefore decided to include
solur photovoltuics in its inifial programme.

The technoloyies SWOG hus considered so fur, listed in ulphubetical order, are therefore us follows:
® Biomuss (including uyricultural, industrial and municipul wuste)

® Cleuner use of Coul

® Fuel Cells

® Hydrogen us un Eneryy Cuarrier

® Nucleur Fission

® Nucleur Fusion

® Solur Photovoltuics

® Wind Eneryy

SWOG believes it is in these eight technoloyies that most of the important critical issues or turning
points in our future energy system can be found. Here, u few successful R&D ‘Schwerpunkte’
could muke biy chunhyes to the way eneryy is provided und used in the future. But, in choosing
these eight, SWOG recoyhises that other tfechnoloyies cannot be ighored, energy storuge und
better grid munagement, for example, and it will furn to them luter.

Analysis of the technologies and identification of key R&D tasks

Most SWOG members hud some fumiliarity with dll eight of the chosen technoloyies but the group
fried to ensure every member guined u good uppreciution of dll by urranyging two presentutions
onh euch, one by the SWOG member most fumiliar with the field und u second by un outside
expert. The speukers were given u specificution for their presentation which ensured they covered
the key issues, und SWOG wus uble to yuestion und discuss them extensively. The SWOG
rapporteur then set dowh in d ‘synthetic report” what appedred to be the Group’s dppreciation
of and conclusions dbout the technoloygy in a standard format for subseqyuent discussion,
modification und eventudl upproval by SWOG. These synthetic reports on individuul fechnholoyies
comprise the unnexes to this report.

In euch cuse, SWOG ussessed the technology ugainst a common set of criteria, in part to test and
either confirm or chanye its judgment about the likely importance of the technology und hence
the priority it should be ufforded in R&D fundiny, but dlso to identify where the wedaknesses are
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which R&D must diminhish or remove, and hence to identify the key R&D tusks that are likely to
huve u decisive impuct. The criteriu were:

Potential Economic Contribution within the Europeun Union. How much electricity, gus, liquid fuel
or coul in totdl is likely to be saved or mude uvdiluble economicully (without subsidies or carbon
tuxes) in the EU by using the tfechnoloyy in u murket where eneryy prices ure ut:

® current levels (ussumed in this study to be around $30 per burrel) und ussuming current or
confidently expected costs for the technoloyy;

® two times current levels (or fechnoloyy costs that are half current costs);
® four fimes current levels (or technoloyy costs four times less than current costs).

Many new tfechnholoyies dre uncompetitive dt current eneryy prices und the economic
confribution ut current levels is therefore often zero. A technologyy muy become competitive
either because the costs per unit of output ure reduced or becuuse competing eneryy prices rise.
These prices (of confinuing o use conventionadl enerygy sources) could rise either becuuse of
supply/demund imbulance ut current price levels or becuuse CO, emissions ure penulised. We
have folded these three price/cost fuctors together. Once technologies are competitive, their
contribution mMuy or may hot be limited by other factors. Tidal electricity, for exumple, would be
severely limited by the reldtively few good sites avdilable, and wuste combustion by the amount
of wuste yeneruted.

Health and Safety Impacts. What is the complete life-cycle impact on human hedlth und sufety,
viu routine operdation und uccidents, per unit of delivered eneryy?

® 1o the workforce — where risks ure usudlly higher but dlso more ucceptuble;
® 1o the yenerdl public neurby, in the EU und worldwide.

Environment Friendliness. Whut is the complete life-cycle impuct on the locul und ylobul
environment per unit of delivered energy?

® |ocdlly in terms of emissions, lund use, visudl intrusion, wuste disposal;
® dlobully in terms of CO, or other ygreenhouse gyuses.

Input Sustainability. How reudily avdiluble, over u lony period of fime (Many decudes), ure the
input fuels and other materidls required, hot hecessurily within the EU but globally?

Security of Supply. Are the sources of the fuels and other materidls required and the operdation of
the equipment secure, or is there u dungerous dependence on imports from politically difficult
geoyraphical areus, sensitivity to cartels, to terrorist attack, etc.?

Compatibility with EU needs. Can the enerygy be produced roughly when the customers heed it,
where they heed it, in the form they need? Does it fit in well with current demund curves,
electricity grids, gus pipelines und other methods of supply etc.?



Deliverability of the Technology. Is the technologyy modular und eusy to deploy in whutever sizes
dre reyuired or ure specidl sites needed? How much R&D will be nheeded to bring it to the market,
und how much intervention will be needed to encouruyge tuke up, to obtuin locul plunning
dpprovuls, etc.)?

The Need for EU-wide R&D. Is there a heed for the Commission fo support and/or coordinate the
work, or cun individudl Member States or compunies do the work satisfactorily? EU-wide effort
muy be heeded becuuse of the scule und cost of the work, becuuse EU-wide stundurds or
agreement (often ubout sufety and risks) ure necessury, or becuuse u problem in the technoloyy
is infractuble und heeds EU-wide effort to muximise the chunce of solving it, etc.

Secondary (spin-off) merits. Are there significunt export murkets or hon-eheryy benefits which
should be considered.

Special factors. Are there other significant factors, such as the need to employ un especidlly
skilled workforce, known public untipathy, etfc.

Each synthetic report, contuining SWOG's uppreciution of und conclusions ubout euch of the
technoloyies, includes u mutrix showing our evuluution ayguinst the common set of criteria. It is
importunt to stress thaut these reports ure the collective view of u group of eneryy experts who
cover the whole eneryy field und huve been forced to upply common evduluution tests to
everything under consideraution.

In this way, SWOG hus selected the R&D tusks it believes are important, but it has hot prioritised
within its selection; dll tasks identified ure importunt. Nor has it considered in detdil the optimum
fiming of puarticular R&D, or the possible competition between different new fechnholoyies us they
dre infroduced into the enerygy system. This is, in purt, becuuse it believes that we cunnot ufford
to heylect uny eneryy technoloyy with high potentiul, even for the time beiny und even if the
likely time to its fruition is lony. The inertia of the enerygy system is so yreut that little which is likely
to prove importunt cun be left until mMuch later. Also, it believes that the precise timinys of readl,
persistent shortuges of oil and gus, und/or of u worldwide recoygnition that globdl warming nheeds
much more serious uction thun hus been tuken so fur, ure themselves very uncertuin. Thus, the
current high price of oil could be the beyginning of persistent shortuges but may be just u
temporary problem. Nevertheless, SWOG expects to return to the issue of fiming in later work.

Nor hus SWOG considered in uny detuil where und by whom the R&D it recommends should be
done. It is cleur that universities, industry und eneryy laboratories will dll have d role to play. The
purdllel ERA yroup hus considered in much more depth how those R&D tausks thut heed EU-wide
involvement cun be curried out und it will report shortly.
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V. CONVERTING USERS TO BROADLY SUSTAINABLE ENERGY

New energy tfechnoloyies will have to be widely used to have u significunt impuct. However,
enheryy is u commodity yood, sold to most domestic, commerciul und industriul users in the sume
forms, humely electricity, huturdl gus or various refined liquid hydrocurbons. Provided the supplies
are reliuble, users cunnot eusily differentiate between one source of electricity und another, or
between ohe yus supply und unother, except on price. The eusiest und surest way to cuuse
consumers und suppliers of energy to use u hew eneryy source is therefore to muke it cheuper
than dlternutives so, for that reuson, the cost of eneryy is u cruciul purameter for ull fechnoloyies.

In u free economy, the yreuter the economic driving forces the fuster the enerygy system will
change. Thus, the UK electricity gyenerating compunies switched en masse und very guickly from
coul to ygus for electricity yenerution during the 1990s becuuse surplus North Seu gus wus
avdiluble from the UK confinentdl shelf ut low prices, und very efficient combined-cycle ygus
turbine plunt wus dlso avdiluble to muynify the savings. But if there are no economic driving forces
or they ure heyutive, the need to chunge will be ignhored or even resisted by most users. This poses
un enormous problem for democrutic societies in infroducing hew, CO, -free, hoh-oil-or-gyus
eneryy technologies if they are less convehient und/or more expensive than those we need them
to supplunt. Simply uppedling to consumers’ better nature to do what is desirable for the
environment or for enerygy sustainability is rarely very effective.,

Governments cun filt the economic playing field of course. Frunce hus achieved a very much
higher fraction of fuel-efficient diesel curs thun most EU countries viu tuxes which differentiate
aguinst gusoline fuel. Denmurk hus uchieved u high level of wind-gyeneruted electricity through
generous support subsidies for that industry. Even simple compulsion is sometimes possible,
provided the udditionul costs forced on users ure not foo obvious, cun be pussed ulony the
supply chuain eusily und are therefore broudly ucceptuble. The best examples here dare the
regulutions reyuiring sufficiently high levels of insulation in dll new buildings.

But subsidies, tuxes und compulsion ure fraught with problems. National or even reygional fuxes on
the enerygy supplied to industries having to compete in u globul market economy cun eusily
cuuse the munufacture or service to move elsewhere. For subsidies, tuxes or compulsion to work
in a democrdatic, free-market economy, the muajority of the population mMust understand and
accept the reusons for it und others elsewhere in the world must co-operute.

The importance of economic potential

SWOG therefore believes thut those technoloyies that have good prospects of providing enerygy
ut (or not too Much ubove) current eneryy prices dre especiully importunt since they have the
best chunce of beiny widely used. It is essentidl that the maximum possible R&D efforts are made
to improve their competitiveness und, if possible, to muke them truly competitive. Wind eneryy is
ohe exumple, currently hot competitive without support but which could conceivubly become so
with successful development of larger, more flexible turbines.

Similarly, there dare yreut potentidl benefits to be obtuined in trying to solve uny sufety or
environmentul pollution problems ussociuted with those tfechnoloyies which dre dlreudy
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economicully viuble or close to it, but ure not ucceptuble for some other reuson. Thus, hucleur
fission is competitive (or close to it) ut current costs und prices, und strenuous efforts should be
mude to resolve the difficulties over sufety und wuste disjposul which currently humper its use.
Cleuner coul fechnholoyies with CO, sequestration could dlso be extremely valuable. In both
cuses, the mujor improvements in technologyy und public dftifude which dre required are
probubly beyond the capdbilities of the present huclear und codl eyuipment vendors in Europe.

In contrast, SWOG believes there is nhot much point in putting a large development effort into
those technoloygies that seem likely only to provide eneryy dt very high prices unfil more
fundumental research hus identified ways in which they might become fruly competitive. SWOG
believes the Europeun Commission hus un important role in tackling resedarch which is oo risky or
too far from the market for industry to sponsor; the requirement here is to do the minimum amount
of work required to improve the technoloygy to the point where it can conceivubly become
competitive, und industrial development cun tuke over (solur photovoltuics, for exumple).

Finally, if u technoloyy is ulreudy economic und well used then those incrementul improvements
which will dllow its wider use cun probubly be left to equipment suppliers who will respond quickly
to the murket opportunities provided by increuses in eneryy prices. SWOG believes that wood
and waste burhing fall into this category.



VI. KEY EUROPEAN ENERGY R&D TASKS

Aguinst this framework of thought, SWOG hus evaluated the eight technoloyies it initially selected
und hus drawh the followinyg conclusions with respect to the key R&D tusks necessury to tuke euch
forwurd. Its conclusions ure summuarised below und set out in More detdil in the eight unnexes to
this report:

Biomass energy

Biomuss enerygy, that is solur energy cuptured by plunts through photosynthesis und fixed in
curbohydrate muteridl, is the fraditiondl energy source of much of munkind. It cun be used us
plant material direct from the field or in the form of agricultural (including forest industries),
household und industrial wastes. Amonyg the non-fossil energy technologies in prospect for the
future, only biomuss produces solid, liquid und guseous fuels which cun be used us, or eusily
tfransformed into, fuels for transport, electricity generdation und heuting applications.

Simple biomuss combustion technoloyies ure ulreudy competitive with oil in those rural areus
where wood residues ure uvdiluble neurby und cun be burhed in smull, decentrulised plunts, und
with oil und gus in urbun dreus where the combustion of municipul waustes suves the cost of
fransport to und disposal in scarce landfill sites. SWOG sees little contribution which EU-wide R&D
cun muke to increuse this ‘conventionadl” use, dlthough manufacturers will doubtless continue to
improve boilers, fuel/feed systems, etc. und should be encouruged in the usuul ways, viu tux relief
on R&D, meusures for market deployment, etc.

However, the avdiluble biomuss resource in most EU countries is limited, und ways should be
sought fo mauximise it. EU-wide R&D should dim dt designing plunts optimised for eneryy use,
lookinyg for u better tfrade-off between high yield, fertiliser requirements und limited environmental
impuct. It should dlso encouruge u few locul communities to demonstrate, with currently
avdiluble technoloyy, the complete biomass supply chain in action. Converting biomuss to ligquid
(BTL) fuels is potentidlly very importunt for fwo reusons. It not only offers the prospect of retdining
liquid chemicul fuels for frunsport without increusing utmospheric CO,, but ulso the possibility of u
globdl trade in biomuss-derived liquids, hot redlly possible with solid biomuss itself. Becuuse of this
potential of BIL to provide ligquid fuels indigenously or from u wide range of externdl sources,
SWOG believes thut EU-wide R&D is importunt, in particular trying to find biologicul processes for
converting the ligho-cellulose purts of woody plants to liguids. The dlternative upprouch of using
chemicul or bioloyicul processes to sepurdte liguefiuble sugurs und starches from solid lignin,
which cun then used us d solid fuel, ulso heeds to be pursued. R&D on optimising the design und
operution of conventional BTL plunt for the different biomuss feedstock which might become
avuiluble in or to the EU would dlso be useful in order that the conversion fechnoloygy und costs
of BTL fuels might be reduced or ut leust become less uncertuin.

Cleaner use of coal

Fossil fuel technoloyies dure the workhorses of the current energy system dund dre widely expected
to remuain so for ut leust the hext few decudes, despite the frend for oil und hatural gas to become
scurcer und more expensive und Europe’s increusing dependence for their supply on imports.
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In contrast with oil and gus, the resources of coul, heavy oils, tar sands, etc. (SWOG uses ‘codl” us
shorthand for dll these less convenient und more polluting fossil fuels) dre lurge und expected to lust
for severdl hundreds of yeurs. They ure cheuper und more widely distributed thun oil und gus, both
in Europe und around the world. Therefore, SWOG believes that an important challenge for the 21st
century is to find betfter wuys of muking use of these reldutively ubunhdunt, widespreud, cheup, und
widely used fossil fuels whilst minimising, preferably eliminating, the pollution their combustion cuuses.

SWOG recoghises there are three distinct upprodches to meeting the challenge of making the
use of ‘codl’ more uttractive and less polluting. The first is simply to improve the efficiency of the
current methods of using fossil fuels, including codl. Thus, SWOG concludes that the Europeun
Commission should support and coordinute R&D on high-temperature materials und yeneric
compohnent design, which will ultimutely enuble boilers, turbines, und internul combustion enyines
to achieve higher efficiencies. SWOG dlso believes that the Commission should encouruge the
development and demonstration of super-critical und ultra-super-critical steam generation and
turbines, operuting ut steum temperatures of 700°C or higher, to ensure thut they become
avdiluble us soon us possible. Support for the systemutic collection of experience in the co-
combustion of fossil fuels is dlso importunt to encourage the spreud of best practice.

The second yenerdl upprouch is to seek to deploy inherently cleuner codl-burhing technoloyies
that dllow more pollutunts to be cuptured ut source. These include pressurised-fluidised-bed-
combustion (PFBC), inteyruted yusification combined cycle (IGCC) systems, coul gusificution
technology more ygenerdlly including hot-gus-cleun-up techhigues, combustions systems thut
make CO, sepurdtion eusier, und chemicdl loopiny. The potentiul of IGCC for making carbon-
free fuels deserves purticulur focus, offering us it does both electricity und hydrogen generation.
To make proyress here, SWOG underlines its recommenddation in the previous paragraph for more
R&D oh high-temperdature materials, But SWOG dlso recommends that the Commission supports
R&D for these inherently cleuner coul-combustion technoloygies on un EU-wide busis, so that one
or two plunts of redlistic size cun be built und used to evuluute und improve the current
technology und improve our certuinty of their costs.

Thirdly, because more efficient and inherently cleuner combustion does not eliminate the
problem of the large guuntities of CO, emissions from using coul, it is cruciul to develop und prove
the technoloyies heeded to sepurute und store u lurye fruction of the CO, inevitubly produced
when coul is used. Thus SWOG believes:

® that improved or hew processes which cun sepurate and capture CO, more chedply in
exhaust guses ure urgently heeded. R&D to explore hew ideus should be ygiven high priority in
the EU Framework Programme;

® that proving lony-term CO, storage must be u high priority task for EU-wide R&D in the hext few
yeurs, uimed ut demonstruting the sufety aund vidbility of different CO, storuge options und
eliminating uny lonyg-term risk.

Success with CO, sequestrution will ullow the EU to use u wide runyge of eneryy options which
might otherwise have to be dabundoned. Overdll, SWOG believes that the combination of cleun
coul technoloyies with CO, cupture und storuge could result in importunt tfechnoloyies in which
Europeun industry could have d leuding role, und secure u competitive position worldwide.



Fuel cells

Fuel cells have the technicul potential to convert chemicdal fuels into electricity and motive power
at higher efficiency than is currently being achieved und with low or even zero emissions. Polymer
Electrolyte Fuel Cells (PEFCs) using hydrogen us u fuel are especidlly promising for the huge
vehicle propulsion market. Other fuel cell types, such as Molten Carbonate Fuel cells (MCFCs) und
Solid Oxide Fuel Cells (SOFCs), ure more suituble for stationary upplications und have the potential
to yenerute electricity from various fuels ut high efficiency togyether with useful, high-grade heut.
SWOG therefore uccepts thut fuel cell technoloygies may well be uble to contribute significantly
to u more efficient and cleuner use of primary energy resources in the medium term.

Although there have been mujor improvements in the last decade, multi-disciplinary R&D covering
novel muteriul technoloyies und system innovations dre still needed to bring fuel cells to the market.
The yreutest lony-term benefit from using fuel cells is expected to be in the huge (severdl
100 GW/yeur) frunsportation murket, especidlly for powering uutomobiles. However, this is dlso the
most challenging market in ferms of cost and technicul specifications, and SWOG believes that the
seurch for improved fuel cell fechnoloyies should be given high priority, with cost reduction and
long-term reliubility the most importunt gouls. Moreover, their widespreud use in transport would
require hydrogen to become o mujor energy carrier alonyside oil, hatural gus and electricity.

Europeun fuel cell R&D should be coordinated by the Commission und tfurgeted on uchievinyg
ecohomicully competitive fuel cell systems. R&D oh improved PEFC fuel cell stacks, especidlly the
membrane electrode ussembly (MEA) subsystem, including more effective und cheuper
cutulysts and higher-temperature polymer membrunes, is the highest reseurch priority.
Verificution of hew technoloyies und their demonstrution in vehicles or other frunsport
upplicutions will, of course, be heeded to consolidute uny breukthroughs and initiate u
widespreud use of new technoloyy. As for high-temperature fuel cells for stutionary applicutions,
R&D is heeded oh improved cell und electrode/interconnection muteriuls us well us on cost-
effective munufacturing processes und designs.

Hydrogen as a major energy carrier

Hydroygen is not u primary eneryy source becuuse elementul, moleculur hydrogen does hot occur
huturdlly on earth in signhificunt quuntities. It only occurs in combination with other elements,
rimarily with oxygen (in wuter) aund with carbon, hitrogen und oxyygen (in living muteriuls and
fossil fuels). However, when sepurated from other elements to form moleculur hydrogen, u process
reyuiring enheryy that must be provided from elsewhere, it becomes un energetic und
environmentdlly uttractive fuel. It is then u potentidlly desiruble meuns of delivering eneryy to findl
consumers, freeing that final energy use from CO, emissions, just us electricity does. Conseyuently,
it is often seen us un important, storuble energy carrier for the future, dlonyside refined liquid
hydrocurbons, gus und electricity.

For hydrogyen to become u successful enerygy vector in the future, the whole supply chain from
production, through transport, distribution, storage to end use, must be cost effective compured
to other sources, ulbeit taking external costs info auccount. The Major cost challenges for hydrogen
dre in production und in the end uses, especidlly in fuel cells.
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SWOG therefore believes that high priority in hydrogen R&D should be given to developing more
cost-effective production. This could be by improving wdater or high-temperdature steum
electrolysis, or by exploring schemes to generate H, biologicully, photo-biologicdlly or via high-
temperature thermal splitting of water.

Hydrogen storage is dlso u serious difficulty for mobile applications. SWOG therefore concludes
that strony EU-wide support is heeded on R&D to pursue promising ideus for mobile hydrogen
storuye, since none of the currently proposed methods ure truly sutisfuctory.

Finally, SWOG notes that u future hydrogen economy will depend on the successful development
of improved fuel-cell technoloyy. Sufficient R&D effort is heeded therefore to ensure reliuble und
ufforduble fuel cells penetfrute the muarket (see the previous section on fuel cells).

Nuclear fission

Nucleur Fission is currently un importaunt contributor to EU electricity supplies (32% in EU-25) und
has the potential to mMauke a Much bigyger contribution at costs close to current prices for bulk
electricity. Indeed, if the recent rises in the price of oil ure muintuined and filter through to yus,
then nuclear electricity will be the cheudpest way to muke buseloaud electricity in the EU.
However, public und politicul untiputhy is such that its contribution will grow und become
accepted us u mujor component of EU eneryy sustuinability only if the followinyg cun be
gudranteed:

® Sufety aund security in huclear power facilities, ensuring u high-level of protection for workers
und essentidlly no risk to the generdl populution or the natural environment from radioloyicul
hazards cauused by uccidents or terrorist uttuck.

® Suafe findl disposal of the radiouctive wuste produced; us well as achieving:

— optimised use of nutfurdl resources (hatural uranium for the time beiny, possibly
complemented by thorium in the longer run);

— Mminimised production of lony-lived, high-level radiotoxic wuste.,

To uchieve these youls, SWOG believes that the priorities for EU-wide nucleur fission R&D should
focus on innovutive reuctor design und udvanced fuel cycles, whilst continuing work on wuste
tfreuttent und disposul und on the bioloyicul effects of low raudiution doses. These ure the four
main lines of uction:

® Development of innovative power plant through the Generatfion IV International Forum
(GIF). Priority should be given to udvunced sufety concepts, us well us closed-cycle, fust-
neutron reuctors which dllow optimal use of huturdl resources und minimisution of toxic
wuste, SWOG believes that the EU collectively (Euratom) should continue to participute in
GIF und should muke the necessury prepurations to contribute significantly to its R&D
progrumme.

® \lidation of models und technhology for geoloyicdl wuste disposal. The Commission should
provide support to ensure thut euch locul project contributes us much us possible to Europe’s
uhderstanding of this how essential activity.



® Development of better spent-fuel freutment, including purtitioning und recycling processes
for actinides. R&D on udvunced spent-fuel treatment should be encouruged, includiny
purtitioning und recycling processes for uctinides. The impuct of udvunced spent fuel
freutment, such s puartitioning und fransmutation, on wuste repository design und
performaunce should be curefully ussessed.

® Guining u better understanding of the effects on human heulth of radiation at low doses.
The effect is hurd fo meusure because it is very small and so eusily musked by other fuctors
having ho connection with radiation, such us uir yuulity. Epidemioloygicul studies are how
unlikely to resolve these uncertainties but a better understanding of the fundumentadl
mechunisms of DNA dumuge und repuir should eventudlly do so. SWOG therefore
recommends continuing research dimed at a better understanding of the cellular dumage
cuused by rudiution und its repuir,

Nuclear fusion

Nucleur fusion energy hus long been seen us u potentidlly uttractive new source of electricity. It
tuntalisingly offers most of the audvuntages of fission power with even more reudily uvdiluble fuels
und without the possibility of mujor reuctor uccidents releusing large guuntities of radiouctive
materiul, und without producing very lony-lived rudiouctive wustes. For muny yeurs even its
technicul feusibility was in doubt, but that has now been demonstrated with high confidence. The
uncertuinty which still remuains is whether it will be u practical und reliuble enerygy source, given
the complexity of the technoloyy und, in purticular, whether the enerygy will be produced ut
anything like u competitive cost.

Unfortunately, becuuse fusion technoloyy is complex und inevitubly large scule, the research is
very expensive; it simply caunnot be tuken forward dt low cost. In spite of this, indeed to some
extent becuuse of it, SWOG believes the uncertuinty over its future contribution needs to be
eliminuted us soon us possible. Doing so will not only mMinimise overdll fusion development costs
but dlso clurify quickly whether fusion will or will not be d decisive energy contributor in the future,
with the cohseyuent mujor impauct on energy R&D strateyy. It is important to bear in mind that
Europe hus u worldwide leud in fusion aund that, followiny its successful development, it would be
in u strony position to offer fusion eneryy technoloyy wherever it might be needed.

SWOG concludes, therefore, that the Internutional Thermonuclear Experimental Reactor (ITER)
device should be built us soon us possible, preferubly in Europe, to demonstrate fusion’s fechnicul
feasibility with cerfuinty and guin some experience with the operdtion of redlistic-scule fusion
technoloygy und subsystems. The project should be cuarried out us internutiondl colluboration to
shure the costs, but with the EU playing un uctive, leuding role.

SWOG ulso supports the so-culled ‘fust-track” approuch to fusion energy, now beiny udvocuted
by the fusion community. This involves proving ITER-like reuctors und identifying difficulties in using
them at the same time us developinyg the muateridls und other technoloyies which will be needed
for such reuctors when they dre used ut high-loud factors. SWOG therefore believes that, in
purdllel with ITER, u device like IFMIF (Internutionul Fusion Muteridls Irradiation Facility) should be
built, aguin in an inferhational confext if possible. Such a device is heeded to investigate the
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mauteriul degradution cuused by 14-MeV neutfron bombardment, since this will be crucial to
determining the practicdlity of fusion but cunnot be tested on ITER.

ITER and IFMIF are the crucial elements of the fust-track approuch to fusion, which can minimise
the totdl development cost und the time of uncertuinty over fusion enerygyy. However, SWOG
stresses that some resources must be provided for u supporting progrumme of core plusmu
physics und dlternative concepts to the tokumak, us these more fundamentdlly oriented efforts
may help to dedl with problems und/or surprises in ITER or may provide the key to devices with
lower costs und better performance.

SWOG ucknowledges that the EU fusion programme is u prime example of un ERA us the work
cunnot sensibly be done by individual Member Stutes.

Solar photovoltaics

Photovoltuic (PV) systems use semiconductor materidls to convert sunlight directly into electricity.
They huve dlreudy proved their udvantages over conventional eneryy sources in remote, off-yrid
applications und in Mobile specidlist devices such us watches und culculators. These upplicutions
have dlreudy creuted u successful PV munufacturing industry.

PV systems dlso huve muny feutures which are uttractive for bulk enerygy supply, hot leust the
technicdl potentidl to supply electricity for u significant part (up to ubout u yuarter) of the totdl
EU demund. Thus, the input solar enerygy is ubiguitous und fully sustuinuble; the raw materiuls
needed for PV munufucture dure very widespreud; PV poses only modest sufety risks to the
workforce (during instullution und cleuniny) und hone to the yenerdl public; they cuuse no hoise
or guseous emissions when in use; when used us roofs or fucudes for buildings they cause little
visudl infrusion; their modularity makes it eusy fo mutch cupucity to demund requirements;
installation is usudlly straightforward and quick; they cannot be significantly disrupted by any
fpoliticul, economic or terrorist incidents. Moreover, the direct economic benefit to the owner is
offen in electricity that no lonyer hus to be bouyht from retdil suppliers at high, retdil prices.

Their drawbucks ure thut they cunnot directly meet electricity demand at hight, during bud
weduther or in winter in the more northerly, cloudier countries of the EU, their tuke-up is likely to be
slow if it hus to be linked with replucing or refurbishing buildings und, ubove dil, their costs ure
currently too high. The cost of grid-connected PV systems have certdinly decreused in the lust
decude, to the extent that resulting electricity costs dare close to retdil electricity prices in
favourdble situations. But these costs are currently some five to 20 times higher than generating
costs for conventionul sources, und muijor further reductions ure heeded. A simple increuse in the
number of installutions will certuinly reduce the gup, through ‘learning-curve’ manufacturing cost
reductions for PV modules und systems, improved relidbility, longer life and higher efficiencies,
although SWOG believes that more heeds to be dohe to close the cost gup.

The current PV scene is dominuted by polycrystdlline or single-crystal silicon. Improved silicon
components und systems dre cerfuinly possible, especidlly through the development of thinner
cells, the better upplicution of PV in buildings und the built environment, und the gpplicution of
PV in large-scule MW-size plunts. Improvements in large-scule systems, including higher efficiency
contucting mechunisms und better inteyration with electricity grids will dlso be useful. SWOG sees



little contribution which EU-wide R&D cun make to this ‘conventiondl’ silicon technology how in
volume production, dlthough manufacturers will doubtless continue to improve PV cells und
systems und should be encourayged in the usudl ways, via tax relief on R&D, meusures for market
deployment, etc.

However, SWOG believes that it is unlikely that crystalline or polycrystalline silicon will furn out fo be
the best PV concept for bulk use. Finding u more cost-effective PV technoloyy, which lends itself
better to u high-throughput manufacturing process, is the key issue for R&D. The redlly widespreud
deployment of PV eneryy in the yrid-connected murket hinges on the development of improved
muteridls und innovutive concepts for u hew yenerution of PV systems. These might include
orgunic or hybrid solar cells, the improvement of thin-film technoloyy for PV materidls, the further
development of PV processing, und uutomuted maunufucturing fechnoloyies.

SWOG therefore concludes that the muin R&D priorities are:
® Exploration of hovel PV materidls, including orgunics, und hew production technoloyies.
® Novel thin-film modules aund production technigues.

® Work on fruly mauss-producible PV modules, linking device physics with manufacturing
technoloyy und mauteridl resedrch on promising PV technoloyies.

Wind energy

Wind enerygy is sunlight converted into utmospheric kinetic eneryy, viu convection in the
autmosphere und evauporation over oceuns. It is u fully renewuble enerygy source with very low
externdl costs und u greut potentidl for increused use. In the EU, by 2002, wind furbines could
produce 10% or more of the expected electricity consumption. Achieving such u conftribution will
be u ygreut chullenye since wind energy must be competitive in the market pluce despite its
inevitubly fluctuuting nuture.

SWOG uyrees that wind power cun contribute substauntidlly to the Europeun energy economy,
fprovided thut further reduction in overdll system costs cun be redlised, that a sufficient number of
good sites (including suituble sites offshore) caun be used, und that the external costs ussigned to
competitive sources ure set ut redlistic levels und do hot remuin clouded with politicul uncertuinties.

Redlising wind’s contribution will require medium- to long-term R&D of u kind that is unlikely to
happen unless supported by public initiatives at national and EU level. SWOG believes, therefore,
that EU-wide, long-term generic und scientific R&D in wind ehergy would be dppropriate to
support the sector. The necessury busic element will be the estublishment in FP7 of u reseurch
progrumme dedicuted to wind ehergy, with the dim of supporting R&D projects und facilitating
the further development of Europeun industry in the wind energy sector.
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SWOG sugyests thut, amony the many R&D topics hecessury for wind eneryy, purticular uttention
is puid fo:

® u befter understanding of wind resources, particularly in complex terrain and offshore,
including better prediction of power outputs and the increused reliubility of short-term
(six to 48 hour) forecusts;

® ‘fourth-yenerdufion” wind furbine technoloyy, i.e. hovel rotor concepts using ‘intelligent’
mauteridls; the enubling computational fluid mechunics; hew generutor concepts;

® offshore installations including design, operation, and maintenunce;

® grid inteyrdtion, i.e. rudicully different und better systems und technigyues for dynumic yrid
munuygement bused on improved systems inteyration, systems unualysis, and conftrol
technoloyies.

Conclusion

These are the essentidl feutures of SWOG's work on identifying key tasks for Europeun R&D so far.
Its detuiled ussessments of the opportunities for the eight chosen eneryy technoloyies, toyether
with the problems they fuce und the key R&D tusks heeded to overcome them, dre set out in
more detdil in the synthetic reports uttuched below us Anhnexes 1 to 8. It believes that it has
covered muny of the most importunt energy R&D issues in this present work, but not dll, und
therefore plans to extend its coverage to other energy technoloyies in 2005.



Annex 1: Biomass Energy

Background

Biomuss energy, that is solar energy cuptured by plants through photosynthesis and fixed in
curbohydrute muteridl, is the traditionul eneryy source of much of maunkind. Before the udvent of
fossil fuels, our forests provided most of the fuel needed for cooking und for keeping warm in winter.

In the EU-15, wood fuel hus long since beeh overtaken by codl, oil and gus. Biomuss how provides
only dabout 5% of EU primary energy consumption, dlthough it is still Western Europe’s most
importunt renewdble enerygy source by u significunt margin. It is more important in some Member
States than others; in Portugdl it provides more than 15% of primary energy, und in Luxemboury,
Finlund aund Sweden more than 20%.

The source of most biomuss eneryy in the EU is sfill wood, burned for heut in households, district-
hedting plunts und in industry and, primarily in Finlund and Sweden, in yeneruting plaunts for
electricity production. However, there is u yrowiny use us fuels from uyriculturdl residues such us
straw und domestic, commerciul und industrial solid waustes. These ure commonly counted us
biomass since dll agriculturadl residues und u large fraction of solid commercial und domestic
wuste is orgunic in origin. Moreover, rouyghly sorting municipul waustes cun provide a product
stream which is largely biomuss. Anerobic digestion is an uttractive dlfernative to combustion for
some wet uyricultural und municipul wastes and is fuirly well developed for use on furms, in the
food und unimul-feed industries, and in lundfill sites.

Even the use of wood us u fuel is often effectively wuste combustion, using thinned-out youny
tfrees or wood residues from the timber und puper industries. This point is significant because
collecting biomuass fuel us part of some other essential activity (the disposal of municipul wastes)
or u profituble one (the production of timber, wood products und puper) greutly improves the
ecohomics of its use, und has endbled the biomuss contribution to EU energy supply to remain at
the 5% level without much subsidy.

Although the burning of wood or other biomuss does releuse CO, info the utmosphere, it is
yenerdlly uccepted thut biomuss fuels ure CO, heutral und do hot contribute to ylobul wurming.
This is becuuse, in properly munaged forests in u dyhumic eqguilibrium, hew biomass growth
recuptures the sume amount of CO, as is releused in its combustion. In the past, wood burning in
simple stoves wus wusteful of energy und led to lurge emissions of CO und other pollutunts, but
modern boilers have greatly improved efficiency (up to 90% dt design oufput) and lower
discharges (less thun 0.2 gram CO per m3 exhaust).

However, biomuss is lurgely curbohydrute (CXHyOZ), is often slightly wet und consequently hus u
much smualler eneryy content (13 - 20 GJ/tohne) thun oil (CXHy: 45 GJ/tonne) und somewhut
smuller thun coul (CHg 7: 25 - 30 GJ/tonne). In volumetric terms, the compurison with oil und coul
is even less fuvouruble since much of the wood is in the form of lightly pucked pellets or chips, und
this mukes the movement of wood fuel over lurye distunces ruther expensive.

The current unnuadl production of heut from biomuss in the EU is about 1.8 EJ und of electricity
dubout 22 TWh, the latter equivalent to only 80 PJ delivered electricity but 0.25 EJ or so in primary.
enheryy terms.
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The potential

The potentiul for un increused use of fuel wood from existing forests in the EU-15 is sighificant but
not enormous. For exumple, in Austria the resource is estimuted at 230 PJ/year, of which some
122 PJ/year ure currently used. This ratio is typicul of those Member States with extensive forests. In
most Member States the potentidl is much less, and only in Finland is the current use (94 PJ/yedar)
a significantly smdaller fraction of the potential (350 PJ/yeur).

However, the ylobul potentidl for biomuss production is estimuted to be much larger; some
450 EJ/yeur compured with the current global consumption of 50 EJ/yedr und u ylobul
consumption of fossil fuels of ubout 350 EJ/yeur.

Redlising the potentiul of biomuss to contribute More to EU eneryy supply therefore depends on
forogress in one or more of four ureus:

® encouruying u greuter tuke-up of biomuss fuels than is currently used, that is the combustion
of wood, uyriculturul residues or commerciul/industriul und domestic wustes for heut und/or
electricity, possibly together with:

® increusing the supply of biomuss in those Member States with primarily urbun populations and
which no longer have extensive forests to provide wood;

® converting biomuss to liquids, enabling their more flexible use und economical transport over
longer distunces, thereby making avuiluble to the EU bio-fuels which cun be used in transport
and biomuss which is grown far from the consumers, where growth conditions are more
favouruble und/or more lund is avuiluble;

® supplying technology und eyuipment which will encourage yreuter use of biomuss elsewhere.
This will help tuke ylobul pressure off other fuels which cun be imported for use in the EU, will
provide foreign currency for such energy imports, und reduce ylobul warming.

Increased use of wood and wastes

As with hydropower, but unlike most other renewdubles, the present conventional use of existing
wood und wuste resources for fuel is lurgely without the help of subsidies. In some situutions it is
competitive with oil, in those rural ureus where wood residues dre uvdiluble neurby und cun be
burned in smull, decentrulised plunts; in other situations, with oil und gus, in urbun ureus where
the combustion of commerciul und municipul wustes suves the costs of trunsport to und
disposul in scurce lundfill sites. As u result, u wide runge of well-developed eyuipment is ulreudy
avuiluble und u variety of supply chuins in use. SWOG sees little contribution which EU-wide R&D
cun muke to increuse this ‘conventionul” use, ulthough munufacturers will doubtless continue
to improve boilers, fuel/feed systems, etc. und should be encouraged in the usuul ways, viu tax
relief on R&D, und so on. In purticular, Municipul wuste burhing will become more widely
attractive when dll the problems of flue-gas pollutants, heavy-metal wastes and boiler corrosion
are cleurly und reliubly deult with in commerciul equipment. Projects demonstrating advanced
technoloyies or supply chuin concepts could uccelerute proyress ulony the leurning curve.
Also, yusificution followed by combustion und/or u vuriety of co-firing options heed to be
demonstrated und evaluated.



An effective wuy to increuse the use of wood or wustes would be to level the economic pluying field,
recognising the benefits of biomauss energy to globdl warming by introducing across the EU d redlistic
curbon tux on fossil fuels burned without CO, seguestrution. This is ulreudy beiny done in Denmark,
where the busic cost of energy from natural gus is about 3.3 €/GJ compured with 4.6 €/ GJ for wood
chips, but tuxes ure beiny used to increuse the cost of yus to consumers to 10 €/GJ.

Increasing biomass resources in the EU

The supply of biomuss fuel in the EU could certuinly be increused by ygrowing enerygy crops.
Perennidl plants are the most aftractive prospect, because they require very low fertiliser and
pesticide inputs compured with annuudls, and the production of these uyrochemiculs is very
eneryy infensive. Perennidl crops with low inputs dlso credte u stable habitat, with the prospect of
increusing the diversity of flord and fuuna in un drea whenh compured with conventiondl
agriculture.

Grusses would have the udvuntuge of being hurvested with conventionul reuping muchinery.
However, willow, grown on u two- to four-yeur cutting cycle, commonly referred to us short
rotation coppice, is favoured for northern Europedn conditions. Currently, energy crops dure hot
econhomicdlly viuble but might become so in the EU if there is u continuing heed to puy furmers
to tuke uyricultural lund out of food production und find other uses for if.

The EU-wide R&D contribution SWOG sees here should dim ut breeding plunts optimised for
enheryy use, looking for u better trade-off between high yield und limited environmental impuct.
It dlso consists in Making avdiluble the results of field tridls und in encourdyging u few locdl
communities to demonstrute, with currently avdiluble technoloygy, the complete biomuss supply
chdin in uction.

Biomass to liquids

The best wuy 1o tfransport energy in bulk is us liquid fuels, in tunkers or pipelines. Liguids ure dlso the
most versutile fuels since they dre eusily usuble in transport vehicles us well in stationary
ypplications. The conversion of solid curbohydrate biomuass into liquids hus therefore ulways been
seen us u highly desiruble goul.

Making ester bio-fuels from oilseeds cun certuinly be donhe but looks uneconomicul for the
foreseedble future and has poor energy payback. Similarly, making ethanol by fermentation of
plant suyurs, dlthouyh widely used in Bruzil with public support, would be more difficult to pursue
in the cooler, drier countries of the EU. In confrust, the conversion of whole plants, including sugars,
starches and cellulose, to liquid fuel via biomuss-to-liquid (BTL) processes could be widely
upplicuble in the EU.

Various gusification and pyrolysis optfions are avuiluble und dll the required chemistry, such us
Fischer-Tropsch redactions, is well known. However, the current cost of biomass-derived liguid fuels
is more than 12 €/GJ, whereus crude oil is avuiluble to the EU at 30 € per barrel, corresponding to
only 5 €/GJ. Since muny of the costs ure in the technoloygy rather thun the feedstock, biomuss
ligquids produced overseus are not likely to become competitive in the foreseeuble future either,
with crude oil often produced ut less thun 0.5 €/ GJ.
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However, becuuse of the potentiul of BIL to provide CO, -neutrul liquid fuels, indigenously or from
u wide runye of externdl sources, SWOG believes that EU-wide R&D is justified here, in particular
in frying to find bioconversion processes for the ligno-cellulose purts of woody plunts. The
dlternutive upprouch of using chemicul or bioloyicul processes to sepurute liguefiuble sugurs und
starches from solid lighin, which cun then used us u solid fuel, ulso heeds to be pursued. R&D on
optimising the design und operdation of more conventionul BTL plunt for the different biomass
feedstock which might become uvdiluble in or to the EU would ulso be useful in order thut the
conversion technoloyy und costs of BTL fuels might be reduced or ut leust become less uncertuin.

Biomass combustion and processing equipment for export

The potential of biomuss eneryy outside the EU, in Asiu, Africa and South/Central Americuy, is
greut, These poor countries, which use wood und agricultural wastes us fuels, would benefit
greutly from using these resources more cleunly und efficiently. In lightly populdated rural aureus
where wood or other biomuss is uvdiluble but coul und gus ure not und oil is expensive, modest-
sized, decentrdlised biomuss yeneruting plants will probubly prove u good wuy of muking
electricity.

The boilers, electricity generuting und liguifuction plunts which have been or will be developed
for EU use should huve significunt markets overseus if they ure good enough und competitive.
SWOG does not see the heed for un EU-wide R&D programme to uchieve this, but the Commission
should encouruge compunies to udopt best pructice by providing yood informution und to
develop better products, vided by tux relief on R&D, export credit guauruntees, etc.

Evaluation against standard SWOG criteria

SWOG’s evuluution of biomuss energy ugainst its standuard criteria is given in table Al. If energy
fprices were to rise significantly or large curbon tuxes were infroduced, the additional use of bio-
fuels could be substuntial, in the range of 5-10% of EU enhergy demand, without dramatic
technoloyicul breukthroughs. Cheuper und more effective processes for converting biomass to
liquids, or much larger increuses in conventiondl energy prices, would dllow danh even bigyger
contribution.



Table Al: Biomass energy against evaluation criteria

Criterion Comments

Potential Economic Contribution
at current energy prices small additional (but a few % of EU demand if fossil fuels carry a carbon tax)
at 2 times current substantial - an additional 5-10% of total demand
at 4 times current probably large - from EU and imports

Health and Safety Impacts
to work force good - similar to agriculture
to public excellent

Environment Friendliness
locally good - with modern equipment
global warming good - but needs careful monitoring over life cycle

Input Sustainability excellent

Security of supply excellent - significant indigenous supplies and no imports from Middle East

Compatibility with EU needs fair - fuel storage is easy but energy transport to urban areas is not

Deliverability fair - some new infrastructure required

The need for EU-wide R&D good - need for long-term research and to spread best current practice

Secondary (spin-off) merits excellent - major markets for equipment outside EU

Special Factors excellent - sirong public support

Sources of information and data

Afforduble Bio-Energy Technholoyies, by Gerhurd Funinger und lucovos Vusulos, AGE SWOG
2003-6-41u

Bio-energy opftions in Europe, by Josef Spitzer, Joanheum Reseurch Graz, Austria, AGE SWOG
2003-6-41c

Energy from biomuss: the EU experience, by Nikoluos Roubunis, Statistical Office of the
Europeun Communities, Eurostut, Luxemboury

Renhewdubles for Power Geherdtion, 2003 edifion, section 5 Biopower, Internationul Energy
Agency, Puaris.






Annex 2: Cleaner Use of Coal

Background

Coul is fossilised biomuss. Carbohydrutes und futty muteridls, origindlly synthesised from curbon
dioxide und wuter by ferns, mosses, etc. using solur energy, were converted into peut. Then, by
the uction of yeoloyicul heut und pressure over tens or hundreds of millions of yeurs, the peut wus
converted info the dense mixture of curbon, uromutic hydrocurbons und other orgunic
chemiculs we cull coul. Minerul cluys, sulphides und chloride compounds ure frequently present
too, so thut coudl is u rather dirty fuel, emitting u range of pollutunts when burned und leuving un
incombustible ush.

Coul hus probubly been used in Europe since lute Roman times but it is first referred to uround
1200AD by u monk, Reinier of Liege, who wrote of a “black euarth, very similar to charcodl, used
by metalworkers”. The scule of its use was limited until the early 18th century when Abraham
Darby in Englund developed methods of using coke mude from coul in blast furnaces for muking
iron. The coul-burninyg steum enyine followed, leuding to u rupidly yrowiny demand for coul.
Coul took over from wood as the most important fuel in Europe and powered the Industridl
Revolution until some wuay into the 20t century when, in turn, it was overtaken by mineral oil und,
more recently, by natural gus.

Oil und ygus ure cleuner fuels than codl, and eusier to fransport and use, but coudl is cheuper
und ylobully more ubundaunt, Currently, ubout § billion tonnes per yeur are used, und IEA Coul
Reseurch estimutes that known ylobul coul reserves are ubout 1 trillion tonnes, enouyh for
200 yeurs ut current rates of use. Unlike oil, where reserves aure concentrated in the Middle Eust,
coul reserves ure much more widespreud, with 25% in the USA, 16% in Russic, 11% in China, 11% in
Europe und 9% in Austrdliu, There are ulso other fossil fuels, such as tar sands, which dare less well
known than coul but have some of its churucteristics. They usudlly share with codl its yeoyruphic
diversity but dlso its impurities, hence the pollutunts produced when they dure burned.

An important energy challenge for the 21st century is to find better ways of making use of these
relatively ubundunt, widespreud, cheup und widely used fossil fuels whilst minimising, preferably
eliminuting, the pollution their combustion causes. We use the phruse ‘cleuner use of coul’ for
convenience but much of our consideration dpplies equdlly to tar sunds und heuvy petroleum
oils. Meetiny strict emission stundurds in deuling with SO,, NO,, heuvy metuls or foxic uromutic
compounds; deuliny effectively with dust and ushes left ufter combustion; dbove dll, dedling with
the CO, produced, ull pose u reul chullenge. The emission of CO, is purticulurly difficult when
using coul becuuse so much is generuted for euch unit of eneryy produced. The combustion of
lignite creutes 111 ky CO,/GJ und hurd coul 92 ky CO,/GJ, compured with 78 ky CO,/GJ for oil
and only 83 ky CO,/GJ for huturdl gus.

43



44

SWOG believes it is useful to keep in Mind three distinct approuches to meeting the challenge of
making the use of coul more uttractive and less polluting:

® simply improving the efficiency of the current methods of use by modernising or replucing old
plants;

® developing those inherently cleuner technoloygies (e.y. IGCC, PFBC, etfc.) thut dllow more
pollutunts to be cuptured ut source;

® developing und proving the technoloyy heeded to sepurdute, cupture und seyuester (store
ulmost indefinitely) u lurge fruction of the CO, that will inevitubly be produced when the
enheryy content of coul is used.

Improving efficiency

The efficiency with which useful eneryy is extracted from fossil fuels hus increused enormously
over the lust three centuries, usudlly incrementally but with occusionul dramuatic improvements.
Thus, Jumes Wutt did hot actudlly invent the steum engine — Savery, Newcomen and others had
developed steum enyines for pumping water from mines some 70 years before — but Watt is
justly recoynised for inventing a mujor improvement, the separate condenser, which made the
eurly steum enyines dramuaticully more efficient und hence much more useful. In a redl sense,
it wus Wutt’s efficiency improvement that made Europe’s Industrial Revolution possible!
Similarly, Diesel’s redlisation that injecting fuel after compression in intfernal combustion engines
would dllow higher compression ratios und hence higher efficiencies wus another step
chungye, dlthough less drumuatic in pructice becuuse the hew technoloyy wus more difficult
to use.

A runyge of heut enygines, using different thermodynumic cycles, ure how in use for converting
fossil fuels to Mmotive power und electricity: Runkine (steum) cycle engines in electricity
genheruting plunt, the Brayton (gus-turbine) cycle in dircraft and power plant, and Ofto und
Diesel cycles in roud vehicles, with various combinations dlso beiny used. Fuel cells are ulso G
wuy fo use chemicual fuels efficiently., Completely hew enhyihes or further dramuatic
improvements are now rather unlikely, but the process of incrementully improvinyg efficiency
still goes on but hus some way to go und will undoubtedly be curried primuarily by vehicle,
power plunt and udircraft engine munufacturers. The world average efficiency of electricity
generuation from fossil fuels is about 30%, compaured with the EU average of 35% und ubout 50%
expected to be uchievuble from 2010 in udvunced coul-fired plunts. Becuuse the worldwide
fleet of coul-fired power plunts will remuin one of the Most important contributors to electricity
generation, it is crucial to improve their efficiency, both by modernising older units und
constructing more efficient new ones.

Improved efficiency in converting heut to work comes from increusing the tfemperuture ut which
the products of fuel combustion enter the hedt engine and/or reducing the temperature at
which they leave. The exit tfemperature must ulways be somewhut higher thun ambient, but in
practice it is often much higher still when generating mechunicual power und electricity becuuse
of the churucteristics of the thermodynumic cycles used to convert heut to work. It is the cuse
that, if the hot exhaust from such enhgines cun be used for spuce or process heut (Combined



Heat and Power - CHP), the overdll eneryy efficiency cun be us high us 90%. Unfortunately, these
high efficiencies can be dachieved only when the hedt and power demands mutch very well
most of the fime - since this is rarely the cuse, one hus to consider uchievuble uveruyge vulues
rather than the theoreticul optimu when deciding whether to use CHP technoloyy. Moreover,
using CHP with the lurge centrul power plunts needed for yood pollution und CO, control when
burning dirty fuels is rarely economicul unyway, because of the high cost of distributing heat over
sighificant distances.

However, in contrast with thermodynamicdlly constrained exit temperdatures, very much higher
input temperutures ure possible, but they dlwuys depend on huving muterials which cun
withstund more severe conditions. Boiler tfubes or turbine blades must be sufficiently strony
when very hot und dlso resistunt to corrosion, dbrasion aund creep utf high temperatures;
coutings und the bonding of dissimilar muteriuls are often cruciul. These dre cross-cutting
technholoyies, often vauluuble in muny upplicutions und sometimes beyond the cupubility of
individual equipment manufacturers. SWOG concludes, therefore, that the EU should support
und coordinute R&D on high-temperuture muterials und yeneric component design, which
will ultimately endble boilers, turbines und internal combustion enygines to uchieve higher
efficiencies.

Since coudl is ulready the most widely used fuel for electricity generation, with pulverised fuel (PF)
boilers with steum turbine power plunts dominuting that market, there is much to be guined from
improving the efficiency of these ‘conventional’ plants. Achieving higher input temperatures in
Steum Turbines with Supercritical Steum (STSS) is the obvious way forwurd und SWOG believes the
Commission should support the development und demonstration of STSS power generdtion to
ensure it becomes avdiluble s soon us possible.

Another importunt set of fechnoloyies involves the co-combustion of more than onhe fuel. Codl
may be mixed with biomass, wastes and/or with oil und/or gus. Since impurities und combustion
conditions when burning these mixtures will often determine the pollution cuused by the plunts
and the lifetime of key compohents in them, SWOG concludes that the Commission should
support the systemautic collection of experience in co-combustion und hence encouruye the
spreud of best practice.

Inherently cleaner coal technologies

There are severdl other ‘combustion” technologies which have been known for some time but
have yet to be used, und which are potenfiully better ut burning coul und other low-yuulity
fuels thaun pulverised fuel combustion. In Pressurized Fluidised Bed Combustion (PFBC) the coul
does not huve to be pulverised und, dlthouygh it actudlly burns ut a lower temperuture than in
conventiondl PF steum plant, it does so ut high pressure which dllows g combined ygus-
turbine/steum-turbine cycle to be used to uchieve power-generution efficiencies of uround
45%. NO, emissions dre low becuuse of the lower combustion tfemperature. Moreover, it is
struightforward to cupture SO, by udding dolomite (culcium curbonute) to the fluidised bed,
avoiding the need for flue-gyus desulphurisation. The problems with PFBC dre its cost und the fuct
that the hot gus leuving the fluidised bed is very uggressive, muking turbine life und reliubility a
problem. SWOG therefore underlines its recommendution for R&D on high-temperature

45



46

materials and dlso recommends that the Commission supports ohe or two development PFBC
unhits in which new materials, component desighs und manufacturing technigyues cun be
evdluuted. It ulso recommends thut the development of hot-gus-cleun-up techniques
is supported. Syngus (synthetic hatural gus) can dlso be made from codl and is, of course,
u much cleuner fuel at the point of use than coul. Synyus is hot competitive with hatural gas ut
current prices, but could become so in the future if oil und gus supplies full short of demaund,
driving up the yus price relutive to coul. It is one of the technoloyies which could enter the
market guickly should the price of fossil liquids und guses rise. SWOG therefore recommends
that the development of coul gusificution technoloyy is confinued on un EU-wide busis so thut
ohe or two plunts of redlistic size cun be built und used to evuluute und improve the technoloyy
and reduce uncertuinty ubout the costs.

Another upprouch to using coul (und other low-grade fuels), intermediute between one-step
combustion und conversion to syngus, is intfeyrated yusificution und combustion (IGCC). Here,
the coulis purtially oxidised, usudlly with oxygen rather than dir, and the hot coul is simultuneously
used to reduce steum chemicully, producing u mixture of hydrogen, curbon monhoxide und CO,,
without much nitrogen. Since the hot output gus cun be used to produce the hot steum required
us u process input, the output is effectively u cool fuel yus, eusier to cleun than when hot, und
then suitable for burning in fuairly conventional combined-cycle gus-turbine/steaum-turbine plants
which dre cheap, cleun and very efficient.

Whut is more, since there need be little nitrogen involved in the initiul gusificution, little NO,, is
generuted at that stuge and CO, sepuration from the fuel gus is much eusier than from the
exhaust guses yeneruted when the coul is burned in uir. This or similur combustion systems, usiny
oxygen-enriched dir or chemicul looping (in which the purtial oxidution is provided by
circuluting metul oxides), cun increuse the concentration of curbon dioxide in the flue guses
and should dllow more economic CO, sepurafion methods (see the nhext section). SWOG
therefore recommends the Commission supports the development of these 'CO,-sepurution-
reudy’ combustion systems.

Separating and sequestering carbon dioxide

When the enerygy uvdiluble in coul is releused for use it is inevituble thut CO, will be produced.
Moreover, us noted eurlier, the CO, production per unit of eneryy produced is much luryger for
coul than for oil und gus — orders of u magnitude larger for coul than for renewduble and nhucleur
eneryy sources. A switch from oil und gus to coul und similar fuels would dllow the EU to obtuin
fuel from u wider runge of yeoyruphicul sources und muke avdiluble lurger fuel reserves, but it
will hot be ‘broudly sustuinuble’ in environmentul terms unless the CO, produced cun be
prevented from reuching the utmosphere for u lony period of time.

Sepurution of CO, from the other products of combustion or yusificution is hot scientificully
difficult but seems likely to be very expensive ut the scule reyuired, purticular if the codl is first
burned in dir, us in current PF boilers. The bigyest problem is sepurdution from nitroyen, becuuse
huyge volumes of CO, und hitrogen will have to be deult with. This would be much eusier if the fuel
could be ‘burned’ in solid oxide or molten curbonaute fuel cells (discussed in Annex 3), where the



CO, yeneruted does hot contuin other yuses, or if the conventionul combustion could include
oxyygen-memibrune sepuration, but these technoloyies ure currently fur from widespreud use und
their costs uncertuin. For u conventionul PF coul-burhing power plunt, current estimutes are thut
ubout 20% of the power output would huve to be used to sepurute und cupture ubout 80 to 85%
of the CO,. The output eneryy will therefore be uround 30% More expensive thun from coul plunts
without CO, sepuration, but the CO, output will still not be dramatically less than from using
nhuturdl gus in combined-cycle yus-turbine (CCGT) power plunts. Therefore, it seems likely thut
current CO,-sepuration tfechnology will find it extremely difficult to penetrate the electricity
generution market unless hatural gus becomes reldtively very expensive compured with coul.
SWOG believes, therefore, that improved or new processes which can sepuarate CO, from exhaust
guses are urgently heeded. R&D to explore new ideus should be ygiven high priority in the EU
Framework Programme.

Having sepuruted CO, from the other yuses, it must be sequestered (stored for lony periods of
fime) fo prevent its reaching the utmosphere. The cost of CO, seyuestrution itself seems unlikely
to be very lurge; the problem is to trunsport the enormous yuuntities of CO, involved to the
storuge site und muke sure thut the site will contuin the CO, for lony enouyh to prevent it
increusinyg the utmospheric concentration by a significunt amount in the foreseeuble future. The
umounts of CO, to be stored ure very large, und trunsport und disposul must take place under
high pressure. SWOG believes thut proving CO, sepurution und seyuestrution should be u high
foriority for EU R&D in the next few years. Success will dllow the EU to use u whole ranyge of energy
options which might otherwise huve to be ubundoned.

Evaluation against standard SWOG criteria

SWOG’s evuluution of cleun coul eneryy uguinst its stundard criteriu is given in tuble A2 below.
Work to improve the efficiency of coul-burhing plant is almost certain to be worthwhile whatever
happens to oil und yus prices, ulthough much of it will be dohe by equipment munufucturers. If
oil and gus prices were to rise significantly, the use of cleun coul technoloyies could be substantial
und they should be mude reudy for use. However, if ylobul warming via CO, emissions proves to
be very serious then coul use will have to be sculed buck unless sutisfactory methods for CO,
sepurution und sequestrution cun be developed. Its demonstration is therefore crucial.
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Table A2: Cleaner use of coal against evaluation criteria

Criterion

Potential Economic Contribution
at current energy prices
at 2 times current
at 4 times current

Health and Safety Impacts
to work force
to public

Environment Friendliness
locally
global warming

Input Sustainability

Security of supply

Compatibility with EU needs

Deliverability

The need for EU-wide R&D

Secondary (spin-off) merits

Special Factors

Comments

substantial - through efficiency improvements
very large
extremely large - could meet the bulk of electricty and gas needs

very good - given European safety standards
good - but particulate emissions are a concern

acceptable

probably unacceptable - at current efficiencies and without CO, sequestration
possibly acceptable - with improved efficiency but no sequestration
probably acceptable - with improved efficiency and CO, sequestration

excellent - coal reserves for hundreds of years already known
good - coal available from wide range of sources

excellent

good - but need to find sites

excellent - needs sequestration and other major projects
excellent - major markets outside EU

difficult siting issues - for delivering coal and sequestration of CO,

Sources of information and data

Cleun Coul Technhologies, by Prof E. Kukarus, SWOG 2003-4-26

Clean Codl (Fossil Fuel) Techhologies, by E. Tenckhoff und I. Vasalos, SWOG 2003-4-27 und dn
upduted version SWOG 2003-11-28

World Energy Outlook 2000, International Energy Agency, OECD, Pdaris.



Annex 3: Fuel Cells

Background

Fuel cells ure not sources of eneryy. They ure devices for converting the enerygyy content of
chemicudl fuels directly intfo electricity und hence, if reyuired, info motive power viu electric
motors. They ure potentiul substitutes for infernul combustion enygines or boilers/turbines, which
convert fuels to Motive power directly und then, if required, to electricity via generators. Like
enyines, fuels cells ulso produce wuste heut that cun sometimes be used. Fuel cells use hydrogen,
hydrocurbons or chemiculs such us orgunic ulcohols us fuels; most use utmospheric oxyyen us the
oxidunt dlthouyh in specidlist applicutions, such us submuarines or spuce vehicles, more expensive
oxidunts like liquid oxygeh cun be used.

The concept is very old. In 1839, Willium Grove discovered the effect with hydrogen und oxygen
on plutinum electrodes und, late in the 19 century, Wilhelm Ostwald proposed fuel cells us
substitutes for heut-engine/generators. In the 1930-40s, in Cumbridge (UK), Francis T. Bacon
developed the first practical fuel cells, dlbeit for speciul upplications, using hydrogen und oxyyen
with dlkdline electrolytes.

The muin uftraction of fuel cells for bulk eneryy use is thut they cun convert chemicul energy to
electricity more efficiently than they cun heut engines. Typicul efficiencies ure 50 to 60%,
compured with 30 to 40% for u diesel enyine. They ure especiully uttractive compuared with heut
engines in smdall sizes (from a few kW to 10s of MW) for distributed electricity generdation and when
operuting ut purt loud. Additional strengths ure thut they ure guiet und, when using hydrogen
fuel, do hot yeneraute polluting exhaust streums like most boilers und engines. However, they ure
still fechnically immuture und not yet widely used becuuse they ure sfill more expensive und, in
some respects, less flexible und reliuble than conventionul heut engines.

Fuel cells work by having un ‘electrolyte’, u muteriul barrier through which neither the fuel hor the
oxidunt cun puss directly but through which one or other can puss us electrically charged ions.
The thermodynamicdally driven, usudlly catalytically assisted, combination of the fuel fed to one
side of the electrolyte und the oxidunt fed to the other side consequently yenerutes un electricul
voltage ucross the electrolyte which can be put to practical use.

Therefore, u key feuture of ull fuel cells is their electrolyte, und muny ure conventionully named
by what electrolyte they use. Thus Phosphoric Acid Fuel Cells (PAFCs) use hot, liquid phosphoric
acid as their electrolyte, which dllows hydrogen iohs to puss through it; Solid Oxide Fuel Cells
(SOFCs) use very hot solid yttrium/zirconium oxide electrolytes, which cun puss oxygen ions.
Polymer Electrolyte Fuel Cells (PEFCs; sometimes referred to us Polymer Electrolyte Membrune fuel
cells - PEMs) use polymers through which hydrogen iohs can pass; Molten Carbonate Fuel Cells
(MCFCs) huve molten curbonute electrolytes through which oxygen-contdining iohs can puss.
The euse with which the iohs cun puss through the electrolyte is u cruciul parameter; its intrinsic
electric conductivity must be uround 1 Siemens cm ! to be of much pructicul use. The electrodes
dre dlso very important in this respect if the current-currying cupucity of the cell (or its lifetime) is
not to be limited by electrodes ruther than the electrolyte.
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A secondury feuture is how eusy it is t0 use conventionul, curbon-contuining chemicul fuels. In
fuel cells such us PAFCs und PEFCs, whose electrolytes puss hydrogen ions from the fuel side to the
oxidunt and which usudlly meuns they operute uf reusonubly low temperatures, curbon-
contuining fuels first have to be ‘reformed’ in u rather complicuted step to produce relutively pure
hydrogen to feed o the fuel cell. In contrast, in SOFCs und MCFCs, whose electrolytes operate at
high temperdtures and puss oxygen (or oxygen-cdrrying) ions from oxidunt to fuel, some
oxidisution of the curbon content of the fuel cun tuke pluce within the fuel cell itself so reforming
the fuel is  much eusier tusk.

The potential

The potential upplicutions for fuel cells ure muny — wherever fossil fuels need to be converted
into electricity or motive power with high efficiency. Typicul fuel-cell efficiencies ure around 50%
but overudll generdtion efficiencies of SOFCs and MCFCs, which operate at high temperatures,
cun be increused to ubout 70% if they ure pressurised und their hot exhuust yuses fed to u
‘bottoming-cycle’ yus turbine. Fuel cells cun even be used in upplicutions where oil or gus ure
burhed for low-temperature heat, since muking electricity first which can be sold for electricity-
specific upplicutions ut the sume time us muking the required heut will often improve the
overdll economics of the system. The modularity und quietness of these dpplicutions ure very
attractive.

Furthermore, if renewuble or nucleur eneryy sources of electricity become more widely used und
cun produce hydroyen fuirly cheuply off-pedk (whenever electricity demand is less than their
output), then fuel cells will be front-runner devices for using thut hydrogen. With hydroyen fuel, the
low-temperauture fuel cells would be uble to shed the cost und complexity of the reformer while
conventionul enyines would have increused complexity to work with hydrogen fuel.

However, higher conversion efficiency only brings un economic benefit for the user if the product
of the price of fuel, the loud fuctor und the efficiency improvement of the fuel cell compured with
the conventiondl engine is high enouyh to offset the extra capital cost of the fuel cell umortised
over its useful life. Thus, PAFCs are the best developed fuel cell type, with pre-commercial 200 kW
uhifs now on tridl, but their costs remauin mMuch too high, ut about 4 €/W, und their lifetimes too
short, ut ubout 50 000 hours, fo compete in the market pluce ut current fuel prices, even in high
loud fuctor applicutions. In compuarison, combined-cycle yus turbines cost around 0.5 €/W for
units around 100 MW, huve efficiencies ulmost us high us fuel cells, und much longer useful lives,
while gusoline engines in curs cost only ubout 7€ cents/W.

Partly us u conseyuence, eurly upplicutions for fuel cells were often bused on advuntuyges
other than efficiency. Developments of dlkdline fuel cells (AFCs) huve dlreudy been used
effectively in spuce und submarines, where lightweight and zero emissions, respectively, are
highly valued, but they have little prospect of use in the bulk-energy market. Indeed, AFCs,
which are dlso sensitive to CO, in the dir, may lose both existing und hew specidlist markets to
hydroyen-fuelled PEFCs and Direct Methunol Fuel Cells (DMFCs) which dlso operate dt low
temperatures. One or other type seems likely to find new profituble upplicutions in flushlights,
laptop computers and mobile phones, so R&D dimed ut yrasping these commercidl
opportunities mMay well be sensible. These upplicutions huve yood murket prospects und should



be helpful in introducinyg fuel cells to users. However, only tiny amounts of eneryy ure involved
und SWOG does hot believe uny EU-wide enhergy R&D in this is justified.

Stationary applications

Beyond these speciul upplicutions, the next most likely market for fuel cells is that of stutionary
electricity generdation, where loud fuctors cun be high und the market potentidl is estimuted to
be u few 10s of GW/yeur for distributed power units up to 1 MW. Because of their high and difficult-
to-reduce costs, limited lifetimes und modest efficiencies, uttention hus currently shifted away
from PAFCs. High-temperdature SOFCs and MCFCs, which have better efficiencies and heed
simpler reformers, are now thouyht to offer better prospects for stationary applicutions, except for
very-smdll-size applications whenh PEFCs are preferred. SOFCs and MCFCs dlso offer intrinsic
sepurution of CO, from hitrogen if the former heeds to be seyuestered (see Annex 2 on the
Cleduner Use of Coul).

However, MCFCs and SOFCs are not as well developed or fested as PAFCs, und significant further
improvements in their costs and lifetimes must be achieved if they are to penetrate the electricity
generution market. Plunar aund tubulur-design SOFCs are fairly well developed but current
installations agyregate to only about 100 kW. MCFCs dare dlso beihy developed for co-generation
of electricity und heut but, once aguin, the unit sizes ure currently fairly smuall (up to 250 kW) and
the costs are currently not competitive. But the functiondlity and high efficiency have been
demonstruted successfully and larger (1 MW) units ure beiny developed.

SWOG therefore recommends that R&D focused on materidls and munufacturing processes for
these high-temperature fuel cells is supported, with the dim of reducing costs und increusing
lifetimes. Electrode/interconnection muterials and the reliubility of the electrolyte under
temperuture cycling are especidlly important. SWOG does hot think that the Commission heeds
to support multi-meygawdautt demonstration facilities until the technholoyies have been further
optimised und costs reduced, dlthough redilistic-scule evaluations ure heeded of the mulfi-fuel
cupubilities which muy be important for success in speciulised markets.

For residentiul upplicutions, smaller units (1-5 kW) dure under development. These dre primarily
PEFCs, fuelled by nutural gus reformed to hydrogen, but SOFCs ure ulso beiny tried, especiully for
hedting, cooling und electricity. Once ugain, costs and lifetimes are the critical issues. In this cuse,
SWOG thinks that smull-scule demonstrations in residential/commercial applications would be
useful to test the pructicdlity of the tfechnoloyy in this market.

Transport applications

PEFCs are favoured over high-temperature fuel cells for mobile power units for several redsons.
They huave higher power densities und, in vehicles, compuctness is essential. Because they work
ut lower temperutures they ure much better suited to the intermittent operution heeded for
tfransport and huve much better cold-sturt behaviour. They dre dlso better suited to fust loud
changes and have better efficiencies at part load. In a standard driving cycle (the NEDC), the
overdll tunk-to-wheel enerygy efficiency of u hydrogyen-powered PEFC-powered cur hus been
demonstrated to be ubout double that of u conventional gasoline fuelled vehicle.

51



52

Since such vehicles ure dlso yuiet und emit ho pollutants they dare often seen as the ultimute
answer for persondl transport. However, hydrogen-fuelling infrastructures are not yet avdilable und
the cost of fuel cell technoloyy will have to be druamuticully reduced to compete with
conventionul car propulsion, us lony us fossil fuels remain the primary enerygy source for fransport.

The prospects for fuel-cell-powered curs will be improved by further development but they could
be trunsformed by u number of external fuctors:

® Muijor increuses in the price of liquid hydrocurbon fuels, making the efficiency udvuntuyes of
fuel cells much more imporftunt.

® The avudilubility of relutively cheup hydrogen, not derived from fossil fuels but from off-pedk
electricity from renewdble or hucledr sources.

® Substantial further reductions in the dllowed levels of hoise or emissions of orgunic compounds,
NO,, etc. from cars in towns und cities, which could only be met by infernal combustion
enyines with greutly increused costs.

® Serious uttempts to reduce overull CO, emissions to the utmosphere. Contributions from curs
dre u mujor fruction of the totul emissions in udvunced countries, yet on-bourd seyuestration
of COs, is difficult if not impossible. A move to hydrogen-fuelled vehicles muy be essentiul to
reduce CO,, in which cuse the udvuntuges of fuel cells over conventionul engines would be
much yreuter.

SWOG therefore recommends that EU-wide R&D should be supported, especidlly on PEFC
‘stacks’, the electrochemicul cells which are fed with hydrogen and dir, fo improve performunce
und reduce costs. These stucks ure a smuall purt of u totul PEFC system using hydrocurbon fuels but
they ure cruciul to the finul use of hydrogen, and Europe currently relies heavily on the USA for the
membrune fechnoloyy.

Moreover, the auxiliury power units (APUs) which dre heeded to meet the ever-increusing
demund for onh-bourd electricity in modern curs und other fransport vehicles such us ships, are
likely to creute un initidl transport market for audvanced fuel cells, not dependent on u hydroyen
fuel infrustructure. Here, fuel cells could provide the severdl kW likely to be heeded in future
vehicles more cleunly und with so much greuter energy efficiency thun the conventionadl
technoloygy of interndl combustion engine plus dlternator/rectifier that it will probubly make
econhomic sense to use them before fuel cells ure reudy for the muin transport upplications.

SWOG thinks thut reformer development, dithough necessary for these dpplicutions, is less
importunt than the stuck R&D recommended ubove, yiven the tough competition PEFCs will face
if their eneryy source is hydrocurbon fuels. High-temperuture fuel cells would heed substuntiul
improvement with respect to power density us well us cost before they could conceivubly be
used in frucks, buses und tuxis, let ulone privute curs.



Evaluation against standard SWOG criteria

SWOG’s evuluation of fuel cells us energy converters aguinst its stundard criteria is given in table
A3 below. In redility, they are not yet as attractive us their basic characteristics of high efficiency,
low pollution und low nhoise Might sugyest, becuuse of their currently high costs aund limited
lifetimes. SWOG believes that high-temperature fuel cells will probably find uses in distributed
stationary power yenerdtion if they cun be improved somewhut, Low-temperuture fuel cells seem
likely tfo find only niche markets in stationary and transport applications unless hydrogen fuel
becomes widely avdiluble.

Table A3: Fuel cells against evaluation criteria

Criterion Comments

Potential Economic Contribution
at current energy prices nil
at 2 times current uncertain - large if R&D goals are achieved
at 4 times current probably large in the long term

Health and Safety Impacts
to work force excellent
to public good

Environment Friendliness
locally excellent - few conventional pollutants and little noise
global warming good - due to better conversion efficiency - excellent - with hydrogen

Input Sustainability fair - good if hydrogen fuel became available

Security of supply fair - good if hydrogen fuel became available

Compatibility with EU needs good

Deliverability excellent - modular units

The need for EU-wide R&D very good - may prove essential for CO, -free transport

Secondary (spin-off) merits fair - export opportunities but US and Japanese competition

Special Factors good - strong public support expected

Sources of information and data

Report oh Fuel Cells, by Wolfgany Dénitz, AGE SWOG 2003-6-39u
Report oh Fuel Cells, by Wolfganyg Dénitz and Jurgen Garche, SWOG 2003-6-39b.






Annex 4: Hydrogen as a Major Energy Carrier

Background

Hydroyen is the simplest und lightest of ull the chemicul elements und the commonest muteridl in
the universe. It is hot G source of energy onh eurth because it only occurs naturally here in
combinution with other elements, primuarily with oxygen (in water) und with curbon, hitrogen und
oxyyen (in living muateridls und fossil fuels). However, when sepurated from these other elements
to form moleculur hydrogen, u process reyuiring eneryy that must be supplied from elsewhere, it
becomes un enerygetic und environmentully attractive fuel. It cun be burned (or combined with
oxyygen in u fuel cell) without creuting CO,. Like electricity, it is u very cleun fuel ut the point of
use dlthouyh, like hatural gus, it cun form explosive mixtures with dir,

Hydroyen is ulreudy widely used in the chemicul industry und, even us u way of delivering energy
to generdl consumers, its use is not new. The ‘town gus’, mude by heuting coul und used widely
in Europe before nutural gus, becume avdiluble in the last half of the 20th century, was a mixture
of hydrogeh and curbon monoxide with various impurities. Similarly, the *water gas’, once used by
the chemicul industry und produced by pussing steum over hot coke, wus dlso u mixture of
hydrogen and CO. These fuels were highly poisonous becuuse of the CO in the mixture, but
hydrogen itself is not toxic.

Muaking pure hydrogen from ordinury wdater is straightforward, provided electricul energy or high-
temperature hedt is avdilable. Mauny renewuble und nucledr enerygy sources, expected to be
more importunt in the future, do produce electricity und it follows that hydrogen manufacture
could provide the meuns of using some of their output when not dll of it is needed ut the time und
pluce of its production. However, ut the present fime, electricity is ulmost ulways better used
directly und most hydrogen is mude by ‘reforming’ naturdal gas rather than by electrolysis.

Nevertheless, since hydrogen cun be mude from wuter by electricity und subseyuently used in
fuel cells to produce electricity at uny point of heed, hydroyen und electricity are effectively
inter-convertible. Using this inter-convertibility could dllow intermittent renewduble eneryy
sources, such us wind or solur photovoltuics, to provide u more reliuble output und low-fuel-cost
nucleur power plunt to be used ut Muximum loud fuctor, even when not dll their electricity
output is needed.

Hydroyen is therefore u potentidlly importunt enerygy currier of the future, u meuns of deliveriny
eneryy to finul consumers, desiruble if only becuuse it frees thut eneryy use from CO, emissions
just us electricity does. Currently in the EU, energy is curried to its final customers predominuntly ds
liquid hydrocarbon fuels (gusoline, kerosene, diesel fuel und heuting oil, 48%), natural gus
(Mmethune, 23%) or electricity (20%), with smull umounts of solid fuels, biomauss und direct heut ulso
beiny used. Hydrogyen could, in principle, repluce dll these curriers upurt from the electricity,
dlthough prodigious umounts of hydrogyen (some 200 Mtonnes per yeur) would be heeded to
replace the roughly 30EJ of eneryy (around 670 Mtonnes oil equivalent) currently beiny delivered
in Europe us liyuids or guses. Even in the electricity supply system the hydrogyen/electricity inter-
convertibility could be vuluuble.

55



56

Pipeline hydrogen gas and stationary applications

The eusiest way to use hydrogen would be us u guseous fuel delivered by pipeline for stationary
upplicutions, either mixed with or replacing the piped nutural gus (Methane) which currently
provides 23% of delivered eneryy in the EU. Hydrogen is inherently more energetic than methune
(142 MJ/ky if burned in a condensing boiler compared with 56 MJ/kg) but the gus is dlso much
less dense. The energy cuarried per unit volume of gus is therefore uctually smaller (13 MJ/m3 for
hydrogen compured with 40 MJ/m3 for methane) but, since hydrogen flows more eusily in pipes
than methane does, the eneryy-currying cupucity of a hydrogen pipeline is ubout 80% thut of the
sume pipeline currying naturdl gus ut the sume pressure.

Technicully, it should not be difficult fo convert hatural gus pipelines und gus-burning uppliunces
to hydroyen. However, the prospects for this huppening in the foreseeuble future ure poor
becuuse most hydrogen is currently munufactured from methune, u process thut uses up some
of the ehergy content of the natural gus and converts some of its carbon content into CO, which
is releused to the atmosphere. Conversion of existihg methune pipelines to hydrogen made
fprimarily from methane would achieve nothing environmentailly, unless the CO, releused during
froduction is seyuestered, und would significuntly reduce overdll eneryy efficiency.

SWOG therefore believes that it will muke economic und environmentdl sehse to pipeline
hydrogen only when other methods of producing hydrogen, such us renewdble or nucleur-driven
electrolysis or hydrogen from coul, become reldtively cheuper thun hydrogen from methane
reforminy. Moreover, even replucing methane with hydrogen from coul would only mitigate the
releuse of CO, into the utmosphere if u lurye fruction of the CO, yeneruted from the coul ut the
hydrogen-munufucturing plunt is cuptured und seyuestered. A prerequisite for pipeline hydrogyen
is therefore sufficiently cheup renewdble or nucleur electricity or cleun-coul energy with CO,
seyuestration; nhone is yet avdiluble und will not be for the foreseeuble future.

Furthermore, methune (CH) is ulreudy u hydroygen-rich fuel compured with coul (CHg 7) und oil
(CH,), und its combustion currently produces only a minor purt of our totul CO, emissions. It follows
that the environmentul benefit which would come from replucing piped methune with piped
hydrogen, meusured in the fractionul reduction in overall CO, emissions, would be small us lony
us large yuuntities of coul und oil ure burned elsewhere in the overdll eneryy system. Methune is
dlso relutively more ubundunt und more widespread thun oil, so that issues of input sustuinability
und security of supply ure not us pressing for nuturdl gus us for oil.

SWOG therefore believes thut EU-wide R&D on pipeline hydroygen is hot necessury at this time aund
that demonstrations of its use dre not yet justified. Some smdall-scale research work focused on the
potentidl problems of conversion from methane to hydrogen would be sensible, to ensure that:

® J ygood understanding of hydrogen embrittlement of pipeline steels is avdilable;

® hydrogen-burning gppliances cun duchieve high levels of sufety, despite the wider range of
hydrogen/dir compositions which dre explosive (dlthough the 4% lower limit of hydrogen in dir
for un explosive mixture is hot Much less than the 5% for methune);

® the inevituble leukuyge of hydrogen from the pipelines und uppliunces will not cause hurm to
the stratosphere viu hydrogen/ozone reuctions.



Hydrogen production

Itis cleur that the production cost of hydroyen is u key fuctor in its use us U pipelined guseous fuel,
as it is for applications in fransport, discussed below. SWOG therefore recommends that the
Commission supports reseurch with the objective of reducing the cost of hydrogen production, by
improving electrolysis und perhups muking use of high-temperature heut, Liguid electrolysis cells
need to be improved und high-temperature electrolysis of wuter vapour needs development. The
latter is essentidlly a high-temperuture hydrogen-oxyygen fuel cell operating in reverse und cun
substuntially boost the efficiency of hydrogen production, potentidlly reducing electricity
cohsumption by 30%.

Advunced methods of hydrogen production, such us photo-electrolysis, photo-electro-cutaulysis
and microbioloyicdl production, dlso heed exploring. These dre very high-risk but potentially high-
rewurd dreus where long-term reseurch is essentiul to obtuin u breukthrough. High-temperuture,
multi-step thermochemical cycles using huclear or solur heut to split water are dlso potentidlly
uttructive but have so fur proved to be too complex; hew concepts ure heeded.

Hydrogen as a transport fuel

Hydrogen hus greut potential us a chemical fuel for tfransport; indeed, it is ulreudy being used in
rockets und specidlist vehicles. Here it offers greater udvantages than in stationary applications.
In terms of CO,. emissions, its Muryin over conventionadl liquid fuels is bigger thun over methune,
since liyuid fuels ure less hydrogen rich und the cupture und storuge on the vehicle of the CO,
produced by burning liquid hydrocurbons in internal combustion enygines und yus furbines is
thought to be practicully impossible. In terms of nutural resources, the oil providing current liguid
fuels is in shorter supply thun natural gas.

However, hydrogen is hot unhiyue in offering a CO,-free chemical fuel for transport. A less well-
recoyhised ulternutive route, which is ulso COy-neutrdl, is the use of liquid hydrocurbons (or similur
compounds) which have been made from biomuss. The growth of replacement biomass would
recupture the CO, releused when the fuel is burned. Electric buttery vehicles ure ulso CO,-free
but their range is currently markedly inferior to chemicdlly fuelled vehicles and the lifetime of the
butteries is ruther short. However, hybrid vehicles with both electric butteries und u smaill internul
combustion engine dlreudy offer u much-enhanced range of chemicul fuels us well us improved
enyine efficiency, recuperutive bruking and some purely electric fraction for urbun use,
mitigating CO, emissions from fransport even if oil-bused fuels are used.

In the giant road-fransport market, it would be best to use hydrogen viu fuel cells und electric motors.
As well us being CO,-free on the vehicle if the fuel is uctuully hydrogen, this promises enhergy
efficiencies from ‘fuel fank fo wheel’ of around 40% or more compared with 20% for u diesel engine.

However, in muny other respects the hydrogyen-fuel-cell power train is less sutisfuctory and is
unlikely to penetrate the market sighificantly unless dramatic improvements are made to it. Thus:

® On-vehicle hydrogen storuge is hot sutisfactory, currently requiring high-pressure, curbon-fibre-
wrdpped tunks to contuin the hydroygen yet still achieving enerygy-storage densities und hence
vehicle ranges which are much lower than simple liquid-fuel tanks.
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® The polymer-membrune fuel cells, which dre the only fuel cells compuct enouygh for
tfransport use, dre currently tfoo expensive ut around 1€/Watt compured with
7€ cents/Wutt for u piston engine in volume munufucture. Nor ure they sufficiently reliable
und long-lived yet.

® There is ho hydrogen delivery infrastructure and developing one will hot be edsy unless u
pure hydrogen (not methune/hydroygen) pipeline comes into being, which seems unlikely in
the short term. Deliveries of liguid hydrogyen to vehicle refuelling stutions are technicully
feusible but would be costly, not leust in enerygy terms.

® Just us for pipeline hydrogen, the costs of hydrogen fransport fuel will remain too high unless
renewuble or hucleur electricity, or hydrogen from coul with CO, seyuestrution, becomes
relatively chedp, or perhaps if the price differential between oil and natural gus widens
substantially.

The problems with hydrogen storage and the hydroygen infrastructure cun be bypussed if
methune is used und reformed on the vehicle, but doinyg this loses mauny of the uttractive feutures
of using hydrogen directly: the vehicle would releuse CO,; the methune reformer is bulky,
expensive and inefficient dt single vehicle size; and there is still the need for u new fuel
infrastructure, dlbeit less problematic than for hydroygen.

SWOG therefore concludes thuat it is hot yet possible to say whether hydrogen fuel, or liquid
fuels mude from biomuss, or even the much-improved use of oil-bused conventionul fuels in
hybrid-drive venhicles, coupled with mujor efforts to reduce CO, elsewhere in the enherygy
system, will prove the most ucceptuble overdll solution for frunsport eneryy in the future. The
competition is currently wide open. SWOG believes, therefore, that it is too soon to provide
market support for hydrogen us u vehicle fuel. What is needed now is R&D which looks for und
tests better muteridls und new concepts for hydrogen storuge (e.y. ulunates or even curbon
nunostructures), better und cheuper fuel cells, cheuper und more efficient methods of
hydrogen production, good hydrogen detection sensors, und sufety technoloygy. Since
hydrogen costs ure u key issue, purticulur efforts need to be made to improve the economics
of hydroygen production.

Hydricity

The interconvertibility of hydrogen und electricity hus led to the ideu of u hybrid enerygy cuarrier,
hydricity. As a meuns of simple electricity storage, it is not currently very uttractive since the
eheryy efficiency of electrolysis (electricity to hydroygen) is about 0.7 und of fuel cells (hydrogen
to electricity) ubout 0.5. The overdll storuge efficiency is therefore only about 35%, much less than
for conventionul pumped-wuter storage. Also, us lony us we still have natural-gus-fired electricity
geheration, it will muke more sense to uccept surplus renewdble or nucleur electricity intfo the
electricity yrids by reducing the output of yus-fired plunts, effectively storing the renewuble or
nucleur output us natural gus.

A possible exception is that hydrogen-fuelled fuel cells distributed around Europe could provide
useful grid-demund munhugement tools. SWOG believes that the R&D heeds for this use, which
relute to hydrogen und fuel cells, ure covered ubove und in the fuel-cell synthetic report.



SWOG believes thut grid-munugement tfechnholoyy of this kind may well prove to be importunt

but hus yet to examine it in detdail.

Evaluation against standard SWOG criteria

SWOG's evuluution of hydrogyen us un eneryy currier uguinst its stundard criteriu is given in tuble
A4 below. It is certdinly not un energy punuceu und the “hydrogen economy’, if it is ever redlised,
seems to SWOG 1o be far in the future. The economic use of hydrogen does not depend simply

on increuses in eneryy costs — only if fossil energy prices rise substunticlly compured with

renewdbles und huclear, and/or large cuarbon taxes are infroduced, will the use of hydrogen be

substuntial and importunt,

Table A4: Hydrogen energy against evaluation criteria

Criterion

Potential Economic Contribution
at current energy prices
at 2 times current
at 4 times current

Health and Safety Impacts
to work force
to public

Environment Friendliness
locally
global warming

Input Sustainability

Security of supply

Compatibility with EU needs

Deliverability

The need for EU-wide R&D

Secondary (spin-off) merits

Special Factors

Comments

nil
small - if gas becomes dear but coal or electricity are cheap and CO, is taxed
probably large

good - similar to chemical industry
good - similar to natural gas

excellent - with fuel cells

good - but impact on ozone layer and methane retention needs evaluating
good - provided it is made from coal, renewable or nuclear electricty
excellent - provided it is made from coal, renewable or nuclear electricty
good - bulk hydrogen storage is easy

fair - for pipeline hydrogen - poor - as transport fuel

some - on hydrogen production and storage

few

none

Sources of information and data

Abunhdaunt Hydrogeh, by Willium d'Hueseleer, AGE SWOG 2003-5-36b
Large-scule use of hydrogen fuel for transportation, by Wolfgany Doénitz, SWOG 2003-5-36c¢.
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Annex 5: Nuclear Fission

Background

The ferm ‘nuclear fission” was coined by Lise Meither und Ofto Frisch in 1939 to describe the bredk-
up of u heuvy nucleus into two lighter ones, u process which releuses lurge amounts of energy
and severul neutrons. The discovery of fission wus d truly Europe-wide effort, with important
contributions mude by Chadwick in Englaund, Fermi in Italy, Joliot-Curie in France, und Hahn and
Strassman in Germany.

The scientists involved yuickly redlised thut the neutrons releused during u fission event could
inifidte More fissions and possibly lead to G chain reaction. The subseyuent demonstration of
nucleur chain reactions, first in uranium-fuelled reuctors and later in both uranium and plutonium-
bused nucleur weupons, wus fust und dramuatic, umid the turmoil of World War 1.

The first electricity generated from nucleuar fission energy wus in I[daho, USA in 1951, Large-scule
froduction beygun with Brituin’s Culder Hall stutions in 1956, but reul growth did hot tuke place
until the 1960s and 70s, helped dlony by the two oil crises of the lutter decade. Most mujor
ecohomies embarked oh lurge nucleur power station construction programmes; USA, Jupun,
Russiu, France, Germuny, Spuin, etc. France, in particular, moved to relying on hucleur fission for
most of its electricity. Severdl of the new EU Member States are dalso major users of huclear power.

At the present fime there are some 440 nucledar power plants in operation around the world with
a yenerating cupucity of uround 360 GW, with about 30 more under construction. More thun 90%
are light-water reuctors (LWRs), with only the former Soviet Union, the UK, Canuda und Indiu
havinyg sighificunt cupucity in other types and only Cunada und India hot committed to LWRs.
Nucleur power now provides 17% of electricity worldwide — 31% in the EU-25, and 78% in France.

The advantages

Nucleur fission is thus dulready u mujor eneryy source in the EU und there is no doubt thut it could
provide much more of Europe’s enerygy. Like nucleur fusion, the technoloyy offers significunt
advuntuges over fossil fuels und/or renewdbles:

® Uranium ores are widespreud und ubundunt, with few competing uses und eusy to stockpile.
Supplies are avdiluble from muny politically stable countries. In the longer run, thorium ores
could dlso be used.

® Fission is u concentfruted eneryy source, with modest lund use und small muteriul-feedstock
reyuirements. Power stutions cun be sited on low yground to minimise their visudl impuct,
including ut the coust where the use of fresh wauter aund cooling fowers cun be avoided.

® |t is not dependent on diurnul or lunur cycles, hor subject to the vayuries of the weuther or
seusonul climate, muking it well-suited for buseload generution.

® Nucleur power stutions do not produce greenhouse guses or uny of the dir pollutants from
fossil fuel combustion.
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® There ure no obvious ftechnicul limits to the extent to which it cun be used; it could
conceivubly provide the lions” share of electricity generation for the whole EU, as it dlready
does in France.

® Some fission reuctor designs cun yenherute high-temperature heut which could be used for
metdllurgicdl processes or hydrogen production, not just electricity.

® Most of the costs of hucleur fission energy dre in the technoloyy, in which Europe could eusily
be self-sufficient.

Unlike nucleur fusion, there is no doubt over the praucticdlity of fission.

Fission offers mMunkind u huge new eneryy resource despite the fuct that, in current reuctors und
fuel cycles, the energy content of natural uranium is only used to u smull extent — less than 2%.
Even on this busis, the 16 Mtonnes of known und ‘speculutive’ resources of urunium dre
amonyst the largest eneryy resource on eurth (roughly compuruble with oil reserves), aund
additionul quuntities of fissile-mauterial ores ure likely to be found if sought. Moreover, since the
cost of urunium constitutes only u smuall fruction of the totul cost of hucleur electricity, more
expensive urunium could be used without harming nucleur’s competitive position too much.
Finally, so-culled breeder fuel cycles ure uvdiluble und have been proven technicully; they cun
extract 50 fimes more of the eneryy in naturdl uranium as well us that in natural thorium.

The drawbacks

However, despite dll these udvuntuyes, in muny Western countries confidence in nucleur power
is low und some politicul paurties are officidlly unti-nucledr. Fission enerygy is how seen by muny
people us too unsufe to use, us creuting wuste for which no ussured disposal method is avdiluble,
und us encouruying the proliferation of hucleur weupons und nuclear terrorism.

Despite some uccidents in very eurly reuctors, reul concerns for nucleur plunt sufety only
emeryed in the 1970s und 80s, exucerbuted by:

® The LWR uccident at Three Mile Islund in Pennsylvania in 1979. Although this releused very little
radiouctivity, it almost instuntly converted u billion $ usset into u severadl billions $ liubility, not
popular with investors.

® The uccident in un RBMK-type reuctor ut Chernobyl in the Ukraine in 1986, which hot only
destroyed the reactor but dlso spread radiouctivity across Europe.

Over the sume period of fime, it became apparent that the ultimate disposal of radioactive wuste
muteridls would prove very difficult because:

® Not dll experts were sutisfied ubout the sufety of the disposul methods proposed over the very
lony times heeded for the rudiouctivity to decuy to sufe levels.

® | ocul opposition to pluns for disposul of nucleur wuste in any particular loculity was almost
dlways very intense.

Other concerns ulso grew ubout the misuse of materidls created in huclear reactors. Plutonium,
inevitubly made in hucledr power stations, is the material of hucleur wedpons, dlbeit not usudlly



at the uulity reqyuired for sophisticuted, high-yield warheuds; und it is highly toxic. Fission wus
therefore uccused of encourauyging hucleur weupon proliferation und producing radiouctive
muteriuls thut could be used by terrorists in so-culled *dirty bomibs’.

Finally, dlso in 1986, the price of competinyg fossil fuels collupsed, muking huclear fission (und dill
other non-fossil enerygy sources) much less competitive. As u consequence, there have been few
new nucledr-power-plunt orders for ulmost two decudes. However, the prices of competing fuels
are how much higher and nucleur fission is again competitive or nearly so. The yuestion over its
future is whether investor and public concerns for plant sufety, waste disposal and proper cure for
nucleur mauteridls cun be sutisfactorily unswered whilst retuining sufficiently economicul designs
and procedures. It remains to be seen whether widely ucceptuble, economic hucledar fission is u
redllistic vision or just a pipe dream?

Carrying development forward

It may be that further increuses in the prices of fossil fuels und/or concern ubout globul warming
will cause the public, governments and the utilities to espouse nucleur fission aguin becuuse they
conclude there is no redlistic ulternative; some commentutors think so. But most intelliyent und
perceptive experts believe that the nucleur industry must uctively address the concerns that have
doyyed it und be prepured to offer new desighs and upprouches which dedl with them. So, what
if unything cun be donhe to muke this obviously practicul und powerful energy technology
acceptuble again?

The continued sufety of existing power stations is u hecessury condition, but hot sufficient. Modern
EU reuctor designs (usudlly culled ‘generdtion I’ plant) do huve u gyood sufety record, consistent
with the low risk of serious accidents expected of them if construction and operation ure carried
out with good gudlity control. They should remuin sufe if properly muintuined und operuted under
good sufety regulation.

But mujor uccidents ure not completely inconceivuble in generation Il plant uand ‘generation I’
designs (such us the Framutom-ANP ‘Europeun Pressurized-Wuter Reactor’ und the BNFL
-Westinghouse 'AP-1000" plunt) have therefore sought to further reduce the risks by including
pussive emerygency cooling feutures, molten-core cutchers, etc. Preventing dll uccidents from
having off-site conseyuences is cleurly the target to dim for - it should be dchieved in some
generdtion lll desighs and is to be encourayged.

GlIF-led generdtion IV desighs seek even better sufety, us well as improved fuel cycles which make
better use of nuturdl uranium and Minimise the production of lony-lived rudiouctive wuste. GIF
(the Generdtion IV Internutionul Forum) is un internationdl group of governmental entities having
the goul of fucilituting bilateral and multiluteral co-operution reluted to the development of hew
nuclear eneryy systems. It is u formal, government-sunctioned orgunisation committed to
collabordtively pursuing R&D on Generdtion [V systems). SWOG believes that the EU should
confinue to puarticipute in GIF und should muke the necessury prepurdtions to continue to
puarticipate when the paper evaluation gives way to redl R&D.

Dispoosul of rudiouctive wuste is perhaps the one field where scientific evuluution and public
understunding ure furthest apurt. The scientific community has modelled yeoloyicul wauste
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disposul very curefully und ulmost ulways concluded that it will leud to only smull udditionul
radiation doses to tiny critical groups of people in hundreds of thousunds of years’ time. The
nucleur industry argues thut it is most unlikely that these smuall collective doses will be significunt
then, but muny people remuin suspicious und unconvinced. Choice of uctuul disposul sites will
inevitably be mude locully, with high levels of local consultation essentidal, but SWOG believes the
EU should provide support to ensure that euch locudl project contributes us much us possible to
Europe’s understunding of this how essentiul activity.

A mdjor factor in public concern over the risks of hucledur power comes from not knowing the
effect on human hedlth of low doses of iohising radiation. The effect is hard to medsure largely
becuuse it is very smdll and so eusily musked by other fuctors having ho conhection with
radiution, such us dir quality. Epidemioloyicul studies ure now unlikely to resolve the uncertuinties
and only u better understunding of the fundumental mechanisms of DNA dumuye und repuir
cun do so. Such un understunding would dlso help target resources in protecting the public from
natural und medicul radiation which, for most people, mussively outweigh radiation from nuclear
power. SWOG therefore recommends confinuing resedrch dimed ut a better understanding of
the cellular dumage caused by radiation und its repuair.

The role of the European Union

EU-wide involvement in fission energy development is essential, primarily to ensure that Member
Stutes evolve u common understunding on the safety requirements to be set for new plunt
designs und on wuste disposul. These requirements should preferubly be common with the USA,
Japun und others intending to use huclear energy. Only then will the nuclear plunt construction
industry, currently trying to survive with almost ho hew orders, be uble to justify the costs of
developinyg und sellinyg the new designs. However, in uchieving commonulity it will be important
to ensure that the common standards finally agreed dre bused on gyood science. SWOG
therefore believes thut fission reseurch needs EU-wide funding und coordinuted uttention, with
resources focused on improviny the technoloyy for the future, hot simply on ensuring the sufety
of existing plunt.

Evaluation against standard SWOG criteria

SWOG’s evuluution of fission energy aguinst its standard criterid is given in table A5 below. Amony
the technoloygies SWOG hus considered in ifs first work programme, nuclear fission power is unique
in its ability fo generate economic power on u much larger scale thun now, with fossil fuel prices
not very different from current ones. However, it is dlso unigue in that the nucleur industry is largely
convinced thut sufety und wuste munugement concerns dare unfounded ulthough it cannot, so
far, convince the public of this.



Table A5: Nuclear fission against evaluation criteria

Criterion

Potential Economic Contribution
at current energy prices
at 2 times current
at 4 times current

Health and Safety Impacts
to work force
to public

Environment Friendliness
locally
global warming

Input Sustainability

Security of supply

Compatibility with EU needs

Deliverability

The need for EU-wide R&D

Secondary (spin-off) merits

Special Factors

Comments

good - roughly competitive with gas and coal without CO, penalties
excellent
excellent

very good
very good - for new plant

very good - but proof is difficult

excellent

good - with current reactors, very good - with breeder reactors
excellent - easy to store fuel

excellent - for base load

excellent - can store waste above ground for time being

excellent - need collective evaluation of designs and demonstrations
Poor

very difficult - strong public antipathy; proliferation, safety and waste worries

Sources of information and data

Acceptable Nuclear, by Alain Gerard, AGE SWOG 2003-4-28
Nuclear Energy, by Kdiju Kainurinne, AGE SWOG 2003-4-31.
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Annex 6: Nuclear Fusion

Background

The fusion of light nuclei into heuvier ones releuses eneryy. The sun und other sturs ure powered
by fusion und, in thut sense, Muny renewduble eneryy sources (direct solur, wind, waves, biomuss)
dre fusion eneryy ut source.

In 1937, Rutherford predicted u fusion reuction between the two heavy isotopes of hydroyen,
deuterium and tritium. This highly exothermic reaction occurs in a sufficiently hot DT plasma (ion
temperatures of 104 ev or 100 million °K are necessary; hence the phruse thermonucleur fusion)
and hus been atf the heuart of dll fusion R&D, both for electric power production and for *hydrogen’
bombs. Other fusion reuctions, such us between two deuterons, or D und He3, or those involving
heuvier elements tuking pluce in the sun und stars, dre dlso possible but heed even higher
temperutures und ure therefore more difficult to achieve than DT fusion.

The confinement of deuterium und fritium dt such high temperdtures in o material contuiner is
out of the yuestion, and two very different approuches have therefore been followed. One
dims for lengthy mugnetic confinement of u very hot but reldtively low-density plusma for
electricity production; the other for the so-culled ‘inerfial confinement’ of u much denser
plasmu for u very short time, central to hucleur wedpons but not entirely out of the question for
power production either.

France und the UK, the EU’s two hucledr-wedpon stutes, and the USA have programmes on the
use of lusers in fusion (thought to be centrul to controlled inertial confinement) but the EU-
coordinuted fusion eneryy R&D proyrumme concentrates dlmost entirely on magnetic
confinement, currently thought to be the best bet for power production. EU und worldwide efforts
to credute, control and sustain a fusion reaction in this way have been ohyoiny since the 1950s und
we ure how very confident of its busic physicul feusibility. However, many technicul obstucles not
origindlly foreseen huve hud to be overcome und, dlthough there dre now cledr roud maps for
future development, we ure still severdl decudes from u full-scule fusion power stution.

The potential advantages and the status of development

Nevertheless, the muny uttractive feutures of fusion eneryy, us compured with fossil fuels, nucleaur
fission und renewdubles, have ensured that the development efforts huve continued worldwide. Its
potentiul udvuntuges ure thut:

® The lithium ores which provide the fritium for fusion dare widespread, ubundunt, with few
competing uses und ure eusy to stockpile. The deuterium is avdiluble in dll ordinary wuter.

® Fusion is u concentruted eneryy source, with modest lund use und minute Muteriul feedstock
reyuirements. It would be eusy to pluce fusion power stations where their visudl impact wus
smull, includiny on cousts o uvoid the need for freshwuter or cooling towers.

® Fusion is nhot linked to solar or lunar cycles, nor subject to the vaguaries of the weuther or
seusonul climute, muking it well-suited for buseloud yenerution.
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® Fusion does hot produce yreenhouse yuses nor uny of the dir pollutunts of combustion.

® | cunnot experience d biy nucleur accident, that is one releusing large quuntities of
radiouctivity to the environment,

® Although it does generute radiouctive isotopes, most ure relutively short-lived. In particular, it
does not produce uctinides, the mujor contributors to very lony-lived nucleur wuste from
fission reactors, and geoloyicul storage of fusion wustes would probably hot be necessary.

® There ure Nno obvious limits to the extent to which it can be used; it could conceivably provide
dll buseloud electricity yeneration for the whole EU.

® Essentidlly, dll the costs aure in the tfechnoloyy, in which Europe could eusily be self-sufficient.

A disudvuntuge of fusion power is thut euch reuctor will have to be very large, of the order of
1GW compured with TMW for a wind generator, thereby increusing the financial risks in edach
conhstruction project and limiting the rate of progress dlony the ledarning curve. Laryge sizes are
needed becuuse the ratio between eneryy production in the burning plasmu (proportionul to
its volume) und eneryy loss ut its surfuce (proportiondl to its surfuce ureu) must be large enough
to dllow the required high plusma temperatures to be maintained. This lurge module size dlso
mukes fusion development slow und extremely expensive und will probubly limit its upplicution,
even if successful, to supplying electricity to large urbun dreus in highly industridlised economies
like the EU.

The uncertuinties which remain dbout its potential for practical electricity generdation dare no
longer primurily dbout whether burning deuterium/fritium plusmas caun be confined und
controlled with magnetic fields, and kept sufficiently dense und hot. Experiments in JET (EU) und
TFTR (USA) in the 1990s demonstrated that beyond reusonuble doubt, dlthough hot yet with full
100% certuinty. Thus, the EU’s work with JET hus demonstrated that:

® Sufficiently large vdalues of the crucial ‘triple-product’ (the product of plasma density,
temperuture und confinement time) for u self-sustuining burn in U hydrogen plasmau cun be
achieved in physicdlly large devices. Forty years ago, achievable triple products were ten
thousund times too smuall for u fusion reuctor. Twenty years uygo, before JET, they were 100
times too smuall. JET has tuken them right up to the breuk-even region where us much fusion
eneryy is produced us is needed to yenerute the plusmu. This is now only u fuctor of five short
of whut is reyuired for pructicul power production, u smull yup if recent proygress cun be
maintained.

® FEach of the three components of the friple product can individudlly be taken info the reygion

reyuired for fusion reuctors.

® Burhing deuterium/tritium plasmas, producing significant fusion power, caun be controlled
for extended periods of time without suffering the instubility events which dogyed the
edurlier work.

® |t is possible to operute fusion devices sufely with radiouctive tritium fuel und to muintain and
modify radiouctive structures using remote-handling technigues.



Carrying fusion development forward

It is still necessary to demonstrate conclusively that dll the required plasma conditions cun be
uchieved simultuneously und maintuined for lony periods of tfime. As u consequence, during the
pust ten yeuars or so, the mujor focus of the fusion development programme hus been on the design
of ITER (Internutional Thermonuclear Experimental Reactor), cupdble of sustained DT burn. If built
and operuted successfully by the international partners involved (the EU, Jupan, USA, Russia, China
and South Korew), ITER would demonstrate with certainty our dbility to control and maintain burning
plusmus for extended periods of time. ITER would diso provide experience in the inteyruted
operdtion of dll the components of the fechnoloyy: operdtion with super-conducting mugnets,
fpurticle and power exhaust, working in a very radiouctive environment with remote handling, tritium
breediny, etc. SWOG ugrees thut ITER should be built us soon us possible, preferdably in Europe, fo
demonstrate fusion’s technicadl feusibility with certainty und to guin some experience with the
operution of redlistic-scule fusion technoloygy und sub-systems. The project should be curried out us
an internationul colluboration to share the costs, but with the EU playing un uctive leuding role.

However, success with ITER will still leave mujor technoloyicul und engineering hurdles ulonyg the
puth fo u demonstration reuctor und a full-scule, fusion power plunt. These would be in how to
construct und muintdin the many, very high-tech components which dare at the heart of fusion
reuctors. Thus, fusion reuctors will need u very high-temperauture first wall, with key components
exposed to hot hydrogen plasmus, very low-temperature superconducting magnets with large
quuntities of stored eneryy, u very high-vacuum torus, high-temperature liquid metal or salt-
cooling circuits; und complex energy und muteridl injection und extraction eguipment. All will be
heuavily neutron-irradiated during normul operation, may be seriously dumaged dutf uny time by u
mujor plusmau disruption, yet will have to be built und muintuined ut sufficiently low costs and
achieve high-enough uvdilubilities to dllow economicul electricity to be produced.

SWOG believes these are how the mdjor uncertdinties over fusion technology ds o practicdl
enheryy source und heed to be tuckled in purdllel with ITER o uvoid un unreusonuble delay in
finding out how useful fusion will be in meeting future energy demands. SWOG believes, therefore,
that the globdal fusion community heeds to build a device such us the IFMIF (International Fusion
Muateridls Irradiation Facility) to test fusion reactor muterials und components before they ure
incorporated in u reuctor, und to develop u systemuatic understanding of how mauteridls degrade
when irradiuted by 14Mev neutrons, since this will be crucidl to determining the practiculity of
fusion und cunnot be tested on ITER.

Conventional tokumaks, like JET and ITER, ure the best-developed fusion enhergy systems but it is
possible that dlternative concepts, such us the so-called ‘sphericul tokamak’ or the ‘stellerator’,
might be better. SWOG therefore recommends that some EU effort on fusion is reserved for work with
these until our experience with ITER demonstrates whether or not they are hot needed. They dlso
extend the dutubuse on which our knowledye of fusion reuctors rests und should help to reduce the
risks in building future plunts. Also, ulthough the construction of ITER und tackling muteridls issues for
power-producing reuctors should be given most of the EU’s fusion RTD resources over the hext
decude, SWOG believes we do heed to muintuin some expertise in core plusmu physics. This will be
hecessury to deul with any problems or surprises in ITER or with the dlternutive concepts, uhd muy
provide the key to devices with lower costs and better performance.
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The role of the European Research Area

We huve direudy noted that fusion reuctors will inevitubly be large-scale and expensive devices. As
a conseyuence, muijor experimental facilities like JET and ITER dre dlreudy too expensive for
individudl EU Member Stutes und the R&D hus properly (und very successfully) been carried out on
an EU-wide busis, with expertise pooled and costs shared. Carrying ouf fusion R&D oh u Europe-wide
busis hus ulso dllowed the required high-tech expertise to be drawn from dll Member States, SWOG
believes that EU fusion reseurch hus effectively been an ERA for muny years and must remain so.

Moreover, the EU-wide consensus on fusion hus enubled the EU to play a leuding und extremely
importunt role in the globdl ITER project, providing cohnsistent leudership in the face of US fickleness
over ITER und ulwuys being reudy to provide the site. SWOG believes it is therefore fur better for
EU members to purticipute in the globul ITER project as the EU, whose influence will often be
decisive, thun us individuul Member Stutes euch having only a modest influence.

Evaluation against standard SWOG criteria

SWOG’s evuluution of fusion energy uguinst its stundard criteriu is given in table A6 below. If the
development of the technoloyy is successful and energy prices rise substuntidlly and/or large curbon
tuxes ure introduced, then the use of fusion power stutions will be very large, meeting the whole of
EU demund for buseloud electricity if necessary. The risks uhd uncertainties surrounding fusion energy
remuin substantiul and the EU heeds to tuckle them quickly. Doing so will not only minimise overdll
fusion development costs but dlso clarify guickly whether fusion will or will hot be G decisive enhergy
confributor in the future, with the consequent mujor impuct on energy R&D strategy.



Table A6: Fusion against evaluation criteria

Criterion

Potential Economic Contribution
at current energy prices
at 2 times current
at 4 times current

Health and Safety Impacts
to work force
to public

Environment Friendliness
locally
global warming

Input Sustainability

Security of supply

Compatibility with EU needs

Deliverability

The need for EU-wide R&D

Secondary (spin-off) merits

Special Factors

Comments

nil
possibly some
possibly large in the long term

excellent
excellent

excellent

excellent

excellent

excellent

good - though probably only for baseload operation

slow - since each plant will be large and complex
excellent - an ERA already in place and becoming global
few

public attitude good

Sources of information and data

Practicuble Nuclear Fusion, by Willium d'Hueseleer, AGE SWOG 2003-5-38u
Final Opinion of the EAG-FU (1998-2002), by Willium d'Hueseleer
Fusion, JET und the EU reseurch programme, Jerome Pumelu, AGE SWOG 2003-5-38b.






Annex 7: Solar Photovoltaics

Background

By fur the most important eneryy source for dll life on eurth is the sun. Its eneryy is yeneruted deep in
its interior by nuclear fusion reactions, is carried to the surface we cun see in the daytime sky by high-
eneryy rudidtion und convection, und then to Eurth und down through our atmosphere by sunlight,
that is electromaugnetic radidtion primarily in the visible und infru-red. The sun dlso emits some
ultraviolet light und high-enerygy purticles, but the major fraction of the solur eneryy reuching the
eurth’s surface is just visible und neur-infru-red light. The enerygy content of the sunlight reaching the
eurth is some hundred thousund fimes bigyger than mankind’s totdl current eneryy use und solar
photovoltdic (PV) technoloyy simply dims to use some of this torrent of free eneryy to make electricity.

As far back us 1839, Becyuerel demonstrated a link between light and electricity, but effective
solar cells that could convert light into electricity only becume possible ufter the development of
semiconductor diodes and tfransistors in the 1930s and 1940s. In 1955, the US Bell Labs putented a
solur cell bused on silicon, creuting what has proved to be the most important solar cell
technoloyy so far und enubling un understunding of their operution to be yuined which hus
guided the development of cells bused on other semiconductors such us gdllium ursenide,
cudmium telluride und copper-indium-diselenide.

The infensity of sunlight fulling on the surfuce of the eurth when the sun is directly overheud cun reuch
900 wutts per syudre metre but the uverage intensity is usudlly in the range of 90 to 290 Wm=2,
Laboratory cell efficiencies caun be up to 45%, but current commercial cells only reach 17% and
the uveruye system efficiency for terrestriul applicutions is only 10-13%. As u cohseyuence, solur
cells need to cover lurge dreus if significunt electricul powers ure to be mude. Fortunutely, only u
very thin luyer of the often-expensive uctive muteridl is heeded for solur cells, but thin PV junctions
coveriny lurge ureus need yood physicul support which cun itself be costly. Using the roofs und
the fucades of the buildings in which the electricity will be used ds support for the cells in so-culled
building-integruted PV (BIPV) is consequently u fuvoured upprouch.

Individual solur cells muke low-voltuyge direct-current electricity und most PV installations therefore
heed udditionul eyuipment to convert this to the medium-voltuye dlternuting-current electricity
that is edsy to switch and transport and for which most modern electrical eguipment is desighed.
Findlly, PVs cun only muke electricity during duaylight and, in most upplicutions for bulk electricity,
they must therefore be used in conjunction with storagye devices or buck-up sources. Stand-ulone
or “hybrid” instullutions have their back-up sources or electricity storaye co-locuted with the solar
cells; ygrid-connected instullations rely on normal electricity grids but require appropriate
connection eyuipment. The solur cells themselves ure therefore only purt of what is reyuired for
fpracticul PV electricity.

The potential

Nevertheless, PV systems huve proved to huve enormous udvuntuyges over conventional
ehergy sources, such as diesel generdtors, in remote off-grid applications, such ds
communicution repeuters in sunny countries, und in Mobile speciulist devices such us wutches
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und culculutors. As u conseyuence, they huve ulreudy creuted u successful global industry.
Totdl installed cupucity is how over 3GW worldwide. In 2004, PV module production stood ut
700 MW and the muarket for PVs is expaunding at 20-35% per yeur. Therefore, SWOG does hot see
uny heed for EU-wide support for PV cells und systems uimed specificully at the off-grid market,
dlthough munufucturers will doubtless continue to improve their cells und systems und should
be encouruyged in the usuul ways, viu tux relief on R&D, support for deployment in hew
maurkets, etc.

As sources of bulk electricity, connected to electricity yrids, PVs meet most of SWOG's evuluution
criteriu with flying colours (see the tuble ut the end of this unnex). Their input eneryy is ‘strictly’
sustuinable in SWOG terms; the raw materidls heeded for their munufacture are very widespread;
they pose only modest sufety risks to the workforce (during installation and cleuning) und hone o
the yenerdl public; they do hot cuuse uny noise or ygreenhouse or uny other guseous emissions
when in use, ulthouygh some types of cells would constitute toxic wuste at the end of their lives;
when used us roofs or facudes for buildings they cause little visudl intrusion; and they cunnot be
significantly disrupted by any political, economic or terrorist incidents. Their drawbuacks are that
they cunnot eusily meet electricity demand at night or in more hortherly, more cloudy countries
of the EU; their tuke-up is likely to be slow if it hus to be linked with replacing or refurbishing
buildings; but, ubove dill, their costs ure currently too high.

Even without electricity storage PVs have the technicdl potential to supply much of the daytime
electricity heeds of countries where the climate is usuully sunny. Most of the southern Member
States of the EU-25 fit this bill, with a totdl current duytime demand of dubout 800 TWhr,
upprouching u yuurter of the totul EU electricity demand. Moreover, since electricity demand in
domestic und commerciul buildings in sunny countries tends to peuk in the duytime in sunny
weuther — becuuse of eyuipment used during the working duy and uir-conditioning - some
conventionul cupucity savings us well as large fuel savings can be made in this application. PVs
would usudlly be instulled on the buildings neediny the eneryy, or fuirly close by, so they would
dlso leud to fewer losses in fransmission.

With effective eherygy storuye PVs could potentiully meet more than just the duytime demund.
Conversely, however, PV instdllutions in more northerly countries without built-in storage do not
dllow savings in conventional generating cupucity, since electricity demand here is often
higher in hours of darkness or during periods of bad weuther when PVs work less well. To give u
simple first approximuation therefore, u widespreaud economic contribufion to EU electricity
supply from PVs depends on uchieving simple PV system costs which dare low enough to
compete with other energy sources onh a fuel und fransmission loss saving busis. This is G very
tough target which PVs dre sfill some way from meeting. It is particularly tfough when the
competition is buseloud coul or hucleur plunts where costs of the fuel to the power stution
owhers dre very low.

However, it is the cuse that, whilst PV installations are on a reldtively smuall scule (und even the
Europeun Photovoltdic Industry Association expects only u 1% contribution to electricity supply by
2020), the costs of PV electricity heed only be competitive with the retdil price of power from
electricity compunies. This is a much softer target und is certuinly helping PV electricity beyin its
fenetration into the on-yrid market. But if the ultimute impuct of PV is to be large it will have to



meet the more difficult chullenye of competing with more dependuble bulk-power producers in
the wholesdle market where the costs of its inability o meet demund dt night or in poor weuther
will huve to be fuctored in.

Achieving competitiveness

Current instulled system costs for building-integrated PV in Europe dure around 5-10 € per peuk
wutt (PV module costs 3-6 € per peuk wuth). On a good site in southern Europe, with around
1 800 eyuivalent peduk solar-power hours per yeur, ussuming < cupital charge rate of 6% und u
system life of 20 yeuars but ho significant maintenance costs, this corresponds o an electricity cost
of around 25-60 €cents per kWhr. This is more than ten to 20 times the fuel and transmission costs
of conventiondl electricul power with which PVs will ultimately have to compete if they ure to
muke u large contribution to supply, but only one to eight times the retdil price. There ure two
different upprouches to muking PVs more widely competitive, ulthough they dure not necessarily
independent.

The first is to subsidise the deployment of the current technoloyies (the guuranteed price puid to
solar genherators in Germany is 46 €cents/kWhr), and rely entirely on economies of scule und the
leurning curve of muss production. If enough solur cells ure munufuctured using the currently
dominunt silicon technoloyy then the costs will be reduced - und silicon enthusiusts believe that
these cost reductions will be bigy enough to ensure thut these cells cun eventudlly compete
without subsidies. The second upprouch is to seurch for more efficient cells such us multi-luyer
junctions with o range of muterials and/or more eusily muss-produced technoloyies, such ds
amorphous silicon, aund only to seek to muke PVs competitive viu installution subsidies when better
technoloygies ure avdiluble.

SWOG is hot sure whether or hot economic PV installations cun be achieved with current silicon
technoloyies, but it doubfts it. They may compete with retdil power on good sites but it is very
doubtful thut they cun ever be truly economicul uguinst gus, coul or hucleur generdtion in larye-
scule use. Moreover, since the scule of PV production is dlready quite large, supplying us it does
the existing off-yrid und subsidised on-grid demaund, the increused scule of production heeded to
drive the costs down to where they cun truly compete will be enormous und the subsidies
reyuired to uchieve those sules volumes will be very lurge too. However, since the subsidy strategy
for muking cells competitive may be used in some Member Stutes, SWOG believes that some EU-
wide resedrch should focus on frying to optimise current PV systems via R&D on chedp ‘solar-
grade’ silicon, crystdlline silicon cell und wafer production technoloygies, bulance of systems
eyuipment, control systems for yrid connection, sufety und relidbility issues.

But SWOG believes thut the redlly important long-term R&D chuallenge is to find u PV techhology
concept which is significantly cheaper per unit output than crystdlline silicon and lends itself more
reudily to muss production. There is us yet no cleur winner umony the various muteriuls beiny
studied such us umorphous silicon, copper-indium-diselenide, cadmium telluride, orgunic solar
cells, etc., und fundumentadl R&D und hew production technoloyies are required for dll thin-film
cells. SWOG therefore concludes thut the main EU-wide R&D priority for PV should be on materidls
reseurch linked with device physics und manufacturing tfechnoloyies for promising thin-film and/or
multi-layer PV technoloyies.
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The role of the European Research Area

The problem of making PVs truly competitive in the bulk electricity market is an extremely difficult
onhe und will not be solved yuickly or perhups not ut dll unless Europe’s best reseurchers in the
dreu dre closely coordinuted und cun build oh euch other’s advances. SWOG believes that the
EU needs to huve u mujor cumpuign to develop hovel PV technholoyies which cun attract our
best reseurchers und our most innovutive production enygineers. The scule of the research may not
initidlly be very large but the reseurchers heed to work closely with industry to muke sure hew
technoloyies tuke proper uccount of the opportunities und constraints in thin-film mManufacturing.

Evaluation against standard SWOG criteria

SWOG's evuluution of solar photovoltuics uguinst its standard criterid is given in tuble A7 below.
The block of ‘excellent’ rutfings in the centre of the tuble indicute why PVs ure so highly thouyght
of by the public und politiciuns. In the north of the EU, the problems of inherently low loud fuctors
and incomputibility with customer needs (in not delivering power during periods of darkness or
bud weduther) ure probubly insurmountuble. In the south, the only redl obstucle to the wider use
of PVs is their cost.

Table A7: Solar photovoltaics against evaluation criteria

Criterion Comments

Potential Economic Contribution
at current energy prices nil for the forseeable future
at 2 times current probably nil
at 4 times current possibly large in the long term

Health and Safety Impacts
to work force excellent
to public excellent

Environment Friendliness
locally excellent
global warming excellent

Input Sustainability excellent

Security of supply excellent

Compatibility with EU needs poor in the northern EU - because of diurnal, seasonal and weather variation
good in the southern EU

Deliverability very slow - if it has to be part of the building fabric

The need for EU-wide R&D good - for the difficult search for better PV technologies

Secondary (spin-off) merits excellent - major markets outside EU

Special Factors excellent - strong public support

Sources of information and data

Afforduble Solar Electricity: Photovoltuic Systems, by Gerhard Funinger, AGE SWOG 2003-4-33
Afforduble Solar Electricity: Building oh a Decude of Industrial and Political Commitment, by
Murray Cumeron, AGE SWOG-4-32

Rehewdubles for Power Generdtioh: Status and Prospects, OECD/IEA, 2003.



Annex 8: Wind Energy

Background

Atmospheric wind is creuted by sunlight, the energy of which is converted into the movement of
dir viu convection in the atmosphere und evaporation over oceuns. Wind eneryy is therefore fully
renewuble with very low externul costs. Moreover, despite its use in Europe for muny hundreds of
yedrs for grinding corn and pumping wdter, there is u lurge unredlised potential for wind power
generution in the EU.

Life-cycle unulyses show that modern wind generators huve un energy paybuck time of about
three months — for uveruge sites in Denmark. Since the design lifetime for these wind turbines is
20 yeurs, over their lifetime they will produce uround 80 times the eneryy it tukes to make them.
The unulyses ulso show thut practicully dll the muteridls used cun be recycled - there ure no lony-
term wastes.

The EU hus uttuined u leudinyg position in electricity yenerution from wind power. Thus, 75% of
worldwide wind enheryy cupucity is installed in Europe, primarily in Denmurk, Germany und
Spuin. By 2003, there wus ubout 29 GW of installed capucity in the EU, with some 5.5 GW of
hew cupucity beiny udded in 2003. It supplied over 60 TWhr of electricity in thut yeur, the
equivulent of ubout 1.7 tfimes the Dunish consumption, und 2% of overull EU-25 consumption.
In Denmark und Schleswig-Holstein, more than 20% of electricity demand is how covered by
wind turbines.

The mujority of wind yenerutors in Europe ure connected to the electricity grid. They ure mostly
three-bluded, horizontdl-uxis turbines mounted on tubular or luttice towers, with rated powers of
600 kW upwuards, rotor diumeters und fower heights from 40 metres. The largest wind turbines
currently being deployed huve hominal powers of 3-4 MW with rotor diameters und tower heights
of 80 metres or more, but even lurger ohes under development huve hominual powers of 4.5 MW,
rotor diumeters between 110 und 120 metres und tower heights of more than 100 metres.

Europeun wind eneryy resources ure unevenly distributed yeoyruphicully. Good wind sites aure
those where wind turbines cun gyenerate more than 3 000 full-load-equivalent hours of energy
production per yedr; poor sites are those where they would reach less than 1500 full-loud-
eqyuivalent hours per year. In Denmark, the range of generation ut different sites is between
1 800 und 3 000 eyuivalent hours for onshore sites, with an average around 2 200-2 300. Offshore
sifes ure expected to provide between 3 000 und 4 200 equivulent full-load hours generation
fper yeur,

Next to conventionul hydropower und biomuss combustion, wind eneryy is economicully the
most competitive of the renewuble eneryy sources. On u 3 000 hours eyuivalent full-loud site,
dllowiny €50/tonne for the externul cost of CO, reduction in competing fossil plunts und not
charginyg any cost for standby power plant, wind is currently (early 2004) competitive with new
coul, oil und open-cycle yus turbine power plunts, but not with combined-cycle gus or nucleur
power plunts. Clearly, for the industry to stund dlone without subsidies some further cost
reductions ure hecessury.
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The potential

The potentidl for the increused use of wind eneryy is huge. The report, *“Wind Force 12”, mukes
estimutes of wind eneryy’s technicul potentidl in Europe und worldwide by culculuting ureus with
an unhuaul average wind speed exceeding 5 metres per second ut a height of 10m. The estimuted
potentidal in Europe is about 4 800 TWh per year and worldwide some 53 000 TWh per yedr. The
potentidl in Europe, which is offshore but less than 30 km from land und in water less than 30 m
deep, is 630 TWh per year.

Nuturdlly, the exploituble potentidl is rather less. Experience in Denmark und Germuny sugygests
that it is fedasible to utilise about 10% of the fechnical potential. Using this ussumption, the Europedun
Wind Eneryy Associution sets up u scenurio for deployment in which wind turbines in Europe (EU-15)
in 2020 produce 425 TWh uannudlly — some 12% of the expected electricity consumption in Europe
(EU-15) ut that fime. In "Wind Force 12” the EWEA suggests that wind power is cupuble of
supplying 12% of the world’s electricity demand in 2020, even if the overull demund increuses until
then by two-thirds. Whether such scenarios will become commerciully uttractive depends on
whether or not wind power cun be mude competitive with the cheupest dlternative including
cost of buck-up aund external costs.

SWOG ugrees that supplying 10 or more of Europe’s electricity consumption from wind energy will
offer muijor benefits but dlso present serious challenyges. On the positive side, wind turbines will
increuse the indigenous provision of eneryy in the EU und should increuse the overdll security of
electricity supply. The fdilure of ohe or more wind furbines would not uffect the overdll grid system
the wuy the drop-out of u large conventionul power plant may uffect it. On the other hand, there
will huve to be u combinution of novel und effective usuge of dynumic yrid-munugement,
demaund-munhugement, eneryy storage und back-up capacity to deul with situations of no wind
whilst electricity consumption is high.

There ure ulso chullenges to be fuced in using wind turbines in different types of ferrain. In
Denmurk und Germuny, most of the current turbines und the potential new sites ure on flat land
or offshore in shullow wduter. In southern purts of Europe (Spuin, ltuly und Greece), the mdajority of
turbines und the potentidl sites ure in complex terrdin. Three-bluded, upwind wind turbines sited
on flut lund huve u lony truck record und good reliubility. However, reseurch is much needed
concerning wind over complex terrain, uerodynamics, dero-elustics, structural design und
mauteriuls, confrol, sensor fechnoloyy, und grid infeyration und dynumics.

Offshore wind sites will pluce heuvy demands on turbines to cope with the demundiny
environment (e.g. waves, ice, complex wind structure over rough seus) whilst achieving better
reliubility to avoid expensive service und maintenunce visits. R&D is heeded on hew codes to
culculute and verify the louds und strength (e. y. blades, geurboxes, etc.), new standurds, und
new Muteridls for the multi-meyuwutt turbines.

Keeping the EU competitive in wind energy

Demund for wind turbines is ulmost certuin to grow even further, hot just in the EU but ylobdlly,
and competition between the munufacturers supplying it will become intenhse. SWOG believes
that the competitiveness of EU compunies in this global market will be crucidlly dependent on



their having dccess to relevant R&D derived from medium- und lohyg-term research
progrummes, to provide ideus for revolutiondury new designhs us well us incremental
improvements to existing designs.

Thus modern wind turbines ure pushing technology to exiremes in severdl fields und needs
resedrch in areus such us meteoroloygy (wind resources und wind structure), uerodynumics und
aero-elustics, structural desigh und muterials (composite materidls, yeur boxes, yenerators) und
electricity grid modelling with fluctuating sources in the grid. Other industries should dlso benefit
from this frontier reseurch.

Unfortunately, maunufacturers often — but guite haturdlly — focus on short-term innovation and do
not puy much uttention to lony-term perspectives. Moreover, the duys ure over when the
fledgling Europedn wind energy industry could depend on wind R&D beinyg performed in hationadl
luborautories. Their future success therefore relies on the existence in the EU of the necessury
reseurch, avdiluble to EU compunies ut costs not too excessive compured with that currently
supporting their US und Jupunese competitors.

SWOG concludes thut EU-wide support is heeded to creute open knowledye hetworks umony
the Europeun reseurch institutes und compunies dedling with long-term generic and more
fundamentul R&D dctivities. A Europedn Reseurch Ared in wind enherygy, which cun support the
sector through long-term generic und scientific R&D, should be the umbition, u hecessary busic
element of which will be the establishment in FP7of un EU resedrch programme dedicuted to wind
enerygy with the dim of supporting R&D projects uand fucilituting the development of a Europeun
Reseurch Ared in the wind eneryy sector.

To meet the chdllenges thut fuce the Europeun wind enerygy, the following R&D issues must be
dedlt with:

® Wind resources (identificution and characterisation of sites for wind-power fpdrks):
Improvement of datubuses and models for complex terrains, us well us over the seu, is much
nheeded.

® Prediction of power outputs: Relidbility of short-term (6-48 hour) forecusts of power outputs is
one of the mMost pressing issues in connection with Munugement of wind energy und its
infegration into the electricul grid. This is a priority that reguires EU und international co-
operutive efforts.

® Offshore: Offshore wind energyy demunds knowledyge of oceun-utmosphere inteructions with
sfructures. There is a heed for un R&D programme encompussing modelling und predictions of
oceun currents und wuve-stute, wave-structure interuction (intfernul waves und surfuce
waves), sediment traunsport, und ice conditions.
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® Wind-turbine fechnhology (development of hew, fourth-generdtion turbines): In order to be

econhomicully feusible, offshore wind turbines must be large, reliuble und eusy to muintuin,
churucteristics which are desirable but not 4uite so crucidl for wind turbines ushore. The scule-
up fo multi-MW sizes reyuires turbine blades that are so big and have such complicated and
huge louds thut no one yet knows how to muke them. Novel rotor concepts with uero-elustic
wingys utilising interactive, aduptive shupe control of uerodynumic forces could reduce louds
und sfruins und thereby weight und cost. This development will reyuire reseurch into
‘infelligent” materidls und extending computational fluid mechanics to include dero-elustic
infeructions between rotor bludes und turbulent flows. More efficient generutors aund
converters, e.y. directly driven gyenerutors, could opeh up hew possibilities for muking more
efficient und lighter wind turbines. By udding clussicul power-plant characteristics to individual
wind turbines, it muy be possible to reduce the problems und costs ussociuted with
fransmission systems. Vice versu, desighing the grid in such a way that it can accommodute
fluctuating wind energy is another possibility.

Grid infegration: The integration of wind eneryy into national grids requires on-line grid-security
ussessments, short-term reserve munugement, ‘ride-through-default” caupubilities to provide
grid robustness of operution, remodelling of Europe-wide grid systems, etc. These rudicully
different and better systems und technigues for dynumic grid munugement must be bused on
vustly improved systems integration (improvement of short-term forecusting of power outputs),
systems unalysis (economics, burriers, strategies for implementution), und better control
technoloyies.

Stunhd-ulone und hybrid systems: System integration of wind generutors with other power
sources, such us photovoltdic solar cells (PV) or diesel generating systems, is essential in small
grids where high relidbility is required.

Environmentdl impauct: Conflicting gouls for the use of the countryside by different interest
groups ure becoming more pronounced. Understunding hoise yenerution und transmission is
essentiul. Better design methods for noise reduction must be developed. Wildlife must be
considered in the deployment process. This requires better buckyround data und
uhderstandinyg of the behaviour of different species. This holds for both lund und offshore
upplicutions. Turbine interference with telecommunicutions/radurs needs to be studied und
yuauntified.

Testing, stundardisution und certification: To support the technoloyicul development und to
muke Mmaurket penetration eusier, there is u need for further testing, stundurdisution und
certification. The EU should support the reseurch necessury for the certification of site
ussessments, design of offshore wind furms, desiyn of wind furms in complex terruin, und the
identification und guantification of uncertuinties.



Evaluation against standard SWOG criteria

SWOG’s evuluution of wind enherygy uguinst its stundard criteriu is given in tuble A8 below:

Table A8: Wind energy against evaluation criteria

Criterion

Potential Economic Contribution
at current energy prices
at 2 times current
at 4 times current

Health and Safety Impacts
to work force
to public

Environment Friendliness
locally
global warming

Input Sustainability

Security of supply

Compaitibility with EU needs

Deliverability

The need for EU-wide R&D

Secondary (spin-off) merits

Special Factors

Comments

some - can compete with coal and oil if CO, is faxed and back-up is not required
large - will compete with new fossil plant charged for CO, even with back-up
very large

excellent - installation and maintenance regulated by directives and standards
excellent

good - but local concerns about visual intrusion and noise
excellent

excellent

excellent

fair - fluctuating wind requires back-up or demand management
excellent - modular units can be installed to match demand
good - need to maintain competiviteness of EU manufacturers
good - export opportunities but US and Japanese competition

good - sirong public support generally but some 'NIMBY' problems

Sources of information and data

Wind Energy, by Niels Busch, AGE SWOG 2003-6-40u
Wind Force 12, EWEA R&D Strategy, Junuary 2004, Brussels.
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