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Ac cord ing to the Lis bon dec la ra tion from 2000 the goal of Eu ro pean Un ion is to be -
come by 2010 the most com pet i tive and dy namic knowl edge-driven econ omy and by 
2025 a sus tain able knowl edge so ci ety. The EU how ever faces some strong chal -
lenges on the road to ward these goals and is ev i dently lag ging be hind both USA
and Ja pan. Our anal y sis is based on six di men sions of these chal lenges, in clud ing
the eco nomic chal lenge, the de mo graphic chal lenge, the sci en tific chal lenge, the
chal lenge of higher ed u ca tion, the chal lenge of Eu ro pean gov er nance and iden -
tity/sys tem of val ues, and the en vi ron men tal/ecotechnological chal lenge. We ar gue
that if we are to pro vide a sus tain able se cure en vi ron ment and pros per ity for next
gen er a tions, we have to act now at least with de vel op ments in par tic u lar in the di -
rec tion of clean, cheap, and re new able en ergy sources with an em pha sis on ba sic,
cu ri os ity driven re search which through sci en tific break throughs, is the only re al is -
tic so lu tion to solv ing world’s en ergy re quire ments. Such an ac tion could for ex am -
ple fa cil i tate the tran si tion from fos sil fu els to so lar power in a rel a tively short time
of about two de cades, and help EU achieve its de clared sustainability tar gets.
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In tro duc tion

An as sess ment in 2005 showed that the av er age gross do mes tic prod uct (GDP) per ca -
pita in the EU-15 is still 27% be low that of the USA and that EU pro duc tiv ity is lag ging [1]. In
2007, GDP per ca pita in EU was es ti mated to 32,300 USD, while US had 45,800 USD [2]. Also,
US la bour pro duc tiv ity has been grow ing one per cent faster than that of the EU-15 be tween
1995 and 2005. The EU goal is to reach by 2010 gross ex pen di ture for R&D (GERD) of 3% of
its GDP, two thirds com ing from pri vate sources. In 2003 GERD in EU-15 reached 1.97%, com -
pared with 2.6% for the USA and 3.15% for Ja pan. While China spent 1.3%, It aly, Spain,
Greece, and Tur key spent 1.14%, 1.05%, 0.62%, and 0.64%, re spec tively. GERD of Po land and
Slovakia even de clined since 1999. The pri vate sec tor in EU ac counts for 54% of GERD com -
pared with 63% in the USA. How ever, though Swe den achieved a high GERD of 4.27% GDP,
that percentage dras ti cally fell in 2005 when some com pa nies outsourced – pri vate sec tor con tri -
bu tion be ing 72%. The dif fer ence in in vest ment for R&D be tween EU and other de vel oped
coun tries is even more dras tic: EU in vested in 2007 only 490 USD per ca pita per year, ad justed
for pur chas ing power par ity (PPP), while US in vested 1130 USD and Ja pan 1090 USD [3]. Low
busi ness R&D spend ing in EU is re flected in low in no va tion: US for ex am ple filed 54 so-called
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triad pat ents (registered si mul ta neously in Eu rope, the US and Ja pan) per mil lion of pop u la tion
in 2003, while the EU filed only 22 [1]. 

Knowl edge can sys tem at i cally im prove the eco nomic and so cial de vel op ment in Eu -
rope. The EU is at tempt ing to in crease the per cent age of peo ple with uni ver sity de grees (cur -
rently EU has 21% of work ing pop u la tion with ter tiary de gree vs. 38% in the USA and 36% in
Ja pan, gross en roll ment be ing 52% in Eu rope, 81% in the USA, and 82% in Republic of Ko rea),
and by es tab lish ing Eu ro pean Re search Coun cil and Eu ro pean In sti tute of Tech nol ogy.

As EU lags be hind US and Ja pan eco nom i cally, in vests less in R&D and has a less ed -
u cated pop u la tion, it is dif fi cult to see, how it could reach the Lis bon Agenda tar get to be come
“the most com pet i tive and dy namic knowl edge-driven econ omy by 2010” and achieve a sus -
tain able fu ture. Here sus tain able fu ture is viewed in terms of the Brundtland Com mis sion def i ni -
tion as de vel op ment that “meets the needs of the pres ent with out com pro mis ing the abil ity of fu -
ture gen er a tions to meet their own needs”. In this pa per we an a lyze some com mon sense ideas,
whether they can lead to ward a sus tain able fu ture.

Six di men sions of sustainability chal lenges

We se lected the six-di men sional model of anal y sis based on the need for a com pre hen -
sive over view of the most im por tant chal lenges, which are en dan ger ing the Eu ro pean sus tain -
able fu ture.

Here the eco nomic chal lenge is ob vi ous: EU econ omy lags be hind US in pur chas ing
power par ity GDP per ca pita, and EU in vests a smaller per cent age of GDP in R&D. Con se -
quently, the eco nomic growth in EU is slower than in the US and EU is there fore in creas ing the
gap. In stead of be com ing the most com pet i tive and dy namic knowl edge-driven econ omy, EU is
fall ing fur ther be hind the US in spite of the Lis bon strat egy.

The de mo graphic chal lenge of the ag ing EU pop u la tion is par tic u larly dif fi cult for the
rigid pen sion and so cial se cu rity sys tems of most of the EU states. Ag ing pop u la tion on one
hand for ex am ple re quires more in vest ment in health care, and lack of young peo ple on the other
hand is putt ing stress on pub lic fi nances of the wel fare states.

The sci en tific chal lenge of EU is caused by low in vest ments in R&D, which stim u late
brain drain of the best young sci en tists. EU is lag ging be hind US both in qual ity of re search as
shown by No bel prizes as well as in innovativeness as shown in the num ber of pat ents. In this
way EU is de priv ing it self of a po ten tial for a vi brant sci en tific com mu nity, which could solve
many chal lenges of sustainability.

The chal lenge of higher ed u ca tion is re flected in the low per cent age of en rol ment in
higher ed u ca tion and pop u la tion with a ter tiary de gree as com pared not only to US, but also to
Ja pan and Republic of Ko rea. This de fi ciency fur ther re duces the po ten tial of EU to be come a
vi brant com pet i tive and dy namic knowl edge-driven econ omy.

The chal lenge of Eu ro pean gov er nance and iden tity/sys tem of val ues is for in stance
re flected in the in abil ity of EU to re solve its in ter nal or ga ni za tional prob lems af ter the Treaty of
Nice. Both the pro posed Eu ro pean con sti tu tion and the Lis bon treaty have been re jected by vot -
ers in ref er en dums in France, the Neth er lands, and Ire land, in spite of al most unan i mous sup port
of the po lit i cal elites.

The en vi ron men tal and ecotechnological chal lenge in EU is rep re sented by the lack of 
eco nom i cally vi a ble tech nol o gies, which could re place the fos sil fu els. In 2003 EU con sumed
74 EJ of en ergy, which is 17% of the world’s to tal en ergy con sump tion. Share of fos sil fu els in
to tal en ergy pro duc tion is 80%, namely 43% from oil, 24% from nat u ral gas, and 13% from coal. 
From nu clear power 14% is obtained, 4% from hy dro elec tric, and only 2% from other re new -
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able sources, mostly from wind with 34 GW of in stalled ca pac ity in 2004 [4]. EU has a tar get for
2020 to in crease the re new able en ergy to at least 20%.

In or der to achieve this tar get in a cost ef fec tive way, EU will have to sig nif i cantly im -
prove the en ergy tech nol o gies. This tar get is also closely re lated to other chal lenges, as one
needs strong econ omy to build re new able power plants, sci en tific and tech no log i cal knowl edge
to de velop better tech nol o gies, and ed u cated workforce to change the plans in re al ity. Good
gov er nance and change in value sys tems are also im por tant in or der to re duce po ten tially neg a -
tive im pacts on this huge tran si tion to ward re new able en ergy, which can also be en dan gered by
fi nan cial con se quences of ag ing.

While all these di men sions are crit i cally im por tant for a suc cess ful tran si tion to ward
re new able en ergy, such a tran si tion would also ben e fit each of these di men sions:
– the EU economy would clearly benefit from leadership in energy technologies; export of

knowledge could become a significant source of income and thus contribute to economic
growth,

– while aging population represents a danger to public finances, it also serves as a pool of
knowledge, which could significantly contribute toward the development of energy
technologies, and in this way awaken the dormant resources of experience, which might
otherwise not be productively exploited,

– progress in energy technologies could create more public excitement for science, and thus
bring more bright young people among scientists, which would in turn create a new cycle
with even more scientific achievements and technological breakthroughs,

– excitement of new technological achievements would bring more young people into
education, in particular in the fields of natural sciences and technologies, and

– in addition, concrete achievements and European leadership in energy technologies would
improve self esteem of Europeans and thus help in establishment of emerging value systems
of European identity, which would create additional demand for good governance on public
administration.

De vel op ment of new en ergy tech nol o gies there fore plays a cen tral role in ef forts to
trans form EU into a vi brant sus tain able so ci ety.

Fu ture of re new able en ergy tech nol o gies

Eu rope has al ready dem on strated its abil i ties to de velop re new able en ergy sources.
While hy dro elec tric en ergy is rather well de vel oped, the wind en ergy is also get ting in creas -
ingly im por tant. Also the en ergy from bio mass, geo ther mal, and so lar ther mal power is ac cord -
ing the Eu ro pean Com mis sion al ready eco nom i cally vi a ble and com pet i tive [5]. Heat pumps [6] 
and ag ri cul tural res i dues [7] can also con trib ute cost ef fec tive en ergy in sus tain able en ergy sys -
tems. A com pre hen sive re view of nat u ral en ergy sources [8] dem on strates that it is in prin ci ple
pos si ble to sat isfy global en ergy needs from re new able sources, and re new able en ergy po ten tial
could sat isfy en ergy needs also lo cally even in less de vel oped re gions such as West ern Bal kan
[9], both un der the con di tion that cost ef fec tive re new able en ergy tech nol o gies are de vel oped.
In ad di tion to these tech no log i cal de vel op ments in re new able en ergy, the Eu ro pean Com mis -
sion’s white pa per for a com mu nity strat egy es tab lished a se ries of mea sures to sup port the
growth of re new able en ergy ap pli ca tions. Share of re new able en ergy of 9% is ex pected in 2010
with fur ther growth above 20% by 2020.

The Eu ro pean Com mis sion also ex pects that photovoltaics will be come eco nom i cally
vi a ble with in creased pro duc tion, which will im prove the econ omy of scale. There fore we de -
cided to ana lyse the fu ture of this tech nol ogy in more de tails as an ex am ple, which might pro -
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vide a tech no log i cal break through nec es sary for the tran si tion from fos sil fu els to clean re new -
able en ergy tech nol o gies.

So lar en ergy

Eu rope is not self-suf fi cient in en ergy sources and heavily de pends on the im port of
fos sil fu els. The de vel op ment of nu clear en ergy and re new able en ergy re sources is thus a ne ces -
sity both for eco nomic in de pend ence as well as to re lease the bur den of CO2 emis sions on the
en vi ron ment.

So lar en ergy has the po ten tial to meet the en ergy needs of the whole world. It is clean
and in ex haust ible. The prob lem is how ever its high price as com pared to fos sil fu els. In Ger many,
Spain, It aly, and Por tu gal the build ing of so lar power plants is very in ten sive. The price of a so lar
kWh in Ger many, guar an teed by the state for 20 years, is 54 cents. In Spain the price is 44 cents
guar an teed for 25 years, in It aly it is be tween 36 to 49 cents per kWh guar an teed for 20 years and
in Slovenia it was 37 cents per kWh in 2007. While these prices of elec tric ity are jus ti fied by the
price of so lar pan els of 3.6-5 € per watt, new so lar tech nol o gies are very prom is ing, in par tic u lar
thin film photovoltaics, such as those based on print able semi con duc tor tech niques. An ex am ple
of such so lar pan els are the cop per-in dium-gal lium-selenide (CIGS) as de vel oped for ex am ple by
Nanosolar. Here the price of the so lar panel is ex pected to be about 0.6 € per watt, which is about
6-8 times lower than for clas si cal so lar pan els. The pro duc tion price is es ti mated to 0.36 $ per watt
and the sell ing price to 0.99 $ per watt, so that so lar elec tric ity can be de liv ered in places with high
in so la tion at 0.05 $ per kWh, which is com pet i tive to the elec tric ity from fos sil fu els [10]. Even in
Cen tral Eu rope with about 700 hours of in so la tion per year and an es ti mated 25 year life time of the 
so lar panel, elec tric ity from such a panel can be pro duced cheaper than the cur rent mar ket price of
elec tric ity, which is about 0.1 €. While it is rel a tively sim ple to use so lar pan els for pro duc tion of
elec tric ity and heat, wider spread of its ap pli ca tions in trans ports is not so sim ple due to lo gis ti cal
chal lenges. In or der to de liver so lar elec tric ity to ve hi cles, they would ei ther need an ac cu mu la tor
to store en ergy or fuel cells and ei ther a re former to pro duce hy dro gen or a hy dro gen tank. While
the first two tech nol o gies are not yet eco nom i cally vi a ble, tran si tion to hy dro gen as trans por ta tion
fuel would re quire mas sive in vest ments in in fra struc ture. There is how ever an al ter na tive so lu tion: 
in Torrance, Cal., USA, a hy dro gen re fu el ing sta tion has been built, which gets hy dro gen from
CIGS-based so lar pan els [11]. In this way hy dro gen for fuel cell ve hi cles can be ob tained lo cally
and there is no need for an ex pen sive in fra struc ture. The en ergy from hy dro gen ob tained in such a
way is al ready cheaper than the one from oil at prices above 120 $ per bar rel. Namely, one litre of
oil at 0.75 $ con tains about 11 kWh of en ergy, which can be pro duced from so lar pan els at 0.55 $
and the fuel cell is also much more ef fi cient than oil driven in ter nal com bus tion en gine. The prob -
lem is how ever, that the price of en ergy is cal cu lated from a 25-year lease of the so lar pan els,
which brings ad di tional dan gers. The panel might not work for 25 years, and the price of other en -
ergy sources might drop sig nif i cantly within these 25 years, so that in vest ments in so lar en ergy are 
as so ci ated with high risk.

How ever, the pro duc tion price of elec tric ity from CIGS-based so lar pan els is still sig -
nif i cantly higher than the pro duc tion price of oil, which var ies from less than 1 $ per bar rel to
about 40 $ per bar rel ob tained by up grad ing the crude bi tu men to syn thetic crude-oil [12].
There fore fur ther break throughs in so lar tech nol ogy are needed in or der to make it an eco nom i -
cally vi a ble al ter na tive to fos sil fu els.

For a re al is tic yield of so lar pho to vol taic pan els of 14% we need about 7 m2 for a ki lo -
watt of so lar elec tric ity. This was the high est yield achieved with CIGS-based so lar pan els in
2006, it in creased to 19.8% in 2008, and could be fur ther in creased to 30% by us ing op tics to
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con cen trate the in ci dent light [13]. If we would for ex am ple wish to re place the nu clear power
plant at Krško, Slovenia, with so lar en ergy, about 0.2% of the sur face of Slovenia would have to
be cov ered by so lar pan els. If we wanted to re place the com plete fi nal en ergy con sump tion in
EU-27 with so lar en ergy, one would need to cover about 2% of land area with so lar pan els as -
sum ing 1000 hours of an nual in so la tion and 14% yield. Since some en ergy in Eu rope is al ready
ob tained from non-fos sil fu els, with fur ther im proved yield the per cent age of land area needed
to re place all the fos sil fuel based en ergy could be re duced be low 1% of EU-27 land area.

An other pos si bil ity to use so lar power is so lar ther mal power. Here the elec tric ity is
ob tained from steam heated by the so lar col lec tor [14], and a sim i lar price as in CIGS-based so -
lar pan els can be ex pected.

Still an other pos si bil ity to use so lar power is a chem i cal re ac tion sim i lar to pho to syn -
the sis, where wa ter could be split into ox y gen and hy dro gen in the pres ence of a cat a lyst us ing
the en ergy from the Sun. An ex am ple of such a cat a lytic re ac tion has been pre sented re cently by
Kanan et al. [15], how ever this idea still seems to be rel a tively far from the eco nom i cally vi a ble
tech no log i cal ap pli ca tions.

The po ten tial for thin film so lar photovoltaics has been es ti mated by Pro me theus
In sti tute to grow from 1 GW in 2008 to over 9 GW by 2012 [16]. By 2012 also fast growth of
so lar ther mal power is ex pected, so that more than 3 GW ca pac ity would be in stalled an nu -
ally. While the cur rent pro duc tion price is es ti mated to be be tween 1 and 4 $ per watt [16], it
is ex pected to fall be low 1 $ per watt al ready in 2009 and by 2012 to be come com pet i tive for
grid elec tric ity pro duc tion. Such a fast de crease in pro duc tion price will fos ter fast growth,
so that by 2012 the thin film photovoltaics are ex pected to take 28% of the photovoltaics
mar ket [16]. If this es ti mated an nual in crease in pro duc tion of thin film photovoltaics by
over 70% an nu ally con tin ues, it could ful fill the ma jor part of hu man en ergy needs in less
than 20 years. As the cur rent growth rate is mainly fu eled by the dif fer ence be tween the mar -
ket price of oil and the pro duc tion price of thin film photovoltaics, the sit u a tion could
change if the raw ma te ri als for thin film photovoltaics were ex hausted. For tu nately, dif fer -
ent types of thin film photovoltaics ex ist to day, based ei ther on CIGS, cad mium tel lu ride, or
sil i con. Also, new tech nol o gies with sim i lar char ac ter is tics are be ing de vel oped, and fur ther 
in vest ment in sci ence and tech nol ogy of photovoltaics can as sist in sus tain ing fast growth of 
this tech nol ogy.

From this anal y sis it is ob vi ous that a rel a tively fast tran si tion from fos sil fu els to so lar
power is pos si ble even with to day’s tech nol ogy, so that the use of fos sil fu els could be re duced
by an or der of mag ni tude in less than 20 years. Fur ther ad vances in tech nol ogy can even in crease 
the rapid pace of this tran si tion. In this pro cess Eu rope as the world big gest econ omy has a tre -
men dous po ten tial to play a lead ing role in re search and de vel op ment of new clean en ergy
sources, and in par tic u lar in so lar power tech nol o gies. Such an ac tive role of Eu ro pean sci ence
and tech nol ogy would have a ben e fi cial ef fect on all the de scribed chal lenges to Eu ro pean
sustainability, and has thus the po ten tial to put EU back on track to ward the Lis bon strat egy tar -
gets to be come first the most com pet i tive and dy namic knowl edge-driven econ omy and then by
2025 also a sus tain able knowl edge so ci ety. A co or di nated re search ef fort sim i lar to ITER
project [17] could sig nif i cantly ac cel er ate this tran si tion from fos sil fu els to clean en ergy.

We must how ever also em pha size that break throughs in sci ence can not be pre dicted.
It is there fore al ways nec es sary to stim u late also cu ri os ity driven re search. If for ex am ple at the
end of 19th cen tury all sci en tists were in volved in ap plied re search only, we would have to day no 
quan tum phys ics and rel a tiv ity, and con se quently no mi cro elec tron ics and mod ern in for ma tion
and com mu ni ca tion tech nol o gies. This would sig nif i cantly re duce the qual ity of our lives to day. 
There fore it is im por tant to un der stand that in vest ments in prom is ing fields of sci ence and tech -
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nol ogy like the thin film photovoltaics should not come at the ex pense of in vest ments in the ba -
sic cu ri os ity driven re search.

Con clu sions

En ergy prob lems of the world and of Eu rope in par tic u lar are ur gent and linked to at
least some ex tent to all the de scribed chal lenges of EU. While these prob lems de mand fast so lu -
tions, most of the pres ent re new able en ergy tech nol o gies take how ever about 5 to 10 years to be
built and in te grated into the coun try’s en ergy sys tem, even those us ing al ready proven tech nol o -
gies. In par al lel with these en deav ors, and there need be a va ri ety of them used in al most all Eu -
ro pean coun tries, there should there fore also be an em pha sis on ba sic, cu ri os ity driven re search
which through sci en tific break throughs, is the only re al is tic so lu tion to solv ing Eu ro pean and
world’s en ergy re quire ments. In this way it might be pos si ble to over come the chal lenges de -
scribed in this pa per, and trans form the Eu ro pean en ergy con sump tion from fos sil fu els to pre -
dom i nantly clean re new able en ergy in less than 20 years, and dur ing this pro cess also as sist in
bring ing Eu rope back on track to ward the sus tain able knowl edge so ci ety.
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